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o, integrin as regulator of metastatic potential
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Regulation of cellular events is a
complex process that involves sev-
eral factors in their specific interactions
and interplays. However, within this
complexity exist also signs of specificity
and changes in single protein could sig-
nificantly influence the properties and
responses of cells.

Recently, Ramirez and colleagues!"
provided innovative results that empha-
size the important and selective role of
one specific protein, a, integrin, in the
complex process of tumor metastasis.
This protein, as a part of heterodimeric
a2f1 integrin, was identified as a meta-
stasis suppressor in both breast and
prostate cancer.

Tumor metastasis is a process by
which tumor cells spread from original
source tissue to distant sites within the
body, and it is not a single event but
requires a series of steps. The known
key cellular events required for meta-
stasis include invasion of the surround-
ing stromal tissue, intravasation, eva-
sion of programmed cell death, arrest
within the vasculature at a distant site,
extravasation, and establishment and
growth within a new microenviron-
ment®. However, despite intensive
research focused on the process of tumor
progression and metastasis, the molecu-
lar factors involved and mechanisms
that determine and drive the dynamic
process of cancer metastasis are not fully
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elucidated. For a better understanding
of the biological processes that underline
metastasis is essential to identify indi-
vidual systems that play a key role in
these processes.

The study of Ramirez and colleagues!"
represents a valuable contribution to the
identification of specific factors that play
the key role in tumor invasion. Their
data provide important information
for identification of potential molecu-
lar mechanisms involved in metastatic
responses. They highlight the power of
a single protein, a, integrin, in modula-
tion of tumor invasion and identify also
the key mechanistic steps involved in
stimulation of metastatic cascade in con-
sequence of loss of a2f1 integrin expre-
ssion. The principal model used for the
study of processes of breast cancer initia-
tion and progression was a clinically rel-
evant model of tumor-prone genetically
engineered animals that spontaneously
develop metastasis [mouse mammary
tumor virus-Neu (MMTV-Neu) model].
The selective role of a, integrin, as a part
of heterodimer a2p1, in breast cancer
progression was explored using animals
with deleted gene for this protein. Other
experimental approaches validated the
observed role of the a, integrin as a
metastasis suppressor also in subtypes
of human cancer.

Massive metastatic progression of
breast cancer is direct causality of
patient death. Therefore, the research
focused on regulatory points of meta-
static cascade is of great importance.
In this respect, recent findings suggest
direct links among integrins and tumor
metastasis®. The integrins are family of

extracellular matrix receptors and their
actions could be related to altered acti-
vation of matrix metalloproteinases.
Functions of matrix metalloproteinases
were described to be related to intracel-
lular signaling pathways that include
some kinase cascades such as ERK" and
RhoP!. Detailed description of regula-
tory sequence determining specific role
of a, integrin, metalloproteinases and
protein kinases in formation of metasta-
sis needs to be studied in future.

Results of Ramirez and colleagues’
study further expand our knowledge
about the importance of a, integrin
in cancer progression, and could be
explored in improvement of specific
diagnosis of breast cancer metastatic
potential. Finally, a, integrin has to be
considered as a potential therapeutic tar-
get in the treatment of this disease.
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Synaptic vesicle recycling at the calyx of Held
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Efficient endocytosis is crucial for maintaining synaptic transmission because of its role in retrieving constituent membrane and
associated proteins. In the past three decades three modes of endocytosis have been proposed involving the central nervous sys-
tem: clathrin-mediated endocytosis, kiss-and-run endocytosis and bulk endocytosis. These forms of endocytosis can be induced
under different conditions, but their detailed molecular mechanisms and functions are largely unknown. Here, we review the exis-
tence and initiation of all three modes of endocytosis at a giant glutamatergic synapse, the calyx of Held. The possibility of direct

electrophysiology recording in this synapse allows for accurate tracking of exocytosis and endocytosis via capacitance measure-
ments. Future aims will be focused on identifying the molecules that undergo the different mechanisms of endocytosis and the
conditions under which different forms of endocytosis predominate.
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Introduction

Neuronal communication relies on synaptic transmission.
In the central nervous system (CNS), neurons can fire in the
range of 10-100 Hz. However, typical presynaptic terminals
in the CNS only have several hundred synaptic vesicles per
active zone (AZ). Therefore, efficient endocytosis is crucial to
prevent complete exhaustion of secretion-competent vesicles
and also to help maintain normal terminal morphology by
retrieving excess membrane. A good example of the impor-
tance of endocytosis is shibire, a temperature-sensitive phe-
notype in Drosophila. In this model, neurons cannot retrieve
synaptic vesicles at high temperatures, eventually leading to
paralysis and falling.

Although the exact mechanisms by which the presynaptic
terminal retrieves membrane upon exocytosis are still unclear,
there are three hypothetical forms of endocytosis (Figure
1): clathrin-mediated endocytosis (CME), a fast recapture of
vesicles called kiss-and-run endocytosis, and bulk endocy-
tosis"™. In 1973, Heuser and Reese published their pioneer
electron microscopy (EM) findings describing the CME model
in the frog neuromuscular junction (NM])™ . In this model,
the vesicles fully collapse with the plasma membrane and are
retrieved by CME. The coated pit and cisternae are frequently
observed under 10 Hz stimulation for 1 min. In the same year,
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Ceccarelli demonstrated a second model of endocytosis. Fol-
lowing 2 h of low-frequency stimulation at 2 Hz, the synaptic
vesicle was released and retrieved at the same site instead of
forming clathrin-coated vesicles®. This mode was later named
“kiss-and-run” endocytosis®”. Bulk endocytosis, which is a
phenomenon in which a large piece of membrane is retrieved
from the presynaptic plasma membrane, has also been fre-
quently observed in several model cells, including the frog
NM]JY, rat hippocampal neurons'® and goldfish bipolar cells”.
Here, we review the evidence, the mechanisms, and the physi-
ological importance of all three modes of endocytosis at the
calyx of Held, a giant synapse mediating auditory processing

in the brain stem®.

Capacitance measurement at the calyx of Held
Although clathrin-dependent endocytosis is well accepted, the
existence of kiss-and-run and bulk endocytosis and their phys-
iological importance are still debated owing to a lack of direct
evidence more than three decades after their initial description
(See Table 1 for the debate on kiss-and-run). One major dif-
ficulty is resolving the rapid fusion and fission processes.
Capacitance measurement, a powerful technique with a time
resolution of approximately 1 ms, has been applied to address
these problems. The principle on which this technique is
based is quite simple: the capacitance of the membrane is
proportional to its surface areal”. When synaptic vesicles fuse
with the plasma membrane, the surface area of the presynaptic
membrane increases, thereby increasing membrane capaci-
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Figure 1. Multiple modes of endocytosis at the frog NMJ. Three modes of
synaptic vesicle retrieval from the frog NMJ. Top: Left, clathrin-mediated
endocytosis demonstrated by Heuser and Reese. Right, EM figure shows
coated pits and vesicles (arrowed) and cisternae (c). Middle: Left, syn-
aptic vesicles are retrieved at the same site, later named “kiss-and-run”.
Right, EM figure shows no clathrin-coated vesicles and cisternae at low
stimulation frequency. Bottom: Left, bulk endocytosis, in which a large
piece of membrane internalises after full fusion. New coated vesicles may
bud from it or from large, internalised cisternae. Right, EM figure shows
internalised cisternae (open arrows: empty; filled arrows: filled with FM1-
43). Scale bar: 250 nm in all EM figures. Reprinted by permission from
John Wiley and Sons Ltd: Journal of Physiology™, copyright 2003.

tance. Therefore, an increase in capacitance indicates exocy-
tosis, whereas a decrease indicates endocytosis. The major
drawback of this technique is that it requires patch clamp
recordings at large nerve terminals. Certain invertebrate giant
synapses have been used to study presynaptic functions™® ',
However, similar studies in vertebrate synapses are more
difficult due to the technical complexities involved in patch
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Figure 2. Diagram of the calyx of Held in the mammalian auditory
pathway. (A) The calyx of Held functions in sound localization and is
located between globular bushy cells (GBCs) and the principal cells of the
contralateral medial nucleus of the trapezoid body (MNTB). The calyx of
Held is axosomatic and glutamatergic, whereas the principal cell of the
MNTB is glycinergic. Reprinted by permission from Macmillan Publishers
Ltd: Nature Neuroscience'®, copyright 2002. (B) Left: an infrared
differential interference contrast (IR-DIC) image of a calyx of Held and
principal cell in a brain slice. Right: pseudo-color image of a calyx and
principal cell. The presynaptic terminal was filled with Lucifer Yellow and
the postsynaptic cell with Cascade Blue. The two pipettes demonstrate
the possibility of simultaneous recordings from both pre- and postsynaptic
cells. Reproduced by permission from John Wiley and Sons Ltd: Journal of
Physiology'*?, copyright 1995.

clamp recording from small nerve terminals.

The calyx of Held is a very large glutamatergic synapse of
the auditory pathway in the brain stem and is suitable for
studying fast transmitter release in the vertebrate CNS (Figure
2A)™. The calyx of Held originates from globular bushy
cells (GBC) in the anterior ventral cochlear nucleus (aVCN)

Table 1. Debate positions regarding the existence and function of “kiss-and-run” endocytosis.

Model Supporting

Against

Hippocampus
Stevens CF (Nature, 2003)
Chapman E (JCB, 2005)

Calyx of Held Wu LG (Nature, 2002; Nature, 2006)
Drosophila Bellen H (Cell, 2002)
Frog Ceccarelli (1970s-1980s)

Tsien RW (Nature, 1998; Neuron, 2000; Nature, 2003; Neuron, 2006)

Ryan TA (Neuron, 2004; J Neurosci, 2005)
Klingauf J (Nature Neurosci, 2006)
Lagnado L (Neuron, 2006)

Takahashi T (Science, 2005)

Swartz T (Cell, 2005)

Heuser and Reese (1970s-1980s)
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Figure 3. The rate of endocytosis depends on stimulation intensity. (A)
Sampled capacitance traces induced by single AP-e (1 ms depolarization
from -80 to +7 mV, left), 50 AP-e (middle) and 200 AP-e (right). A fast
endocytosis followed by slow endocytosis was observed using 200
AP-e. Scale bars are different in each of the stimulation conditions.
Reproduced from Wu et al (2005)*®, copyright by the Journal of
Neuroscience. (B) Left: sampled membrance capacitance (Cm) traces
induced by ten depolarizing pulses of 20 ms from -80 to +10 mV at 10 Hz.
Arrow indicates a DCS (downward capacitance shift). Right: plot of the
DCS using a larger scale. Note that the DCS is about 100 fF, equivalent
to more than 1000 regular vesicles. Reproduced from Wu et al (2007)%,
copyright by the Proceedings of the National Academy of Sciences.

and synapses onto a principal cell in the medial nucleus of
the trapezoid body (MNTB). Direct electrophysiological
recordings can be made simultaneously from both the nerve
terminal and the principal cell (Figure 2B). These proper-
ties confer unique advantages in the study of the presynaptic
mechanisms of transmitter release and short-term plasticity.
This model also allows us to characterize the different kinetics
involved in endocytosis!"*".

Rate of endocytosis depends on stimulation intensity
Several studies have determined that the rate of endocytosis
depends on stimulation intensity!™ ", A mild stimulation
(action potential equivalent, AP-e) results in only brief endo-
cytosis. A 50 AP-e stimulation at 100 Hz causes an abrupt
increase of capacitance, indicating exocytosis. This is followed
by a slow decrease in capacitance, indicating endocytosis
with a time constant of 10-20 s. If the stimulation intensity is
further increased to 200 AP-e at 100 Hz, the increase in capaci-
tance is higher, and a rapid endocytosis with a time constant
of 1-2 s occurs, followed by slow endocytosis (Figure 3A).
Rapid endocytosis may be physiologically important during
high frequency stimulation because of increased intracellular
calcium!®.

Under certain strong stimulation protocols (for example,
10 pulses of 20 ms stimulation at 10 Hz), bulk endocytosis is
observed, which is characterized by a large downward shift
in capacitance of approximately 50-300 ms (Figure 3B). For
a single vesicle, the average membrane capacitance is 23-220
attofarads (aF) with a mean of 73 aF""’.. This decrease in
capacitance under strong stimulation therefore reflects the
endocytosis of a very large piece of membrane. The decrease
in capacitance in these cases may be on the order of 100 femto-
farads (fF), equivalent to a simultaneous retrieval of 1000-2000

synaptic vesicles!"” "],
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Figure 4. Multiple modes of endocytosis using cell-attached recording
at the calyx of Held. (A) The procedure of cell-attached recording at
the release site of the calyx. A large pipette was used to remove the
postsynaptic principal cell, and a second, smaller pipette was used to
make recordings at the release site. The green pseudo-color shows
the presynaptic terminal filled with Lucifer Yellow. (B) Top: sampled
capacitance trace induced by high KCI stimulation (50-100 mmol/L).
Inset shows trace using a larger scale. Im (imaginary part of admittance)
reflects capacitance. Up-steps indicate exocytosis upon stimulation.
Bottom: a second sample trace shows capacitance flicker and full collapse
fusion. Note that the up- and down-step of the flicker has a similar size
(about 50 aF), suggestive of a single-vesicle event. (C) Sample Im, Re (real
part of admittance) and Gp (conductance of fusion pore) traces of a full
collapse event. Note that only a small fraction of the Gp can be detected
because of the rapid expansion of fusion pore. A-C are reprinted by
permission from Macmillan Publishers Ltd: Nature™™®, copyright 2006.

|500 ps

Cell-attached recordings characterize all three modes of
endocytosis

The rapid and slow types of endocytosis observed in the calyx
of Held may reflect the action of kiss-and-run endocytosis and
CME, respectively. Studies from bipolar cells, however, have
shown that full collapse fusion could also be followed by rapid
endocytosis®®'l.

In addition to the rate of endocytosis, changes in fusion pore
conductance are also used as criteria when distinguishing
between kiss-and-run and the full collapse model. A rapid
opening and closing of the fusion pore indicates kiss-and-run,
whereas fusion pore opening followed by expansion indi-
cates full collapse fusion. Addressing this question requires a
similar but different category technique, called cell-attached
recording. The signal-to-noise ratio is improved with this
technique, and only responses from the small piece of mem-
brane clamped to the electrode are recorded.

Ling-gang WU’s group successfully made the first cell-
attached recordings at the release sites of the calyx of Held by
removing the principal neuron with a large pipette™ (Figure
4A). When the nerve terminal was depolarized through the
addition of a high concentration of KCI in order to trigger
vesicle fusion, the magnitude of the small up-steps in the
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capacitance, indicating exocytosis, agreed with the single-

vesicle capacitance estimated from EM studies™ (

Figure
4B). Approximately 20% of the time, capacitance flicker was
observed. The term “flicker” is used because the capacitance
trace displayed up- and down-steps of similar size with dura-
tions of 10 ms to 2 s, suggesting that each step was due to the
movement of the same vesicle (Figure 4B). In some cases,
fusion pore conductance could be detected with a mean con-
ductance of about 66 picosiemens (ps), equivalent to a fusion
pore diameter of about 1 nm (Figure 4C). Within 200 ms, the
fusion pore opens, pauses and closes, indicating kiss-and-run
endocytosis. This capacitance flicker provides a best piece
of evidence for the existence of kiss-and-run endocytosis at
CNS synapses. The rapid opening and closing of the fusion
pore involved in kiss-and-run endocytosis can control quantal
release and thus influence post-synaptic response’ >,

In the majority of the fusion events, the up-steps of exo-
cytosis are not followed until much later by the down-steps
of endocytosis, presumably reflecting slow endocytosis. In
cases where the fusion pore conductance can be measured, the
fusion pore opens and expands to an undetectable level within
10-300 ms, demonstrating the full collapse of vesicle fusion™.

Furthermore, about 20% of the capacitance down-step
events induced by stimulation (high KCI or current injection)
were large down-steps, with a mean of about 600 aF (ranging
from 220-3000 aF). This is a much larger shift than could be
explained by a conventional single vesicle’s capacitance (22-
220 aF, with a mean of about 73 aF). These large down-steps
probably reflect bulk endocytosis, which we discuss in a later
section.

In summary, during the course of cell-attached recordings
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under high KCI stimulation, the majority of fusion events sug-
gest full collapse with slow endocytosis. Only a small percent-
age indicate either kiss-and-run endocytosis with different
fusion pore sizes or rapid bulk endocytosis.

Calcium/calmodulin triggers all forms of endocytosis

How the different forms of endocytosis are initiated has
remained an incompletely resolved question since the discov-
ery of endocytosis three decades ago. Our lack of understand-
ing is likely due to the difficulty in distinguishing between
exocytosis and endocytosis. In a recent study™!, when 10
mmol/L of BAPTA (a fast calcium buffer) was added to the
presynaptic pipette solution, only a small amount of exo-
cytosis was observed, indicating that the buffer blocked a
large amount of calcium-dependent exocytosis. Endocytosis,
however, was completely blocked (Figure 5A). This simple
experiment indicates that endocytosis is calcium-dependent™.
Given that calcium is the first signal to trigger exocytosis, it
may also be an initiator of endocytosis. If this hypothesis is
correct, endocytosis will be slowed or completely inhibited in
a low-calcium environment. Conversely, a calcium-initiated
model of endocytosis would predict accelerated endocytosis
in a high-calcium environment. The inhibition of endocytosis
was tested using double-patch recordings at the calyx of Held
nerve terminals and principal neurons using a presynaptic
pipette solution containing 750 nmol/L calcium. Presynaptic
membrane capacitance was measured and analysed in con-
junction with postsynaptic miniature excitatory postsynaptic
current (mEPSC) events. mEPSC responses reflect only the
exocytosis of the presynaptic membrane, whereas presynaptic
membrane capacitance demonstrates the net effect between

Figure 5. Calcium influx triggers all forms
of endocytosis. (A) Endocytosis is initiated
by calcium. Left: Cm increase is induced by
ten pulses of 20 ms stimulation, depolarized
from -80 to +10 mV at 10 Hz. Right:
trace from the same stimulation protocol
with 10 mmol/L BAPTA in the pipette
solution. Most of the exocytosis events
were blocked, whereas a small fraction
remained. Endocytosis, however, was fully
blocked. The scale bars differ between the
two conditions. (B) Increasing calcium influx

50 ms (5.5 mmol/L Ca)

3nA

300 ms accelerates endocytosis. A bath solution
containing 5.5 mmol/L calcium and a
- | 500 fF stimulation protocol of ten pulses of 50 ms

10s at 10 Hz induced an obvious overshoot. (C)

Calcium influx triggers bulk endocytosis and
accelerates fission pore closure. Left: ten
pulses of 50 ms at 10 Hz induced rapid bulk
endocytosis. Right: with 70 mmol/L EGTA,
the same stimulation protocol induced fewer
and slower bulk endocytosis events. A larger
scale of the DCS and a calculation of the Gp
are plotted to the right. A-C are reproduced
from Wu et al (2009)%°.,
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exocytosis and endocytosis. When capacitance increase data
were converted to vesicle releases (about 65-73 aF/vesicle),
these data closely matched the mEPSC events (a single mEPSC
event reflects a single vesicle fusion event). This nearly perfect
match indicates the extreme reduction of endocytosis in this
condition™!.

The speeding up of endocytosis was also tested by increas-
ing the stimulation intensity. Ten stimulating pulses at 10
Hz were applied to the nerve terminal with different pulse
durations (ranging from 2 to 50 ms) to increase calcium influx.
Endocytosis was seen to accelerate following this protocol. If
the calcium concentration of the bath solution was increased
from 2 mmol/L to 5.5 mmol/L and a 50-ms pulse train was
used, both fast endocytosis and an overshoot of endocytosis
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were observed (Figure 5B). Endocytosis overshoot indicates
that the amount of endocytosis is more than the immediately
preceding exocytosis™.

Calcium has also been shown to initiate bulk endocytosis.
The addition of 70 mmol/L of EGTA (a slow calcium buffer)
to the presynaptic pipette solution dramatically decreased the
probability of detecting bulk endocytosis. Furthermore, fusion
pore closure was seen to be much slower in the presence of
EGTA®!, demonstrating that calcium also controls the fission
rate of bulk endocytosis (Figure 5C).

Calmodulin (CaM) is a calcium sensor that mediates all
forms of calcium-dependent endocytosis. Using different
kinds of calmodulin blockers differentially inhibits either slow
or fast endocytosis. Bulk endocytosis can also be blocked by

Figure 6. Calcium/synaptotagmin-ll-mediated
compound vesicle fusion followed by bulk endocytosis.
(A) Large up- and down-steps in capacitance can be
detected under high KCI stimulation. Left: a sample
Im trace shows large up-steps, which reflect compound
exocytosis. Right: two sample Im traces show large
down-steps, which may reflect bulk endocytosis.
(B) Synaptotagmin-Il mediates compound vesicle
fusion. Left: in wild-type mice, similar large up-
steps were observed as were seen in rats. Right: in
syt2”/~ knockout mice, only small up-steps (<220 aF)
were observed. (C) EM images of the calyx in rats
and syt2”~ knockout mice. In rats, large vesicle-like
structures were observed after about 2 min of high
KCI stimulation. In syt2”~ knockout mice, only small
vesicles were observed after the same stimulation.

mMEPSC (D) Compound vesicle fusion triggers large mEPSCs
at the postsynaptic neuron. Top: in wild-type mice,

I large mEPSCs (100-300 pA) could be induced after
high KCI stimulation. Bottom: in syt2”~ knockout

1 V(15 pA mice, compound fusion was blocked; therefore, no
;Qr:spA large mEPSC was detected. (E) PTP and quantal size

increase are calcium/synaptotagmin-Il dependent.
Left: in wild-type mice, fiber stimulation of 30 s at 100
Hz induced a fast component of PTP followed by a slow
component. The fast component is at least partially
PKC-dependent. The slow component is dominated by
the quantal size increase and is PKC-independent. (F)
The new model for vesicle exocytosis and endocytosis
at synapses. Endo: endocytosis; kiss-and-run: kiss-
and-run fusion and retrieval; exo: exocytosis. A-F are

reproduced with modifications from He et al (2009)2*.



the calmodulin blocker calmidazolium'®.

Compound vesicle fusion and bulk endocytosis

It is known that there are three forms of endocytosis: clathrin-
mediated slow endocytosis, kiss-and-run endocytosis, and
bulk endocytosis. It has also been established that there are
two forms of vesicle fusion: kiss-and-run fusion and full col-
lapse fusion. Bulk endocytosis does not appear to correlate
with any known form of exocytosis. In 2009, a new mode of
exocytosis, called compound exocytosis, was proposed in the
calyx of Held™. Compound fusion describes a kind of fusion
among small vesicles forming large vesicles. These large ves-
icles have an increased quantal size and undergo compound
exocytosis followed by bulk endocytosis.

Up-steps and down-steps in capacitance detected by cell-
attached recordings at release sites of the calyx of Held reflect
exocytosis and endocytosis, respectively. In control condi-
tions, most of the up- and down-steps are smaller than about
220 aF, which is a regular vesicle’s maximal capacitance, based
on findings from EM studies™. This suggests that most of the
observed releases are from single vesicles. However, when
high KCl (about 75 mmol/L) was applied to stimulate the
cell, about 20% of the up-steps were larger than 220 aF with
an average of about 600 aF (Figure 6A, 6B). This suggests the
possibility of compound fusion among regular vesicles. EM
studies have also confirmed this phenomenon. Large vesicle-
like structures were observed after 50-100 mmol/L KCI
stimulation for about 2 min, which could be interpreted as
compound fusion™(Figure 6C). Recordings of mEPSCs from
postsynaptic cells in the presence of high KCI also revealed
extraordinarily large mEPSC responses (100-300 pA), further
implying that compound fusion could increase quantal sizel®~
%I (Figure 6D, top). Together, these three pieces of evidence
suggest the existence of compound exocytosis.

Compound fusion is observed in both rats and mice. How-
ever, in synaptotagmin-II knockout (syt2”") mice, high KCl
failed to induce large up- or down-steps in capacitance; only
regular up- and down-steps were observed (Figure 6B, right).
Moreover, large vesicle-like structures were not visible by
EM following stimulation with high KCI (Figure 6C). Fur-
thermore, the mEPSC measured from the postsynaptic cells
showed no large events, indicating a small quantal size (Figure
6D, bottom). Synaptotagmin is an immediate calcium sensor
that mediates calcium-dependent exocytosis, and in the calyx
of Held, synaptotagmin-1I mediates this rapid fusion event®'.
These results together suggest that, similarly to regular fusion
events, compound fusion requires synaptotagmin. Experi-
ments have also shown that compound fusion requires cal-
cium. Neither regular nor large up- or down-steps in capaci-
tance are observed when neurons are stimulated with high
KCl in a calcium-free extracellular solution.

Calcium and synaptotagmin-II mediate compound fusion'".
However, all results showing this effect were obtained under
high KCI, which is non-physiological condition, raising the
question of whether compound fusion also occurs under
physiological conditions. Since calyx of Held synapses can
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fire at rates of up to several hundred Hz of stimulation for
relatively long periods of time, Ling-gang WU’s group applied
100 Hz stimulation for 20 s to mimic physiological stimulation
that may occur in vivo during auditory processing. Capaci-
tance recordings from release sites showed that during, and
even after, stimulation, large up-steps larger than 220 aF were
observed, further confirming the existence of compound
fusion,

One prediction regarding compound fusion is that it would
increase quantal size and synaptic strength. Large mEPSC
(100-300 pA) have been demonstrated under high KCl stimu-
lation (Figure 6D, top), suggesting an increase in quantal size.
To test the effect of compound fusion on synaptic strength, the
same research group applied axonal stimulation to generate
action potentials in the nerve terminals and measured mEP-
SCs along with evoked-EPSCs from the post-synaptic cells’™..
When a 100-Hz train of stimulation was applied, the evoked-
EPSC increased immediately, a well-known phenomenon
known as PTP (post-tetanic potentiation). PTP was followed

by a decay lasting a few minutes®™ *.

Interestingly, PTP was
accompanied by an increase in mEPSC size. The mEPSC size
increase did not match the fast EPSC size increase (PTPg,)
immediately following stimulation but overlapped with the
EPSC increase after about 1-2 min. A most recent work from
this group showed that PTP is composed of two components:
a PKC (protein kinase C)-dependent increase of quantal con-
tent and a PKC-independent increase of quantal size®. The
slow component of PTP (PTPy,,) is dominated by the quantal
size increase as a result of compound fusion. Because PTP is
widely observed at many synapses following intensive stimu-

132, 35]

lation™ ", in addition to the contributions from postsynaptic

[36-38]

effects , it is proposed that compound fusion, may also

play an important presynaptic role in synaptic plasticity™ .

Because compound fusion requires calcium and synap-
totagmin-II, an intuitive speculation is that the same require-
ment applies to PTP. PTP in wild-type mice is similar to
that observed in rats (Figure 6E, left). In synaptotagmin-II
knockout mice, however, EPSC and mEPSC potentiation dis-
appeared following stimulation, which strongly suggests that
synaptotagmin-II is required for PTP** ! (Figure 6E, right).
When EGTA was added to the extracellular solution to buffer
calcium, PTP and mEPSC potentiation disappeared, further
confirming the requirement of calcium®.

In addition to large up-steps in capacitance, large down-
steps were also observed in the same conditions used to
observe compound fusion. These down-steps occurred later
than the up-steps, were of similar size, and were not observed
in synaptotagmin-II knockout mice. These results further sug-
gest the existence of bulk endocytosis followed by compound
exocytosis.

Taken into account recently published data, a new recy-
cling model has been proposed®!. In this model, compound
fusion occurs among small regular vesicles to form large
vesicles. These large vesicles have an increased quantal size
and undergo compound exocytosis, thereby increasing synap-
tic strength through PTP. These vesicles are then retrieved by
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bulk endocytosis (Figure 6F).

Conclusion and outlook

In summary, influxes of calcium into the nerve terminal trig-
ger different forms of exo- and endocytosis. There are three
forms of vesicle cycling: 1) kiss-and-run exo-endocytosis,
which involves rapid opening and closure of the fusion pore;
2) full collapse of the vesicle membrane with the plasma mem-
brane, followed by a slow clathrin-mediated endocytosis; and
3) compound vesicle fusion followed by bulk endocytosis
(Figure 6F). All three forms cooperate to ensure the efficiency
of vesicle recycling at the presynaptic nerve terminal. In addi-
tion to recycling, these forms of exo- and endocytosis may
also regulate quantal size. Kiss-and-run endocytosis utilizes a
small fusion pore that can decrease quantal size and may have
effects on synaptic strength. Compound fusion can increase
quantal size and subsequently induce synaptic potentiation.
Each of these mechanisms provides various ways for the ter-
minal to adjust synaptic transmission and plasticity under dif-
ferent physiological conditions. A recent study from Tsien’s
group elegantly demonstrated the efficiency of vesicle cycling.
Using Qdots (quantum dots) to distinguish between the mul-
tiple modes of fusion events, they found that different vesicle
cycling modes predominated under different conditions. Dur-
ing a train of stimulation, kiss-and-run endocytosis gradually
gave way to full collapse endocytosis™*”.

Although our knowledge of vesicle exocytosis and endo-
cytosis has been greatly expanded in the past decades, many
questions remain unanswered. We know that many proteins
participate in clathrin dependent endocytosis, although their
detailed function and mechanisms are still unclear. Other
than the existence of kiss-and-run endocytosis, its physiologi-
cal function and molecular mechanisms are largely unknown.
With respect to bulk endocytosis, the final fission process has
not been resolved and its molecular regulation has received
little attention. Ongoing studies combining capacitance mea-
surements, scanning ion conductance microscopy (SICM),
quantum dots, fluorescent dye imaging and series EM recon-
structions may give answers to these questions in the near
future.
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Knock-down of protein L-isoaspartyl O-methyltrans-
ferase increases f3-amyloid production by decreasing
ADAM10 and ADAM17 levels
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Sungyoul HONG" *

Department of Genetic Engineering, Sungkyunkwan University, Suwon 440-746, Republic of Korea; Department of Biochemistry and
Cancer Research Institute, Seoul National University College of Medicine, Seoul 110-799, Republic of Korea

Aim: To examine the role of protein L-isoaspartyl O-methyltransferase (PIMT, EC 2.1.1.77) on the secretion of AB peptides.

Methods: HEK293 APPsw cells were treated with PIMT siRNA or adenosine dialdehyde (AdOX), a broad-spectrum methyltransferase
inhibitor. Under the conditions, the level of AB secretion and regulatory mechanism by PIMT were examined.

Results: Knock-down of PIMT and treatment with AdOX significantly increased AB,, secretion. Reductions in levels of PIMT decreased
the secretion of soluble amyloid precursor protein alpha (sAPPx) without altering the total expression of APP or its membrane-bound
C83 fragment. However, the levels of the C99 fragment generated by -secretase were enhanced. Moreover, the decreased secretion
of sAPPa resulting from PIMT knock-down seemed to be linked with the suppression of the expression of a-secretase gene products,
a-disintegrin and metalloprotease 10 (ADAM10) and ADAM17, as indicated by Western blot analysis. In contrast, ADAM10 was not
down-regulated in response to treatment with the protein arginine methyltransferase (PRMT) inhibitor, AMI-1.

Conclusion: This study demonstrates a novel role for PIMT, but not PRMT, as a negative regulator of Ap peptide formation and a poten-

tial protective factor in the pathogenesis of AD.

Keywords: Alzheimer’s disease; B-amyloid protein; L-isoaspartyl O-methyltransferase; soluble amyloid precursor protein alpha; ADAM10;

ADAM17
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Introduction

Alzheimer’s disease (AD), the most common neurodegenera-
tive disease, is characterized by progressive memory loss and
other cognitive impairments ?. Neuropathological hallmarks
of AD include the deposition of amyloid beta (AP) peptides,
which are organized in senile plaques. In addition, AD is
characterized by the accumulation of phosphorylated tau pro-
teins, which are arranged in neurofibrillary tangles (NFTs)?.
AP peptides are generated through the proteolysis of the amy-
loid precursor protein (APP). In the amyloidogenic pathway,
[-secretase cleaves APP to produce soluble amyloid precursor
protein beta sAPPB and a C99 fragment. Membrane-bound
C99 can be further processed by y-secretase to produce AP
peptides® ¥
a-secretase can cleave within the Af region to produce a

. As an alternative, non-amyloidogenic pathway,
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sAPPa fragment and a C83 fragment[4].

High levels of homocysteine (HCY) can lead to increased
concentrations of S-adenosylhomocysteine (SAH), a strong
methyltransferase inhibitor”. This up-regulation of SAH
results in an overall decrease in the activity of S-adenosyl-
methionine (SAM)-dependent methyltransferases. Increased
SAH levels in the brain tissue of patients with AD has been
associated with the inhibition of catechol-O-methyltransferase
(COMT) and phenylethanolamine-N-methyltransferase
(PNMT), two enzymes that are widely distributed throughout
the human brain®. Treatment of Neuro-2a neuroblastoma
cells with SAH has been shown to inhibit protein phosphatase
2A methyltransferase (PPMT), resulting in decreased methy-
lation of protein phosphatase 2A". SAH treatment has also
been associated with the increased accumulation of APP and
phosphorylated tau and with increased AP secretion!. Protein
L-isoaspartyl methylation is also essential for the maintenance
of neural activity in the central nervous system (CNS). Defi-
ciency of protein L-isoaspartyl O-methyltransferase (PIMT,



EC2.1.1.77), an enzyme that catalyzes the transfer of an active
methyl group from SAM to L-isoaspartate and D-isoaspartate,
leads to fatal progressive epileptic disease'”. Alterations in the
SAM/SAH ratio, which is relevant to the overall excitatory
state of neurons, have been reported in PIMT-deficient mice.
Previous studies have identified deposits of AP peptides with
isoaspartates in brain tissue isolated from AD patients and
PIMT knock-out mice, suggesting a potential pathophysiologi-

cal role in progressive neurodegeneration™” ',

In patients
with AD, PIMT is up-regulated in degenerating neurons and is
localized in NFTs"". Despite the increasing evidence support-
ing a role for PIMT in neurodegeneration, the mechanism by
which PIMT modulates Ap peptide generation in AD patho-
genesis remains unclear. To uncover the mechanism whereby
PIMT exerts its effects, we examined the ability of PIMT to

regulate AP secretion in vitro.

Materials and methods

Antibodies and reagents

Adenosine dialdehyde (AdOX), SAM, and mouse anti-f-actin
antibodies were purchased from Sigma-Aldrich Chemicals
(St Louis, MO, USA). AMI-1 was obtained from Calbiochem
(La Jolla, CA, USA). Dulbecco’s modified Eagle’s medium
(DMEM), Opti-MEM, Dulbecco’s phosphate buffered saline
(DPBS), penicillin, streptomycin, and fetal bovine serum (FBS)
were purchased from Gibco (Carlsbad, CA, USA). 3-(4,5-Dim-
ethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was obtained from Calbiochem (La Jolla, CA, USA). Moloney
Murine Leukemia virus (M-MLV) reverse transcriptase and
polymerase chain reaction (PCR) premix was purchased from
Rexgene Biotech Co, Ltd (Ochang, Korea). All of the primers
used for PCR were purchased from Bioneer (Daejeon, Korea).
A mixture of Stealth™/siRNA duplex oligoribonucleotides
against PIMT and Lipofectamine™ RNAiIMAX were pur-
chased from Invitrogen (Carlsbad, CA, USA). Monoclonal
mouse anti-APP (6E10) antibody was obtained from Signet
Laboratories (Dedham, MA, USA). Polyclonal rabbit antibod-
ies to ADAMY9, ADAMI10, and ADAM17 were obtained from
Chemicon International (Temecula, CA, USA). Monoclonal
mouse BACE1, monoclonal anti-mouse horseradish peroxidase
(HRP)-conjugated secondary antibodies, and anti-rabbit HRP-
conjugated secondary antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-PIMT
antisera was produced against recombinant porcine PIMT
proteins as described™”. The Genbank nucleotide sequence
database accession number of the nucleotide sequence of the
clone is AF239700.

Cell culture, drug treatment, and protein preparation

HEK293 APPsw and SH-SY5Y cells were plated on 100-mm
culture dishes (Corning Incorporated, Corning, NY, USA).
The dishes were filled with DMEM containing 10% FBS, 100
units/mL penicillin, and 100 pg/mL streptomycin. The cul-
tures were maintained at 37 °C with 5% CO, under humidi-
fied conditions. Cells were treated with drugs (SAM, AdOX,
and AMI-1) for indicated times. Vivaspin20 centrifugal filter
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devices (Satorius, Goettingen, Germany) were used to con-
centrate conditioned media (CM) from HEK293 APPsw and
SH-SY5Y cells collected after drug or siRNA treatments. Cells
were washed with DPBS and lysed in Pro-Prep™ protein
extraction buffer for 20 min on ice. The protein concentration
of each sample was quantified using a Bradford assay (Bio-
Rad, Hercules, CA, USA).

Cell viability assay

To determine cell viability, cells were plated on 96-well plates
at a density of 2x10* cells per well. The original media was
then replaced with media containing MTT at a final concen-
tration of 0.5 mg/mL™!. Four hours later, the medium was
discarded, and DMSO was added for the colorimetric assay.
Absorption values were determined using an E,,,, microplate
reader from Molecular Devices (Union City, CA, USA) with a
540-nm filter.

Reverse transcriptase-polymerase chain reaction

RNA was isolated from HEK293 APPsw cells treated with
or without PIMT siRNA using TRIzol reagent (Gibco BRL)
according to the manufacturer’s instructions. For each RT-
PCR reaction, 1 pg of RNA was used. Each sample was pre-
heated to 60 °C with oligo (dT);s primers for 10 min. One unit
per milliliter of M-MLYV reverse transcriptase was added. The
reaction was then performed at 37 °C for 60 min with the fol-
lowing primers: PIMT, forward 5-TCAGGAAGGACGATC-
CAACA-3, reverse 5’-TCCTCCGGGCTTTAACTGAT-3’;
and GAPDH, forward 5'-AAGGGTCATCATCTCTGCCC-3,
reverse 5-GTGATGGCATGGACTGTGGT-3'. Amplification
was carried out for 20 to 30 cycles with the following param-
eters: 94 °C for 30 s, 55-57 °C for 40 s, and 72 °C for 30 s. These
steps were followed by a final 5 min extension step at 72 °C.

siRNA transfection

To conduct the PIMT siRNA transfection, 500000 cells were
seeded onto 100-mm culture plates. Cells were cultured for
48 h at 37 °C in culture medium containing serum, which
allowed the cells to be approximately 80% confluent. Imme-
diately prior to transfection, lipofectamine RNAIMAX was
incubated with the siRNA of interest in OPTI-MEM (Gibco) at
room temperature for 10 min. The cells were then incubated
in this mixture for 48 h at 37 °C in fresh medium containing
serum.

Immunoblotting

Twenty micrograms of protein mixed with 5xloading buffer
[0.313 mol/L Tris-HCI (pH 6.8), 10% SDS, 0.05% bromophenol
blue, 50% glycerol], and 20xreducing agent (2 mol/L DTT:
Fermentas, Hanover, MD, USA) were boiled for 5 min and
loaded onto a 10% SDS-polyacrylamide gel. After electropho-
resis, proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore, Billerica, MA, USA). The mem-
branes were blocked with 5% non-fat milk in 20 mmol/L Tris-
HCI (pH 7.4) containing 150 mmol/L NaCl and 0.1% Tween
20 (TBS-T). They were then incubated overnight at 4 °C with
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primary antibodies (1:2000 for 6E10, 1:1000 for 22C11, 1:3000
for B-actin, 1:2000 for ADAM10, 1:1000 for BACE1, 1:3000 for
PIMT) in non-fat milk. The membranes were washed for 10
min in TBS-T and then incubated for 2 h in non-fat milk at
room temperature with horseradish peroxidase-conjugated
anti-mouse/rabbit secondary antibodies. Bound antibodies
were visualized with an enhanced chemiluminescence detec-
tion kit (Amersham Bioscience, Pittsburgh, PA, USA).

Cell surface biotinylation

HEK 293 APPsw cells were surface biotinylated by incuba-
tion with 2 mg/mL Sulfo-NHS-SS-Biotin (Pierce, Rockford,
IL, USA) in ice-cold PBS. After 30 min, the cells were washed
and quenched with PBS containing 100 mmol/L glycine. Cells
were lysed in 1% NP-40 buffer and incubated with Neutra-
vidin™ immobilized onto 6% cross-linked beaded agarose
(Pierce). The beads were washed in NP-40 buffer, boiled in
sample buffer, separated using SDS-PAGE, and immunoblot-
ted with the indicated antibodies.

AR, ELISA assay

A variety of A peptides, ranging from 38 to 43 amino acids
in length, have been shown to be secreted in response to
y-secretase activation . AB,, is the peptide most widely
implicated in AD pathogenesis'®; however, the antibody for
APy was selected based on its reproducibility and accuracy
in the APy ELISA kit. The CM was cleared of debris, and the
secreted APy was measured using a sandwich ELISA kit (Sig-
net Laboratory, Dedham, MA, USA) according to the manu-
facturer’s instructions.

Statistical analysis

Quantitative analysis of Western blotting was performed by
calculating the relative density of immunoreactive bands.
The data are expressed as a percentage of the control values.
Data are presented as the mean+SD. Each procedure was per-
formed in three to five independent experiments. A Student’s
t-test analysis was used to evaluate statistical significance.

Results

PIMT siRNA and AdOX induce AP secretion in HEK293 APPsw
cells

As shown in Figure 1A and 1B, PIMT siRNA transfection and
AdOX treatment increased the secretion of Ay in HEK293
APPsw cells approximately two fold. Compared to controls,
PIMT siRNA induced a 35.6%+8.0% reduction in mRNA and
protein levels in HEK293 APPsw cells 48 h after transfection
(Figure 1C). Importantly, the concentration of AdOX used
was not cytotoxic (Figure 1D).

PIMT siRNA transfection and AdOX decreases sAPPa secretion
and increases C99 in HEK293 APPsw cells

To understand the molecular mechanism of PIMT siRNA-
mediated AP, secretion, we evaluated whether PIMT played
a role in the processing of APP. To do this, we measured the
levels of the APP cleavage products: sAPPa, C99, and C83.
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Figure 1. The effects of PIMT siRNA and AdOX treatments on AB
production. (A and B) HEK293 APPsw cells were treated with or without
PIMT siRNA and AdOX. The levels of AB,, peptide were analyzed using
ELISA. (C) HEK293 APPsw cells were transiently transfected with PIMT
siRNA at a concentration of 30 nmol/L. RT-PCR of RNA isolated at 48 h
shows PIMT mRNA levels were reduced by PIMT siRNA. As a loading
control, GAPDH mRNA levels were examined in HEK293 APPsw cells.
Expression levels of PIMT protein were analyzed using a Western blot with
rabbit anti-PIMT antiserum. As a loading control, levels of B-actin were
also determined. (D) HEK293 APPsw cells and SH-SY5Y cells were treated
with AdOX. Cell viability was determined using an MTT assay. Results
are expressed as the mean£SD for three independent experiments.
Mean+SD. °P<0.05, °P<0.01 compared to untreated or control group.
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Western blotting for sAPPa in the CM revealed that PIMT  in APP processing.

siRNA decreased the secretion of sAPPa by 67.4%+3.4%.
However, the overall expression of total APP and biotin-
labeled membrane APP remained unchanged (Figure 2A),
suggesting that the amount of sAPP, a critical component for
secretion of Ay, might be increased. Indeed, the C99 frag-
ment, the cleavage product of B-secretasel'’”), was increased
in PIMT siRNA-treated cells. At the same time, C83 was
decreased in PIMT transfected cells (Figure 2B). Similar
patterns of sAPPa and total APP were also observed in the
AdOKX treatment group (Figure 2C, upper panel). In contrast,
the induction of transmethylation with 100 pmol/L SAM, a
methyl donor!, increased sAPPa in both cell types (Figure 2C
lower panel), demonstrating a critical role of transmethylation

PIMT siRNA transfection decreases ADAM10 and ADAM17
expression

A decrease in sAPPa without a corresponding reduction in
total APP expression suggests a potential alteration in the
expression or activity of APP processing enzymes. To investi-
gate whether PIMT siRNA altered the expression of APP pro-
cessing enzymes, we measured the expression levels of several
a-secretase candidates: ADAM9, ADAM10, and ADAM17;
and the -secretase candidate, BACE1. As shown in Figure
3A, PIMT siRNA reduced the expression of both the mature
and the immature forms of ADAM10 by 45% to 55% compared

to controls. In contrast, PIMT siRNA did not significantly

Acta Pharmacologica Sinica
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Figure 3. The effects of PIMT siRNA on ADAM10 and BACE1 expression levels. (A) HEK293 APPsw cells were treated with PIMT siRNA for 48 h. Cells
were then harvested, and the protein levels of BACE1 and immature (ImMADAM10) and mature (MADAM10) forms of ADAM10 were analyzed by Western
blot analysis. Densitometric analysis was performed to determine the relative protein level of immature ADAM10 and BACE1. Results are expressed
as the mean+SD for three independent experiments. (B) HEK293 APPsw cells were treated with PIMT siRNA for 48 h. Cells were then harvested, and
the protein levels of immature ADAM9 and ADAM17, as well as PIMT were analyzed by Western blot analysis. Densitometric analysis was performed to
determine the relative protein level of immature ADAM9 and ADAM17. (C) HEK293 APPsw cells were treated with AdOX or AMI-1 for 24 h. Cells were
then harvested and the protein levels of immature and mature ADAM10 were analyzed by Western blotting analysis compared to control. Densitometric
analysis was performed to determine the relative level of immature and mature ADAM10. Mean+SD. °P<0.05, °P<0.01 compared to normal group.

alter the levels of BACE1 (90.4%%14% compared to control).
PIMT siRNA treatment down-regulated the total protein lev-
els of ADAM17, but not ADAMY (Figure 3B). In agreement
with these data, AdOX, but not AMI-1, a PRMT inhibitor, also
strongly reduced ADAMI10 levels (Figure 3C). These results
suggest that PIMT, but not PRMT, selectively modulates the
protein levels of ADAM10 and ADAM17.

Discussion

In this study, we used HEK293 APPsw cells and SH-SY5Y cells
to investigate the effects of protein L-isoaspartyl methylation
on APP processing. HEK293 APPsw cells express high levels
of ABM™, and SH-SY5Y human neuroblastoma cells express
considerable levels of APP and secrete non-toxic, non-amy-
loidogenic sAPPM. Because of this, these cell lines have been
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widely used to study the regulation of APP processing related
to the pathogenesis of ADI.. Therefore, we used these cells in
our study to examine the regulatory role of transmethylation
on APP processing. Interestingly, treatment of either cell type
with PIMT siRNA and AdOX, a well-known inhibitor of trans-
methylation™), remarkably induced the release of AB, pep-
tides (Figure 1), indicating the involvement of PIMT-mediated
methylation in APP cleavage. Because numerous papers have
shown that the secretion of Af,, is accompanied by the release
of additional y-secretase-generated AP peptides, such as AP,
APy, and APy, it is likely that the production of these peptides
would also be regulated by PIMT siRNA treatment.

To investigate the molecular mechanism underlying this
phenomenon, the levels of the enzyme that generate AP, pep-
tides were first determined. Figures 2 and 3 reveal that PIMT



knock-down modulates both the secretion and cleavage of
sAPPa. In response to PIMT siRNA treatment, sAPPa secre-
tion was dramatically diminished, but the levels of total APP
and membrane-bound biotinylated APP remained unchanged
(Figure 2A). These results suggest that sAPP might be
relatively enhanced by PIMT siRNA. The C99 fragment, a
[-secretase cleavage product of APP, was increased by PIMT
knock-down, whereas C83 was dramatically diminished (Fig-
ure 2B). Overall, our results suggest that the PIMT-mediated
Ay production pathway might be primarily associated with
the sAPPa cleavage pathway. It has been reported that green
tea polyphenol (-)-epigallocatechin-3-gallate (EGCG) exerts a
beneficial role in reducing brain AP levels by promoting the
cleavage of the C99 fragment of APP. The corresponding ele-
vation of sAPPa™ and G-protein coupled signaling, a major
excitatory signal transduction pathway in neuronal cells, is

(2 Therefore,

known to activate a SAPPa generation pathway
PIMT knock-down could contribute to the down-regulation of
sAPPa during A, production.

The improper production of APP isoforms or aberrant APP
trafficking during AD pathogenesis is believed to favor the

amyloidogenic pathway!®

. In addition, recent reports have
shown that AP production is influenced more by the location
of APP cleavage than the total amount of secretase present

within the cell®!

. However, in our study, neither the total
amount of APP nor the amount of membrane-associated APP
(Figure 2A) was altered in response to PIMT siRNA treatment.
These results imply that PIMT does not regulate the trafficking
of APP to the cell membrane or its synthesis. Instead, the pro-
tein levels of APy generating enzymes (Figure 3) clearly reveal
an involvement of proteolytic processing in the observed
decrease in sAPPa and increase in APy, peptides in response to
PIMT siRNA. Indeed, the expression of the a-secretase gene
products, a-disintegrin and metalloprotease 10 (ADAM10)
and ADAM17%", was reduced after PIMT siRNA transfection
in HEK293 APPsw cells according to Western blot analysis
(Figure 3). The facts that BACE1 expression was not altered
(Figure 3A) and that the PRMT inhibitor, AMI-1, did not affect
ADAMI10 levels (Figure 3C) seem to highlight the specificity
of this pathway leading to AP, generation. However, we can-
not exclude the possibility that PIMT knock-down leads to the
direct activation of BACE1 despite not affecting its expression
level. Indeed, previous work has shown that BACE1-induc-
&l To
date, there is no experimental evidence suggesting that PIMT

ible cells exhibit increased production of APy, peptides

can regulate the enzyme activity of BACE1. However, several
studies have reported that BACE1 can be modified by S-palm-

itoylation[26] 27

and ubiquitination*”, indicating the importance
of post-translational modifications of BACE1. Future studies
will determine whether PIMT-induced methylation of BACE1
at aspartyl residues increases its enzyme activity.

In conclusion, we have demonstrated that knock-down of
PIMT increased A{ production via the inhibition of the non-
amyloidogenic a-secretase pathway, an effect that is linked to
a decrease in sAPPa and ADAM10/17 levels as summarized

in Figure 4. Therefore, our study suggests a novel protective
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Figure 4. Proposed mechanism of action for PIMT in the regulation of
AB4o peptide generation. AP peptides are generated from APP by (-
and y-secretase activity. PIMT seems to modulate the levels of a- and
B-secretases synthesized from ADAM10- and -17.

role for PIMT in the pathogenesis of AD as a negative regula-
tor of AP, peptide formation.
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Evodiamine improves congnitive abilities in SAMPS
and APP*"°/PS1"*° transgenic mouse models of

Alzheimer’s disease
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Aim: To investigate the effect of evodiamine (a quinolone alkaloid from the fruit of Evodia rutaecarpa) on the progression of Alzheimer’s

disease in SAMP8 and APP**¢/PS1° transgenic mouse models.

Methods: The mice at age of 5 months were randomized into the model group, two evodiamine (50 mgkg*d*and 100 mgkgd™)
groups and an Aricept (2 mgkg™d™) group. The littermates of no-transgenic mice and senescence accelerated mouse/resistance 1
mice (SAMR1) were used as controls. After 4 weeks of treatment, learning abilities and memory were assessed using Morris water-
maze test, and glucose uptake by the brain was detected using positron emission tomography/computed tomography (PET/CT).
Expression levels of IL-1B, IL.-6, and TNF-at in brain tissues were detected using ELISA. Expression of COX-2 protein was determined

using Western blot.

Results: In Morris water-maze test, evodiamine (100 mgkgd™?) significantly alleviated the impairments of learning ability and memory.
Evodiamine (100 mgkg™d™) also reversed the inhibition of glucose uptake due to development of Alzheimer’s disease traits in mice.
Furthermore, the dose of evodiamine significantly decreased the expression of IL-18, IL-6, TNF-a, and COX-2 that were involved in the

inflammation due to Alzheimer’s disease.

Conclusion: The results indicate that evodiamine (100 mgkg™d™) improves cognitive abilities in the transgenic models of Alzheimer’s

disease.

Keywords: evodiamine; Alzheimer’s disease; imaging; Morris water-maze test; SAMP8; APP**¢/PS1%%; inflammation

Acta Pharmacologica Sinica (2011) 32: 295-302; doi: 10.1038/aps.2010.230; published online 31 Jan 2011

Introduction

Alzheimer’s disease (AD) is a progressive and irreversible
neuro-degenerative disorder that leads to cognitive, memory
and behavioral impairments. Brain regions involved in learn-
ing and memory processes, including the temporal and frontal
lobes, are reduced in size in AD patients as the result of degen-
eration of synapses and death of neurons. The pathogenesis
of AD is complex, and involves many molecular, cellular and
physiological pathologies". The ‘amyloid cascade hypoth-
esis’ emphasizes a central role for amyloid beta-peptide (AP)
in the pathogenesis of AD, and suggests that formation and
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aggregation of AP represent key features and possibly involve
a triggering mechanism of AD. Based on the amyloid cascade
hypothesis, AR has become a major therapeutic target”. How-
ever, amyloid plaques also accumulate during aging, and the
stage of AD does not always correlate with the level of neuritic
plaques®. Recently, it was reported that immunisation with
AP42 resulted in clearance of amyloid plaques in AD patients,
but this clearance did not prevent progressive neurodegen-
eration”. Accumulating evidence increasingly indicates that
the inflammatory process is encountered in the pathology
of AD. Examination of postmortem brains of AD patients
has revealed an abundant presence of inflammatory media-
tors, such as pro-inflammatory cytokines and chemokines®”.
Epidemiological studies indicate that anti-inflammatory drug
consumption can significantly reduce the risk of AD".
Transgenic mice produced by crossing animals expressing
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mutant amyloid precursor protein and presenilin 1 (APP**¢/
PS1*®) and senescence-accelerated mouse/prone 8 (SAMPS)
transgenic mice mimic the AD phenotype via different
mechanisms. The APP*™ transgene encodes a mouse-human
hybrid with the mouse sequence in the extracellular and
intracellular regions and a human sequence within the A{
domain with Swedish mutations K594N/M595L. The PS1%¥
transgene encodes the exon 9-deleted human presenilin-1.
The APP**¢/PS1** double transgenic mice develop behavioral
phenotypic and pathological features which make them
useful as an AD model”. The senescence-accelerated mouse
(SAM) is an accelerated aging model that was established
through phenotypic selection from a common genetic pool of
the AKR/] strain of mice. The SAMP8 mice show significant
impairments in a variety of learning tasks, when compared
with senescence accelerated mouse/resistance 1 (SAMR1)
mice. Moreover, the abnormal APP and AP metabolism in
the SAMPS8 mice brain suggests that SAMP8 is not only a
good model for studying age-related learning and memory
deficits, but may also prove to be a useful model for studying
Ap-mediated effects in cognitive decline!"""?.

Chinese herbs have been and still are widely used as
important remedies in Oriental medicine. Over recent years,
a variety of biologically active constituents have been iso-
lated from these sources. It is reported that tea polyphenol
can reverse scopolamine- or D-galactose-induced deficits in
cognitive abilities™ . Resveratrol acts to reduce pathological
plaques in mice!™ ™!
in vivo"* 7.
nent isolated from the fruit of Evodia rutaecarpa, a traditional

and has anti-oxidant activity in vitro and
Evodiamine, a quinolone alkaloid, is a compo-

Chinese herb that has been used for treatment of headaches,
abdominal pain, postpartum hemorrhage, dysentery and

al'® ¥l However, the treatment of AD with evodi-

amenorrhe
amine has not been reported. In the present study, we inves-
tigated the effect and the possible mechanisms of action of

evodiamine in mouse models of AD.

Materials and methods

Animal models

The APP™/PS1*® double-transgenic mouse in a C57BL/6]
genetic background was bred in our laboratory. This mouse
shows spatial memory deficits at 3 months of age and senile
plaques in brain tissue at 4.5 months of age'”. SAMP8 and
SAMRI1 mouse were obtained from the Department of
Laboratory Animal Science, Peking University Health Science
Center (Beijing, China). SAMRI is one species of SAM, which
shows normal aging characteristics. SAMPS is a model of age-
related dementia of the Alzheimer type and shows significant
impairment in a variety of learning tasks"*"?. All mice were
maintained in an AAALAC-accredited facility and the use of
animals was approved by the Animal Care and Use Commit-
tee of the Institute of Laboratory Animal Science of Peking
Union Medical College (SCXK-2005-0013).

Groups and treatment
For screening of 12 herbal monomers, 5 month old trans-

Acta Pharmacologica Sinica

genic mice were randomly divided into 13 groups (1=16 to 20
per group). One group was used as a vehicle control group
and the remaining 12 groups were used for treatment with
herbal monomers. The herbal monomers were purchased
from Qingdao University Natural Product Institute (Qingdao,
China). The littermates of non-transgenic mice were used as
wild type (WT) controls. The WT and vehicle groups received
a standard diet and the treated groups received a standard
diet plus the respective monomers at the doses described in
Table 1. The doses of 12 individual herbal monomers were
selected based on human-equivalent dosages and data in
previous reports™> * 2] Morris water-maze tests were per-
formed after 4 weeks of treatment, since this time period was
believed sufficient for APP™**/PS1*¥ transgenic mice to show
significant impairments in function when compared with WT
mice.

For evodiamine analysis, APP*"¢/PS1** and SAMPS8
transgenic mice at 5 months of age were randomized into
vehicle, evodiamine-Evo 50 (50 mg-kg™-d"), evodiamine-Evo
100 (100 mgkg'-d™") and Aricept (2 mgkg'-d™") groups. Ari-
cept is an inhibitor of acetyl-cholinesterase and is presently
used in long-term symptomatic treatments for patients with
AD, since it enhances CNS levels of synaptic acetyl-choline.
The administered does of Aricept was the human-equivalent
dosage, calculated according to the weights of the mice. The
littermates of no-negative mice and SAMR1 mice were used
as WT controls. The mice were treated with standard diet or
standard diet plus monomer for 4 weeks and their capacities
for learning and memory were assessed by the Morris water-
maze test.

Morris water-maze test

The protocol of the Morris water-maze test was modified from
the reported methods” >, Briefly, the apparatus included a
pool with a diameter of 100 cm, filled with opaque water at
22-24 °C. An escape platform (15 cm in diameter) was placed
0.5 cm below the water surface. Two tests, constituting two
blocks of trials, 60 s each, were performed daily for 5 consecu-
tive days. The platform location and the animal starting point
were held constant within each pair of daily tests, but they
were changed from day to day. The mice were allowed to stay
on the platform for 15 s before and after each trial. The time
taken for an animal to reach the platform (latency period) was
recorded. On the fifth day, a probe test was performed after
the second daily trial; briefly, the platform was removed from
the maze, and the number of crossings by the mice when the
area from which the platform had been removed was recorded
(for a maximal period of 60 s). Monitoring was performed
with a video tracking system (Noldus Ltd, Ethovision XT, Hol-
land). Results are represented as mean+SEM.

Histochemical analysis

The brain tissues from 6 month old animals were fixed in
neutral buffered formalin. The tissues were dehydrated in
an alcohol gradient then embedded in paraffin and sliced at 4
pm thickness. Thioflavin-S staining was performed on these
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slices™. After de-paraffinization and hydration, sections were
washed in PBS and incubated in 2% potassium metabisulfite
and 1% oxalic acid until they appeared white. The sections
were then washed in water and stained for 10 min with a solu-
tion of 0.015% Thioflavin-S in 50% ethanol. Finally, the sec-
tions were washed in 50% ethanol and in water, then dried,
and dipped in Histo-Clear before being cover-slipped with
Permount. All chemicals were obtained from Sigma.

PET/CT images analysis

The PET/CT scan was modified from the reported method'®!.
Briefly, mice from treated and positive and negative control
groups were randomly chosen. They were anesthetized using
1.5% isoflurane, along with 31% O, inhalation (flow rate: 2.5
L/min) through a nose cone prior to injection of the tracer.
During operation, the body temperature of each mouse was
maintained by a thermostat-controlled thermal heater; the
mouse was imaged on a small-animal scanner (microPET/
CT, Inveon, Siemens). Prior to the dynamic small-animal
procedure, ®F-FDG tracer (FDG) (at ~14.8-18.5 MBq) was
injected as a bolus (~200 pL) through a tail vein catheter and
the animal was kept at room temperature for 45 min. FDG is a
glucose analog that is actively transported into cells. Then the
mouse was exposed to a 10-min PET scan, and a 10-min CT
scan was obtained for attenuation correction of small-animal
PET images. Images were reconstructed using the filtered
back-projection algorithm with CT-based photon-attenuation
correction™). The voxel size was 0.2x0.2x0.8 mm®. The field
of view was 11.28x12.66 cm’.

ELISA

Mouse brain tissue was sampled and 100 mg of tissue
per animal was homogenized in 1.0 mL of 0.9% NaCl
solution containing 0.1% PMSF (Sigma, MO, USA). After
centrifugation at 14000 rpm for 15 min at 4 °C, the resulting
supernatants were sampled in triplicate to detect the levels
of IL-1pB, IL-6, and TNF-a by an ELISA kit (R&D Systems and
Invitrogen) according to the provided instructions.

Western blot

Mouse brain tissue was sampled and 100 mg of tissue per
animal was homogenized in 1.0 mL of RIPA buffer containing
0.1% PMSF and 0.1% protease inhibitor cocktail (Sigma,
MO, USA). After centrifugation at 14000 round per minute
for 15 min at 4 °C, the protein concentration in the resulting
supernatants was detected by the BCA method. Aliquots of 60
pg per sample were subjected to 10% SDS-PAGE, followed by
transfer onto a nitrocellulose membrane (Immobilon NC; Mil-
lipore, Molsheim, France). Immunoblotting was then carried
out with antibodies specific for COX-2 at 1:100 dilution (Cay-
man Chemical, USA). Primary antibodies were visualized
with anti-rabbit HRP-conjugated secondary antibodies (Santa
Cruz) using a chemiluminescence detection system (Western
Blotting Luminal Reagent, Santa Cruz). Sample loading was
normalized with GAPDH. Bands were quantified by the den-
sitometry function of the Quantity One software.

Statistical analyses

Statistical analyses were performed by one-way ANOVA
followed by Tukey’s Honestly Significantly Different (HSD)
test. Data with a P<0.05 were deemed statistically significant.
Results are expressed as mean+SEM.

Results

Comparative analysis of the effects of 12 different herbal mono-
mers in APP*"¢/PS1°¥ transgenic mice

Twelve herbal monomers, that have varied effects on the
CNS, microcirculation, anti-oxidative or anti-inflammatory
responses, were selected to analyze their respective effects on
cognitive abilities of APP***/PS1** transgenic mice. These
herbal monomers and their usages are illustrated by Table
1, which shows their individual effects as evaluated by
the Morris water-maze test. Only evodiamine showed the
capacity to significantly improve cognitive abilities of APP**¢/
PS1** transgenic mice, specifically referring to their spatial
memory deficits at 3 months of age and the AD phenotype
which progressively develops as the animals age.

Table 1. Screening of herbal monomers with the Morris water-maze
test. Twelve herbal monomers were selected for preliminary treatment of
APP**¢/PS1°% transgenic mice with the indicated doses and their effects
were evaluated by the Morris water-maze test. Latency on the third day
of the tests and platform crossings on the day after the five-day training
period were recorded. (*P>0.05, °P<0.05, °P<0.01 vs vehicle group).

Group Dose Latency (s) Platform Number
(mgkg™d™) crossings of

(count) animals
WT - 10.62+2.01° 5.20+0.81°  n=20
Vehicle - 21.23+3.48 3.75+0.53 n=16
Curinine 80 18.58+4.17° 4,75+1.11° n=16
Evodiamine 100 12.18+3.03° 6.63+1.15° n=16
Tea polyphenols 100 15.05+3.50% 4.89+0.54° n=16
Chuanxiongzine 50 14.17+3.50° 4.75+0.92° n=18
Polydatin 100 20.94+3.34° 3.89+0.75° n=18
Tanshinone IIA 100 14.65+2.51° 3.67+0.53° n=18
Astragaloside 100 14.67+2.17° 2.89+0.54° n=16
Puerarin 100 18.59+3.36° 2.88+0.35% n=20
Salvianic acid A 100 14.62+2.43° 3.78+0.57° n=20
Quercetin 100 24.17+3.03° 5.00+0.54° n=20
Resveratrol 150 15.64+2.94° 3.60+0.76° n=20
Tetrahydropalmatine 100 20.22+3.80° 3.80+0.44° n=16

Evodiamine treatment increased spatial learning and memory in
SAMPS8 and APP**¢/PS1°*° transgenic mice

To investigate the effect of evodiamine on AD models, it was
used to treat both APP***/PS1** and SAMPS transgenic mice
at age of 5 months. In consideration of the welfare of the
animals, administration of evodiamine was effected through
oral administration via their diet. After 4 weeks of treatment,
learning capacity and memory were assessed by the Mor-
ris water-maze test (Figure 1A-1D). During training d 1 the

Acta Pharmacologica Sinica



www.nature.com/aps
Yuan SM et al

298

—0- Wre
—— Vehicle
—/\— Evo 50
—A— Evo 100
—&— Aricept®

Latency (s)
w
o

O+ T T T T )
1 2 3 4 5
Time (d)

B

ool

WT Vehicle Evo 50 Evo 100 Aricept

(count/min)

Number of crossing of the
removed-platform area

60 C
50-
40
30-
20-
10-

O T T T T
1 2 3 4 5

Time (d)

—{- R1®
—— Vehicle
—/~ Evo 50
—A— Evo 100
—&@— Aricept

Latency (s)

D

ﬁﬁmﬁi

R1 Vehicle Evo 50 Evo 100 Aricept

(count/min)

Number of crossing of the
removed-platform area

ORrNWAOIOON

Figure 1. Determination of the effect of evodiamine on mouse models of
AD by the Morris water-maze test. The non-transgenic littermates (WT)
and SAMR1 mice (R1) were given a standard diet and used as normal
controls for APP**°/PS1°*° and for SAMP8 mice, respectively. The APP*"¢/
PS1°*° and SAMPS8 groups were given standard diet and used as normal
vehicle controls (Vehicle). The APP*"¢/PS1°¥ and SAMPS transgenic mice
were treated with evodiamine at a dose of 50 mgkg™d™ (Evo 50) or 100
mgkgd™® (Evo 100) for 4 weeks. APP*"°/PS1°* and SAMPS transgenic
mice were treated with Aricept at a dose of 2 mgkg™d™ in the same
manner as for treatment with evodiamine and used as positive controls
(Aricept). Latency during 5 d of the Morris water-maze tests and platform
crossings on the day after the 5-d training period were tabulated for
APP*¢/PS1°% (A and B) and SAMPS (C and D) transgenic mice. (°P<0.05,
°P<0.01 vs vehicle group).

latency period in each group was approximately 40 s, and no
significant differences were observed among the groups, over
the five days of testing, during which performance of all five
groups improved significantly in diminishing latency. On the
third day of evodiamine treatment there was improvement
in the behavior of the APP*“¢/PS1*¥ transgenic mice, evinced
by decrease of latency by 35% (P<0.05, n=13) in the Evo 50
group and by 41% (P<0.05, n=17) in the Evo 100 group com-
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paring the data with those of the vehicle group (Figure 1A).
The probe trial in the Morris water-maze test on the day after
the 5-day training showed that the number of crossings of the
area from which the platform had been removed increased by
33% (P<0.05, n=17) in the Evo 100 group compared with the
vehicle group (Figure 1B), and no significant differences were
observed between Evo 50 group and vehicle groups. Evodi-
amine treatment also resulted in improvement in the behav-
ior of the SAMPS8 mice, evinced by a decrease in the latency
period of 43% (P<0.05, n=12) (Figure 1C) and by a significantly
increased number of crossings of the original platform area
equivalent to 42% (P<0.05, n=12) in the Evo 100 group (Fig-
ure 1D), compared with observations for the vehicle group.
Treatment with evodiamine at a dose of 50 mg-kg™-d”" showed
no improvement in the behavior of the SAMP8 mice. Thus, the
administration of the dose of 100 mg'kg™'-d" was significantly
effective in improvement of behavior in both the SAMP8 and
APP*"/PS1*" transgenic mouse models, which develop AD

characteristics via different pathological mechanism!” .

Evodiamine had no effect on AB deposition in the APP*¢/PS1°°
transgenic mouse

Since the dose of 100 mg'kg'-d" was effective in both SAMP8
mice and APP***/PS1** mice, we used this dose to investigate
whether evodiamine treatment would inhibit Ap deposition
in the APP***/PS1*™ transgenic mouse, which forms senile
plaque in brain tissue after 6 months of age'”. After 4 weeks
of administration, hippocampus tissues were sampled from
the WT, vehicle, Evo 100, and Aricept groups. Paraffin
sections were prepared and stained with thioflavin-S medium.
Observation using the fluorescence microscope showed
that AB deposition clearly occurred in the APP*¢/PS1%¥
transgenic mice compared with those in the WT control group.
Neither evodiamine nor Aricept treatment showed observable
inhibition of AP deposition in APP***/PS1** transgenic
mice (Figure 2), suggesting that the effect of evodiamine on
improvement of behavior in AD mouse models involves other
mechanisms.

Evodiamine treatment increased glucose uptake in brain tissue
in the APP**¢/PS1°*° transgenic mouse

The AD patient exhibits large decreases in glucose uptake and
energy metabolism in the frontal cortex and temporal lobes'.
Brain glucose uptake was detected by PET scan in living mice
of the WT, vehicle, Evo 100, and Aricept groups after 4 weeks
of treatment (Figure 3A, 3B). The results showed that glucose
uptake by APP***/PS1*¥ transgenic mice was significantly
decreased by 16% (P<0.05, n=3), compared with that of WT
controls. Treatment with evodiamine ameliorated the glucose
uptake decrease caused by APP™*/PS1*¥ expression by 16%
(P<0.05, n=4). Aricept administration also improved glucose
uptake in APP**¢/PS1*® transgenic mice by 23% (P<0.05, n=3).

Evodiamine treatment inhibited the expression of inflammatory
cytokines in the APP**¢/PS1°*° transgenic mouse
Inflammatory factors IL-1P, IL-6, and TNF-a were detected
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:

Figure 2. Evodiamine treatment has no effect on AB deposition in
the brain of the APP*"®/PS1°% transgenic mouse. After 4 weeks of
administration, brain tissues from WT and vehicle mice, and mice treated
with evodiamine at a dose of 100 mgkg™d™ (Evo 100) or with Aricept
at a dose of 2 mgkg™d™ (Aricept) were utilized in standard pathological
procedures and sections were stained with Thioflavin-S to visualize the
deposition of AB. (Magnificationx100).
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Figure 3. Evodiamine treatment increases glucose uptake in the brain
of the APP*"®/PS1°¥° transgenic mouse. After 4 weeks administration,
the WT and Vehicle mice, and those treated with evodiamine at a dose of
100 mgkg™d™ (Evo 100) or Aricept at a dose of 2 mgkg™*d™ (Aricept) were
subjected to the PET/CT scan to obtain typical images as shown in panel
A. Glucose (as FDG) uptake per gram of brain tissue is depicted in panel
B (n=3-4). (°P<0.05 vs vehicle group).
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with the ELISA in lysates of brain tissues from WT, vehicle,
Evo 100 and Aricept groups after 4 weeks of treatment (Figure
4). The results indicated that evodiamine decreased the levels
of IL-1B by 23% (P<0.05), IL-6 by 27% (P<0.05), and TNF-a by
26% (P<0.05), compared with their levels in the vehicle group.
Aricept administration also significantly decreased the levels
of IL-1P and IL-6, but not that of TNF-a.
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Figure 4. Evodiamine treatment inhibits the expression of inflammatory
cytokines in the APP*¢/PS1°° transgenic mouse. After 4 weeks of
administration, brain tissue from WT and Vehicle mice and those treated
with evodiamine at a dose of 100 mgkg™d™ (Evo 100) or Aricept at a dose
of 2 mg-kg’l-d'1 (Aricept) were sampled and total lysates were isolated.
The levels of IL-1B (A, n=6), IL-6 (B, n=6), and TNF-a (C, n=6) were
detected by ELISA kits. (°P<0.05 vs vehicle group).

Evodiamine treatment decreased the expression of COX-2 in the
APP**¢/PS1°¥ transgenic mouse

COX-2 is one of the important determinants in inflammatory
response-mediated cytotoxicity. Accumulation of COX-2
protein was observed in the vehicle group, compared with
WT mice, and the accumulation of COX-2 protein caused by
expression of APP™*/PS1*™ transgenic genes was significantly
reduced by evodiamine, by up to 73% (P<0.01, n=4) and
reduced by Aricept by up to 67% (P<0.01, n=4) after 4 weeks
of treatment (Figure 5A, 5B).

Discussion

In the present study we evaluated 12 herbal monomers in
APP*"/PS1*¥ transgenic mice by the Morris water-maze
test (Table 1). Evodiamine alone, from among the 12 herbal
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Figure 5. Western blot analysis for COX-2 protein. Brain tissues from WT
and Vehicle mice and those treated with evodiamine at a dose of 100
mgkg®d™® (Evo 100) or Aricept at a dose of 2 mgkg™d™ (Aricept) were
sampled and total lysates were isolated. COX-2 levels were detected by
Western blot, using GAPDH for normalization (A). The density of bands
(B, n=4) was quantified by densitometry using the Bio-Rad Quantity One
software. (°P<0.01 vs vehicle group). ND: not detected.

monomers, showed some effect on reversal of the AD
phenotype through capacity to improve the cognitive abilities
of the APP**¢/PS1*" transgenic mice.

We first showed that 4 weeks of administration of evodia-
mine to the APP***/PS1** and SAMPS transgenic mice
improved spatial learning and memory of mice with symp-
toms of AD at 5 months of age (Figure 1). Our results indicate
that evodiamine can improve spatial learning and memory
in APP*™°/PS1*™ and SAMPS transgenic mice, but that the
improvement is not due to reduction in the pathological
development of senile plaque in brain tissues (Figure 2). The
perturbations in energy metabolism in the AD patient evinced
by large decreases in glucose uptake and energy metabolism
in the frontal cortex and temporal lobes”! are also present in
the transgenic mouse model of AD (Figure 3). Evodiamine
also significantly ameliorates the decrease in glucose uptake
caused by APP**¢/PS1** expression (Figure 3), suggesting on
this basis that treatment with evodiamine could contribute to
improvement of brain function in the AD model.

Evodiamine has been shown to have various effects on bio-
logical processes, such as testosterone” and catecholamine
secretion® as well as vasodilative®®”, anti—nociceptive[3l], obe-
sity™), and thermoregulatory and uterotonic effects™. Evo-
diamine has anti-tumor potential through its ability to inhibit
proliferation, induce apoptosis and reduce invasion and
metastasis of a wide variety of tumor cells, including breast
cancer, prostate cancer, leukemic T-lymphocyte, melanoma,
cervical cancer, colon cancer and lung cancer cells®™. Previous
studies indicated that evodiamine represses COX-2 and induc-
ible nitric oxide synthase (iNOS) expression and PGE2 release
in RAW264.7 cells? and inhibits LPS-induced NO produc-
tion and iNOS up-regulation in microglial cells®, suggesting
that evodiamine has anti-inflammatory activity. Our results
demonstrated that evodiamine decreased the levels of IL-1(,
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IL-6, TNF-a and COX-2 protein, compared with levels in the
vehicle group (Figures 4 and 5).

Examination of postmortem brains of AD patients reveals
the abundant presence of inflammatory mediators, such as
pro-inflammatory cytokines and chemokines, eg, IL-1, IL-6,
TNF-a, MIP-1b, complement activation products, and oxy-
gen radicals®”. Inflammatory processes are present also in
transgenic AD mouse models®”. Our results indicated that
evodiamine decreased the levels of IL-1p (Figure 4). IL-1 is
reported to induce expression of AChE protein and mRNA
and to increase AChE enzyme activity, and that such an effect
exacebates cholinergic decline and dysfunction in AD®. Our
results also indicated that evodiamine decreased the levels of
IL-6 (Figure 4). IL-6 occurs normally at barely detectable levels
in the adult CNS, and is strongly induced under pathological

sB7 %8 We found that evodiamine decreased the lev-

condition:
els of TNF-a (Figure 4). TNF-a is a proinflammatory cytokine,
the biological effects of which include stimulation of the acute-
phase response, and cytotoxicity; furthermore, TNF-a stimu-
lates IL-1 and IL-6 production, expression of adhesion mole-
cules, and procoagulant activity™. In our studies evodiamine
was shown to decrease the levels of COX-2 protein (Figure 5).
COX-2 is an enzyme that plays a pivotal role in the arachido-
nate cascade leading to prostaglandin synthesis. Because the
latter is so deeply intertwined with other inflammatory mech-
anisms, the inhibition of COX-2, with the attendant inhibition
of prostaglandins, is a central target for anti-inflammatory
therapy™. COX-2 mRNA and protein are considerably up-
regulated in affected areas of the brain in AD. COX-2 helps
mediate production of prostaglandins and other inflamma-
tory factors, and it is itself up-regulated by pro-inflammatory
mediators. For example, IL-1 and TNF-a are known to regu-
late COX-2 expression. Thus, this enzyme occupies a pivotal
amplifying position for inflammatory reactions" *?!.  Since
evodiamine inhibits the expression of IL-1§3, IL-6, TNF-a, and
COX-2 protein, it may effect attenuation of CNS dysfunction
in AD. However, the role of inflammation in the pathogenic
process is still a matter of debate. One proposal is that the
deposition of fibrillated As in the human cortex could induce
a local inflammatory reaction. Thus, neuro-inflammation is
still considered to be a downstream consequence in the amy-
loid hypothesis, and inflammation has been considered as a
secondary bystander response to neuronal degeneration and
death®. Salminen et al*¥ indicate that increased production of
amyloid-p oligomers can activate the innate immunity system
via pattern-recognition receptors and evoke the pathology of
AD. In addition, the pathology of AD seems be the outcome
of the activation of innate immunologic defenses in the brain.
Therefore, inflammation is not merely a bystander in neuro-
degeneration but a powerful pathogenic force in the disease
process.

The preponderance of our present findings suggests
that evodiamine could alleviate impairment of learning
abilities and memory and significantly improve the glucose
uptake in the APP***/PS1*® transgenic mice, and that the
therapeutic effect of evodiamine was likely mediated through



the inhibition of the inflammatory process, but not of senile
plaque reduction. Our results suggest that evodiamine could
have potential usage in treatment of AD.
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Combined prostaglandin E1 and lithium exert potent
neuroprotection in a rat model of cerebral ischemia

Rui SHENG?, Li-sha ZHANG*, Rong HAN, Bo GAO, Xiao-gian LIU, Zheng-hong QIN*

Department of Pharmacology and Laboratory of Aging and Nervous Diseases, Soochow University School of Medicine, Suzhou
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Aim: To examine the effects of a mixed formulation composed of prostaglandin E1 and lithium (PGE1+Li mixture) on brain damage
after cerebral ischemia. The effects of the mixture on protein expression of heat shock proteins (HSPs), p53, and Bcl-2 were also
determined.

Methods: Brain ischemia was induced with a permanent middle cerebral artery occlusion (pMCAQ) in rats. Rats were treated with a
single intravenous administration of PGE1, lithium or a PGE1+Li mixture immediately after the ischemic insult. The infarct volume
and motor behavior deficits were analyzed 24 h after the ischemic insult. The protein levels of HSP70, glucose-regulated protein 78
(GRP78), HSP60, Bcl-2, and p53 in the striatum of the ipsilateral hemisphere were examined using immunoblotting.

Results: The mixture (PGE1 22.6 nmol/kg+Li 0.5 mmol/kg) reduced infarct volume and neurological deficits induced by focal cerebral
ischemia. Moreover, the mixture had a greater neuroprotective effect against cerebral ischemia compared with PGE1 or lithium alone.
The mixture was effective even if it was administered 3 h after ischemia. PGE1+Li also significantly upregulated cytoprotective HSP70,

GRP78, HSPGO, and Bcl-2 protein levels, while decreasing p53 expression.
Conclusion: These results demonstrated a PGE1+Li mixture with a therapeutic window of up to 3 h for clinical treatment of cerebral
ischemia. The PGE1+Li mixture potentially exerts a protective effect after stroke through the induction of HSPs and Bcl-2 proteins.

Keywords: prostaglandin E1; lithium; PGE1+Li mixture; heat shock proteins; cerebral ischemia; Bcl-2; p53
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Introduction
Development of neuroprotective agents against ischemia-
induced brain damage is needed to reduce the mortality
and morbidity associated with stroke!". Heat shock proteins
(HSPs) are molecular chaperones that regulate folding of
nascent and denatured proteins, act as transport proteins
between subcellular compartments and modify the activities
of proteins by altering their conformational states”™. HSPs
may exert neuroprotective effects by antagonizing apoptotic
and necrotic cell death during cerebral ischemia®. Induc-
tion of HSPs also plays a role in the preconditioning-induced
resistance of neurons to ischemic insults™ . HSPs such as
HSP70, glucose-regulated protein 78 (GRP78) and HSP60 are
important regulators of cellular survival and may be used as
potential therapeutic targets for treating ischemic neuronal
injury™®®,

Prostaglandin E1 (PGE1) has several pharmacological
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effects, including cytoprotection, vasodilation, inhibition of
platelet aggregation, membrane stabilization and anti-inflam-
mation”. The clinical uses of PGE1 include the treatment of
ischemic diseases such as cerebral, myocardial and hepatic
ischemia. In recent studies, Matsuo reported that PGE1
induces HSP70, GRP78, and HSP86 immediately after hepatic
ischemia reperfusion. Therefore, HSPs might play an impor-
tant role in mediating the protective actions of PGE1 against
ischemia/ reperfusion injury in the liver™’,

Lithium has been extensively used in the treatment of bipo-
lar mood disorders!l. Growing evidence suggests that lith-
ium is a neuroprotective drug that is effective against a variety
of insults, including glutamate-induced excitotoxicity, isch-
emia-induced neuronal damage and other neurodegenerative
conditions". Recently, Ren et all" reported that treatment of
rats with lithium decreased the infarct volume in a permanent
focal cerebral ischemia model, and the neuroprotective effects
of lithium were associated with the upregulation of cytopro-
tective HSP70 in the ischemic brain hemispheres.

In a previous study, research from our laboratory™ found
that lithium could potentiate the neuroprotective effects of
PGE1 through synergistic induction of HSPs, but the differ-
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ent administration routes of PGE1 (intravenous injection, iv)
and lithium (subcutaneous injection, sc) make the clinical
administration of drug combination inconvenient. Therefore,
in the present study, we formulated a PGE1+Li mixture for
intravenous administration. We verified that the mixture had
neuroprotective actions with a therapeutic window up to 3 h.
The mixture also induced the expression of HSPs and Bcl-2 in
animals with ischemic injuries.

Materials and methods

Preparation of the PGE1+Li mixture and experimental protocol
PGE1 (NanYang Pukang Pharmaceutical Co ltd, Henan,
China) and lithium (Sigma, St Louis, MO, USA) were dis-
solved successively in sterile normal saline (pH 7.2-7.4) to
prepare the PGE1+Li mixture. Male Sprague-Dawley rats
weighing 280-300 g were purchased from the Center for
Experimental Animals at Soochow University. The NIH
guidelines for the Care and Use of Laboratory Animals were
followed during all animal procedures. In this study, three
batches of rats were used. The first batch of 70 rats was ran-
domly divided into 7 groups: the sham-operated group, the
permanent middle cerebral artery occlusion (pMCAQO) group,
the lithium group (Li 0.5 mmol/kg), the PGE1(S) group (PGE1
22.6 nmol/kg), the PGE1(L) group (PGE1 45.2 nmol/kg),
the PGE1(S)+Li mixture group (PGE1 22.6 nmol/kg+Li 0.5
mmol/kg), and the PGE1(L)+Li mixture group (PGE1 45.2
nmol/kg+Li 0.5 mmol/kg). The regional cerebrocortical
blood flow (rCBF) in the rats was monitored, and the infarct
volume, brain water content and neurological deficits were
also evaluated in the animals. A second batch of 50 rats was
randomly divided into 5 groups: the sham-operated group,
the pMCAO group, the lithium group, the PGE1(S) group, and
the PGE1(S)+Li mixture group. These rats were used for the
immunoblotting procedures. In these two experiments, PGE1,
lithium, and the PGE1+Li mixture were injected intravenously
immediately after the onset of pMCAO. The last batch of 40
rats was randomly divided into 4 groups: the pMCAO group,
the PGE1(S)+Li mixture 1.5 h group, the PGE1(S)+Li mixture
3 h group, and the PGE1(S)+Li mixture 6 h group. These rats
were used to evaluate the therapeutic window of the PGE1+Li
mixture for the treatment of ischemia. The PGE1(S)+Li mixture
was administered 1.5 h, 3 h, or 6 h after the onset of pMCAO.
In all of the experiments, sham-operated and model animals
received injections of normal saline using the same volume as
the various treatments.

Rat pMCAO model

The rat pMCAO model was produced using the intraluminal
suture technique described by Longa with minor modifica-
tions" ' The rats were anesthetized with 4% chloral hydrate
(350 mg/kg). A 30 mm length of monofilament nylon suture
(90.22-®0.24 mm) with a rounded tip was inserted into the
internal carotid artery through a small incision in the right
common carotid artery and then advanced to the Circle of
Willis. The suture remained in place until the rats were killed.
Laser-Doppler flowmetry (LDF, ML191 Laser Doppler Blood
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FlowMeter) was used to monitor the blockade of cerebral
blood flow. The rCBF was detected prior to onset of ischemia
to acquire the preischemia blood flow level. After the pMCAO
operation, the rCBF sharply dropped to approximately
5%-10% of the preischemia value. Then the rCBF was mea-
sured again 5, 10, 15, 30, 60, and 120 min after drug admin-
istration™. Body temperature was closely monitored with a
rectal probe and maintained in the range of 37.0+0.5 °C with
a heating pad (Institute of Biomedical Engineering, CAMS,
BME-412A ANIMAL REGULATOR) during and after sur-
gery until the animals recovered from the anesthesia. Sham-
operated rats underwent the same procedures except for the
PMCAO. About 20%-30% of the rats died 24 h after ischemia
onset and were excluded from further analysis. Rats that
showed tremors and seizures were also excluded from further
analysis.

Evaluation of infarct volume, brain water content and neuro-
logical deficit

Twenty-four hours after ischemia, the neurological deficits in
rats subjected to pMCAO were evaluated with a protocol that
was previously described by an observer who was blinded to
the treatment™. A total score of a possible 10 was determined
as follows: (1) when the rats were suspended by the tail, the
left forelimb was flexed and the flex was scored 1-4 according
to severity; (2) when rats were placed on a smooth plane, the
lateral push resistance toward the left side decreased, which
was scored from 1-3; (3) the rats were pulled gently backward
by the tail and the left forelimb showed decreased strength,
which was scored from 1-3. After the animals were scored,
they were euthanized. The brains were dissected out and
sliced in a plastic module (3-mm thickness, Harvard Appara-
tus, MA, USA). Then 5 slices of coronal sections were stained
with 4% 2, 3, 5-triphenyltetrazolium chloride (TTC) for 30
min and fixed with 4% paraformaldehyde. Image analyzing
software called SigmaScan Pro5 was used to measure brain
infarcts. Considering the fact that infarct volume expands due
to edematous change, the infarct volume was calculated with
the following formula: infarct volume=(red area of the contral-
ateral side - red area of the ipsilateral side)/ total areax100%!"".

Immunoblotting

Immunoblotting was carried out as previously described!.
Brain tissues from the ischemic striatum of the right middle
cerebral artery territory and the corresponding area of the
sham-operated rats were homogenized. Then the proteins
were extracted with a lysis buffer (10 mmol/L Tris-HCI, pH
7.4, 150 mmol/L NaCl, 1% Triton-100, 0.1% SDS, 5 mmol/L
ethylenediaminetetraacetic acid [EDTA], 1 mmol/L phenylm-
ethylsulfonyl fluoride [PMSF], 0.28 U/mL aprotinin, 50 ng/mL
leupeptin, 1 mmol/L benzamidine, 7 pg/mL pepstatin A).
The protein concentrations were determined (SmartSpec3000
Spectrophotometer, Bio-Rad, Hercules, CA, USA) using a BCA
kit (Pierce, Rockford, IL, USA). A 50 pg aliquot of protein
from each sample was separated with a 10% SDS-PAGE gel
and subsequently transferred to a nitrocellulose membrane.



Afterward, the membranes were incubated with antibodies
against HSP70 (1:200; Mouse derived anti-HSP70 monoclonal
antibody; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
GRP78 (1:400; Rabbit derived anti-GRP78 polyclonal anti-
body; Stressgen Bioreagents, Canada), HSP60 (1:100; Mouse
derived anti-HSP60 monoclonal antibody; Sigma, St Louis,
MO, USA), p53 (1:1000; Mouse derived anti-p53 monoclonal
antibody; Cell Signaling, Woburn, MA, USA), or Bcl-2 (1:200;
Rabbit derived anti-Bcl-2 polyclonal antibody; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) at 4°C for 3 h. Next, the
membranes were incubated with a horseradish peroxidase-
conjugated secondary antibody (1:5000; Sigma, St Louis, MO,
USA) at room temperature for 1 h. Immunoreactivity was
detected with enhanced chemiluminescent autoradiography
(ECL kit; Amersham, Piscataway, NJ, USA) according to the
manufacturer’s instructions. The membranes were reprobed
with B-actin (1:5000; Sigma) after the membrane was stripped
with Tris-buffered saline containing 0.1% Tween-20 (TBST)
and 2% B-mercaptoethanol at 65°C for 1 h.

Statistical analysis

Statistical analysis was carried out with one-way ANOVA.
The intergroup comparisons (post-hoc analysis) among data
with equal variances were carried out with the least significant
difference (LSD) method, whereas Tamhane’s T2 method was
used for data with unequal variances. P<0.05 was considered
significant.

Results

PGE1+Li mixture had no significant improvement on rCBF

After the pMCAO operation, the rCBF decreased to approxi-
mately 5%-10% of the preischemic values and remained low in
all of the rats that were subjected to pMCAO. PGE1, lithium
and the PGE1+Li mixture produced no statistically significant
improvements in the reduction of rCBF within 5 min, 10 min,
15 min, 30 min, 60 min, and 120 min after the surgical opera-
tion (Table 1).

PGE1+Li mixture reduced pMCAO-induced brain damage
In the rats subjected to pMCAO for 24 h, extensive infarction
was detected in the cerebral cortical and subcortical areas over
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a series of brain sections. Treatment with a single intravenous
injection of lithium (0.5 mmol/kg), PGE1 (S), PGE1(L), the
PGE1(S)+Li mixture or the PGE1(L)+Li mixture immediately
after the onset of pMCAO resulted in a significant reduction
in infarct volume that was detected by TTC staining (P<0.05
or P<0.01 vs model group). Moreover, administration of the
PGE1(S)+Li mixture (PGE1 22.6 nmol/kg+Li 0.5 mmol/kg)
produced a greater reduction in infarct volume (P<0.01 vs
PGE1(S) group) (Figure 1A and 1B).

Rats subjected to pMCAO were examined and scored
for motor deficits using a 10-point scale as described in the
Methods. The pMCAO rats displayed marked motor behav-
ioral deficits. Treatment with lithium, PGE1(S), PGE1(L), the
PGE1(S)+Li mixture or the PGE1(L)+Li mixture resulted in a
significant reduction in behavioral deficits (P<0.05 or P<0.01 vs
model group). In addition, administration of the PGE1(S)+Li
mixture produced a greater improvement in motor deficits
(P<0.05 vs PGE1(S) group) (Figure 1C).

The therapeutic window of the PGE1+Li mixture’s neuroprotecion
on pMCAO

We sought to determine the time interval after ischemia in
which the PGE1+Li mixture would be able to protect the brain
(therapeutic window). The PGE1(S)+Li mixture was admin-
istered 1.5, 3, or 6 h after the onset of pMCAO. Significant
infarct volume reductions were observed when the PGE1+Li
mixture was administered 1.5 h (-36.6%) or 3 h (-31.3%) after
ischemia (P<0.01 vs model group), but not when the adminis-
tration of the mixture was delayed by 6 h (P>0.05; Figure 2).

Enhanced induction of HSP70, HSP60, and GRP78 by the
PGE1+Li mixture

The expression of HSP70, GRP78 and HSP60 was significantly
upregulated in the ischemic striatum after pMCAO (P<0.05 vs
sham group). Although PGE1(S) (22.6 nmol/kg) or lithium
(0.5 mmol/kg) alone had no significant effects on the these
proteins, the PGE1(S)+Li mixture (PGE1 22.6 nmol/kg+Li 0.5
mmol/kg) significantly increased HSP70, GRP78, and HSP60
protein levels compared with both the model group and the
PGE1(S) group (P<0.05 or P<0.01 vs model group and PGE1(S)
group, Figure 3-4).

Table 1. The effects of the PGE1+Li mixture on rCBF (% of preischemia value) in rats subjected to pMCAO. The rCBF was measured in the ipsilateral
ischemic hemisphere with LDF before the onset of ischemia, immediately after ischemia and 5, 10, 15, 30, 60, and 120 min after drug administration.

Postischemic rCBF values are expressed as a percentage of the preischemic values (100%).

PGE1(S)=PGE1 22.6 nmol/kg, PGEL(L)=PGE1 45.2

nmol/kg. n=6 rats. The data are expressed as means+SD. °P<0.01 compared with preischemia.

Time after drug administration

0 min 5 min 10 min 15 min 30 min 1h 2h
Model 9.6+6.5° 9.5+5.9 9.4+6.4 10.0+5.3 10.1+£5.2 10.5+7.1 9.846.4
PGEL(S) 8.1+6.0° 14.2+8.3 14.8+7.6 14.6+8.5 13.3+6.9 9.6+7.7 9.4+6.7
PGEA(L) 10.2+6.2° 14.0+8.6 15.2+6.5 12.8+6.4 12.3+8.5 12.0+6.6 11.0+7.4
Lithium 10.945.8° 11.3+8.1 12.0+8.4 11.14+8.6 11.2+9.5 11.145.8 11.2+6.4
PGE1(S)+Li 7.2+5.2° 10.4+4.6 10.6+4.9 9.915.6 9.1+5.5 9.3+3.1 8.215.0
PGEZ(L)+Li 10.1+8.6° 12.449.7 15.5+6.2 11.5+7.1 10.2+7.4 10.6+7.9 10.6+7.6

Acta Pharmacologica Sinica



www.nature.com/aps
Sheng R et al

Model  PGEL(S) Li PGEL(S)+Li Mix PGEL(L) PGEL(L)+Li Mix

Infarct volume
(% total ipsilateral hemisphere)

0 A8 VW a0
© RO sy
?0?, QG?’

C 12.5-
10.0-

7.54

Neurological deficit

R R R RS TR
“\06 ?G?}\ 2 W ?eg}\ \\,\X\’\\“
o reg

Figure 1. The PGE1+Li mixture reduced pMCAO-induced cerebral ische-
mia. Rats were injected intravenously with PGE1, Li and a PGE1+Li
mixture immediately after pMCAO. The rats were euthanized 24 h after
ischemia. (A) TTC staining of brain sections. The infarct brain regions
are white. The results indicated that animals treated with PGE1, lithium
or the PGE1(S)+Li mixture had smaller infarct volumes. (B) Quantitative
analysis of brain infarct volume. (C) PGE1 and lithium treatment reduced
pMCAO-induced neurological deficits. PGE1(S)=PGE1 22.6 nmol/kg,
PGE1(L)=PGE1 45.2 nmol/kg. n=6 rats. The bar represents the mean+SD.
°P<0.05, °P<0.01 compared with the model group; °P<0.05, P<0.01
compared with the PGEL(S) group.
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Figure 2. The therapeutic window of the neuroprotective effect of the
PGE1+Li mixture in the pMCAO model. Rats were injected intravenously
with the PGEL(S)+Li mixture (PGE1 22.6 nmol/kg+Li 0.5mmol/kg)
1.5, 3, or 6 h after the pMCAO. (A) TTC staining of brain sections. The
infarct brain regions are white. (B) Quantitative analysis of brain infarct
volume. PGEL(S)=PGE1 22.6 nmol/kg. n=6 rats. The bar represents the
mean+SD. °P<0.01 compared with the model group.

PGE1+Li mixture increased Bcl-2, but decreased p53 protein
levels

Expression of Bcl-2 was significantly downregulated in the
ischemic striatum after pMCAOQO. Lithium significantly upreg-
ulated Bcl-2 protein levels compared with the model group
(P<0.01 vs model group). Furthermore, the PGE1(S)+Li mix-
ture (PGE1 22.6 nmol/kg+Li 0.5 mmol/kg) further increased
Bcl-2 protein levels (P<0.01 vs model group and PGE1(S)
group, Figure 5A).

Expression of p53 was significantly upregulated in the
ischemic striatum after pMCAO. However, PGE1(S) (22.6
nmol/kg) or lithium (0.5 mmol/kg) significantly decreased
P53 protein levels compared with the model group (P<0.05 or
P<0.01 vs model group). In addition, the PGE1(S)+Li mixture
(PGE1 22.6 nmol/kg+Li 0.5 mmol/kg) further decreased p53
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Figure 3. The PGE1+Li mixture enhanced pMCAO-induced HSP70 and
GRP78 expression. The rats were injected intravenously with PGEL(S)
22.6 nmol/kg, Li 0.5 mmol/kg or a PGEL1(S)+Li mixture (PGE1 22.6
nmol/kg+Li 0.5 mmol/kg) immediately after pMCAO. The rats were
euthanized 24 h after ischemia. Protein levels of HSP70 and GRP78 in
extracts from the striatum of the ipsilateral hemisphere were detected
with immunoblotting. Levels of B-actin protein were used as the loading
control. (A) The PGE1+Li mixture enhanced HSP70 protein expression.
(B) The PGEL(S)+Li mixture enhanced GRP78 protein expression. The
bar represents the mean+SD, n=6 rats. °P<0.05 compared with the
sham-operated group; 'P<0.01 compared with the model group; "P<0.05,
'P<0.01 compared with the PGEL(S) group.

protein levels (P<0.01 vs model group and PGE1(S) group, Fig-
ure 5B).

Discussion

In a previous study, we found that coadministration of PGE1
(22.6 and 45.2 nmol/kg, iv) and lithium (0.5 mmol/kg, sc) can
induce substantial synergistic neuroprotection on focal cere-
bral ischemia compared with PGE1 or lithium alone. Thus,
we formulated a PGE1+Li mixture (PGE1 22.6 nmol/kg+Li 0.5
mmol/kg or PGE1 45.2 nmol/kg+Li 0.5 mmol/kg) for intrave-
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Figure 4. The PGE1+Li mixture enhanced pMCAO-induced HSP60
expression. The rats were injected intravenously with PGE1 22.6
nmol/kg, Li 0.5 mmol/kg or a PGEL(S)+Li mixture (PGE1 22.6 nmol/kg+Li
0.5 mmol/kg) immediately after pMCAO. The rats were euthanized 24 h
after ischemia. Protein levels of HSP60 in extracts from the striatum of
the ipsilateral hemisphere were detected with immunoblotting. Levels
of B-actin protein were used as the loading control. Bar represents
mean+SD, n=6 rats. °P<0.01 compared with the sham-operated group;
P<0.01 compared with the model group; 'P<0.01 compared with the
PGEL(S) group.

nous administration. The results showed that the pMCAO rats
had significant motor behavioral deficits and extensive infarc-
tion in the ipsilateral cerebral cortical and subcortical areas
throughout a series of brain sections. In the groups treated
with PGE1 or lithium alone, a reduction in infarct volume
and improvement of neurological deficits was observed, but a
greater reduction in infarct volume and neurological deficits
was seen in rats that were given a PGE1(S)+Li mixture (PGE1
22.6 nmol/kg+Li 0.5 mmol/kg). These results suggest that the
PGE1+Li mixture might mimic the synergistic combination
therapy of PGE1 and lithium reported in the previous study!™.
The suitable molar ratio of PGE1 to lithium for the PGE1+Li
mixture was about 4.5x10°:1. Moreover, the PGE1+Li mixture
was effective even if it was administered 3 h after ischemia.
Therefore, the PGE1+Li mixture might be an effective drug
combination for the treatment of cerebral ischemia in clinical
situations.

Previous work showed that neither PGE1 alone nor a com-
bination of PGE1 with lithium influences the cerebrocortical
blood flow of the pMCAO animals™*. The results in this study
were similar. When we monitored cerebrocortical blood flow
after drug treatment, PGE1, lithium and the mixture of both
compounds showed no significant improvements in the reduc-
tion of rCBF until 2 h after ischemia. Thus, the neuroprotec-
tion exerted by the PGE1+Li mixture in the rat brain ischemia
model in this study could not be the result of increased cere-
brocortical blood flow.

HSPs are molecular chaperones that bind to unfolded or
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Figure 5. The PGE1+Li mixture increased Bcl-2 protein expression, but
decreased p53 protein expression. The rats were injected intravenously
with PGEL(S) 22.6 nmol/kg, Li 0.5 mmol/kg or the PGEL(S)+Li mixture
(PGE1 22.6 nmol/kg+Li 0.5 mmol/kg) immediately after pMCAO. The
rats were euthanized 24 h after ischemia. Protein levels of Bcl-2 and p53
in extracts from the striatum of the ipsilateral hemisphere were detected
with immunoblotting. Levels of B-actin protein were used as the loading
control. (A) The PGEL(S)+Li mixture increased Bcl-2 expression. (B) The
PGE1(S)+Li mixture decreased p53 expression. The bar represents the
mean+SD. n=6 rats. °P<0.01 compared with the sham-operated group;
®P<0.05, 'P<0.01 compared with the model group; "P<0.05, 'P<0.01
compared with the PGEL(S) group.

misfolded proteins to ensure proper folding and prevent intra-
cellular protein aggregation™. A number of studies have doc-
umented that HSP levels increase in the ischemic penumbra of
the brain in animal models of focal ischemia, which is an area
where many injured neurons survive'. It has been reported
that gene transfer induced HSP70 overexpression protects neu-
rons from ischemic brain damage in experimental rat stroke
models™. Additionally, the overexpression of HSP70 inhibits
the activation of NF-«xB, which is persistently activated during
ischemia and appears to promote apoptotic cell death?. In
contrast, the deletion of the HSP70 gene increases cytochrome
c release into the cytoplasm and subsequent caspase-3 activa-
tion, thereby exacerbating apoptosis and increasing infarction
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volume after focal cerebral ischemia!®.

GRP78/Bip is one
of the molecular chaperones localized to the ER membrane,
which is also a highly conserved member of the 70-kDa heat
shock protein family®™. The main function of this protein is
to restore folding of misfolded or incompletely assembled
proteins. Previous reports showed that induction of GRP78

1 and

prevented the neuronal death induced by ER stress
BIX, a selective inducer of GRP78, could be used to prevent
neuronal damage both in vitro and in vivo™. HSP60 is a mito-
chondrial matrix protein induced by stress that forms a chap-
eronin complex within the mitochondria, which is important

for mitochondrial protein folding and function!”

. In prior
studies, it was shown that induction of HSP60 protects neu-
rons from ischemic damage®!. In our ischemic model, HSP70,
HSP60, and GRP78 protein levels significantly increased in
the ischemic striatum after pMCAO. Although no significant
increases in these HSPs were found when the animals were
treated with PGE1 22.6 nmol/kg or lithium 0.5 mmol/kg
alone, the PGE1(S)+Li mixture robustly enhanced the increase
in HSP70, GRP78, and HSP60 protein levels in the ischemic
striatum. Therefore, induction of HSPs by the PGE1+Li mix-
ture may play an important role in protecting neurons against
ischemia-induced injury.

Overexpression of HSPs protects neurons against apoptotic
and necrotic cell death during cerebral ischemia'*!. Thus, the
combined treatment enhanced the changes in the expression
levels of pro-apoptotic and antiapoptotic proteins. Recently,
Bian reported that the neuroprotective effects of lithium were
associated with a dramatic suppression in p53 expression as
well as the upregulation of Bcl-2”". Bcl-2 expression has been
proposed as an important marker of the survival probability of

neurons[zsl.

Bcl-2 has multiple neuroprotective actions includ-
ing its ability to decrease Bax-induced cytochrome c release
from mitochondria and inhibit subsequent caspase activa-

[29]

tion'™. Lithium-induced upregulation of Bcl-2 was reported

in cultured neurons and rat brains following protracted or

t[30]

short-term treatment™”. The tumor suppressor protein p53, a

transcriptional modulator of the Bcl-2 genes, can produce cell

[28]

cycle arrest and facilitate apoptosis The putative role of

P53 in cerebral ischemia was based on observations that p53 is
upregulated in the brain of rats subjected to focal ischemia".
Pifithrin-a, a p53 inhibitor, decreased the expression of p53-
targeted genes as well as the number of apoptotic cells in isch-

emic brains®?.

In the present study, the expression of p53 was
significantly upregulated in the ischemic striatum accompa-
nied by downregulation of Bcl-2. However, the PGE1+Li mix-
ture significantly decreased p53 protein levels and increased
Bcl-2 levels compared with the model group and the PGE1
group. These results suggest that the PGE1+Li mixture might
protect neurons from cerebral ischemia by upregulating anti-
apoptotic proteins and downregulating pro-apoptotic pro-
teins.

Although treatment with PGE1 or lithium alone reduced
infarct volume, we did not find a significant increase in
HSPs levels when the animals were treated with 22.6 or 45.2
nmol/kg PGE1 or 0.5 mmol/kg lithium alone. The lack of
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effect on HSPs might be due to, in part, the low doses of lith-
ium and PGE1 used in this study. Also, the effects on HSPs
may have been too small to be detected with current methods.
The alternative interpretation is that neuroprotection of PGE1
and lithium at these doses was not related to the induction of
HSPs. It is possible that other molecular and cellular actions
may participate in PGE1 and lithium-induced neuroprotec-
tion in the pMCAO model. These actions include the effects
of PGE1 on cytoprotection, inhibiting platelet aggregation,
membrane stabilization and anti-inflammation™®**!

the ability of lithium to inhibit N-methyl-D-aspartate receptors
[34]

, as well as

, inhibit glycogen synthase kinase-3 (GSK-3)"", and induce
expression of brain-derived neurotrophic factor in discrete

brain areas®.

The roles of other molecules in the neuropro-
tective effect caused by the PGE1+Li mixture in the ischemic
model have yet to be defined. Nevertheless, the PGE1+Li mix-
ture significantly enhanced the expression of HSP70, HSP60,
and GRP78 in the ischemic striatum. These results suggest
that induction of HSPs might take part in the molecular mech-
anisms of the neuroprotective effect of the PGE1+Li mixture
against cerebral ischemia. However, it should be noted that
these results can only provide indirect proof that the PGE1+Li
mixture may exert protective effects on stroke through the
induction of HSP proteins. Further study using HSP70 or
GRP78 RNA silencing technology is needed to verify that
the neuroprotective effect of the PGE1+Li mixture is actually
mediated by HSPs.

In previous research from our laboratory!*, lithium poten-
tiated the neuroprotective effects of PGA1 and PGE1 through
the upregulation of HSPs. However, PGA1 could only be
delivered through intracerebral ventricle administration®”,
which is not a viable delivery route in clinics. Yet, the differ-
ent administration routes of PGE1 (intravenous injection) and
lithium (subcutaneous injection) made that drug combination
inconvenient. In the present study, we prepared a combina-
tion of PGE1 and lithium that could be administered intrave-
nously. This mixture produced synergistic neuroprotection
against cerebral ischemia that was similar to the findings in
our previous study. We believe that this PGE1+Li mixture
has more practical application value, which might support
a potential clinical therapy for ischemic cerebrovascular dis-
eases.

In conclusion, we provided pharmacological evidence indi-
cating that an intravenous PGE1+Li mixture was neuroprotec-
tive against cerebral ischemia. Reduction in injury volume
was obtained even if the drug was administered 3 h after
the induction of ischemia. The neuroprotective effect of the
PGE1+Li mixture was associated with up-regulation of cyto-
protective Bcl-2 and HSPs as well as down-regulation of the
pro-apoptotic p53 protein in the ischemic brains. Our studies
may provide a novel intravenous preparation for the clinical
treatment of cerebrovascular diseases.
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Electrophysiological mechanisms of sophocarpine as
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Aim: To examine the electrophysiological effects of sophocarpine on action potentials (AP) and ionic currents of cardiac myocytes and

to compare some of these effects with those of amiodarone.

Methods: Langendorff perfusion set-up was used in isolated guinea pig heart, and responses to sophocarpine were monitored using
electrocardiograph. Conventional microelectrode, voltage clamp technique and perforated patch were employed to record fast
response AP (fAP), slow response AP (sAP) and ionic currents in guinea pig papillary muscle or rabbit sinus node cells.

Results: Tachyarrhythmia produced by isoprenaline (15 umol/L) could be reversed by sophocarpine (300 umol/L). Sophocarpine (10
umol/L) decreased the amplitude by 4.0%, maximal depolarization velocity (V...,) of the fAP by 24.4%, and Na" current (ly,) by 18.0%,
while it prolonged the effective refractory period (ERP) by 21.1%. The same concentration of sophocarpine could also decrease the
amplitude and V.., of the sAP, by 26.8% and 25.7%, respectively, and attenuated the Ca** current (I, ) and the K" tail current substan-
tially. Comparison of sophocarpine with amiodarone demonstrated that both prolonged the duration and the ERP of fAP and sAP, both
decreased the amplitude and V., of the fAP and sAP, and both slowed the automatic heart rate.

Conclusion: Sophocarpine could reverse isoprenaline-induced arrhythmia and inhibit Iy, lca, @nd Iy, currents. The electrophysiological
effects of sophocarpine are similar to those of amiodarone, which might be regarded as a prospective antiarrhythmic agent.

Keywords: sophocarpine; action potential; anti-arrhythmia; voltage clamp; potassium current; sodium current; calcium current
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Introduction

Sophora flavescens is a traditional Chinese medicine that has
been used for nearly 2000 years in China. It contains several
types of alkaloids such as aloperin, matrine and sophocarpine.
Some reports have found that Sophora flavescens has antiar-
rhythmic effects. Matrine, one extract from Sophora flavescens,
was able to decrease abnormal spontaneous activities of the
rat right atrium at 220 pmol/L!". Tt was also reported that
matrine protects against aconitine-induced arrhythmia®. In
2008, Chen et al reported that sophocarpine could inhibit oua-
bain-induced arrhythmias in guinea pigs®.

Zhang et al™! found that sophocarpine, the extract from
Sophora flavescens, was an effective drug in the treatment of
viral myocarditis, not only for its antiviral effects, but also for
its antiarrhythmic properties. According to Chen’s datal,
220 patients were enrolled in the sophocarpine therapeutic

*To whom correspondence should be addressed.
E-mail jywanghw@shsmu.edu.cn
Received 2010-06-25 Accepted 2010-10-28

group, most of whom had shown different types of extra
systoles. After treatment with sophocarpine (5-6 mg/kg in
500 mL of 5% glucose, iv for 4 h/d, 2-4 weeks as a course),
the case analyses indicated that the antiarrhythmic efficiency
of sophocarpine had reached 89.7%. Among these patients,
complete data from 24 h Holter records were available for 49;
the average number of extra systole cycles was decreased from
6120+3966 to 1124179 by sophocarpine in these patients. This
report was very impressive, but the mechanism for its antiar-
rhythmic action needed to be further resolved. Chen et all®
reported that sophocarpine could prolong the effective refrac-
tory period and raise the ventricular fibrillation threshold.
However, those results were not enough to explain the drug’s
efficacy in clinical use.

In spite of those experimental studies and case reports, very
little work has been done regarding the electrophysiological
effects of sophocarpine on the heart, cardiac myocytes and
ion channels. The aim of this paper was to fully study the
electrophysiological properties of sophocarpine and explore
the mechanism of its antiarrhythmic function. We took 3
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steps to fulfill this purpose: first, we tried to confirm whether
sophocarpine had antiarrhythmic effects in an arrhythmic
model; second, we studied the effects of sophocarpine on
action potentials (AP), whole cell and single channel currents
to understand its electrophysiological properties; and third,
we intended to compare the effects of sophocarpine with those
of some known antiarrhythmic drugs.

Materials and methods

In the experiments, all of the procedures were approved by the
Animal Care and Use Committee at Shanghai Jiaotong Uni-
versity. The investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No 85-23, revised 1996).

Solution preparation and materials

Tyrode’s solution for perfusion preparations consisted of the
following (in mmol/L): NaCl, 138; KCl, 5.4; CaCl,, 1.8; MgCl,,
1; glucose, 10; and HEPES, 10; pH 7.4+0.05 saturated by 100%
O..

For whole cell Na® current recordings, the pipette solution
contained (in mmol/L): KCI, 120; CaCl,, 0.1; MgCl,, 2; EGTA,
1.1; and HEPES, 10; pH 7.2. The bath solution was Tyrode’s
solution.

For inside-out Na* channel current recording, the bath solu-
tion was (in mmol/L): KCl, 120; MgCl,, 2; CaCl,, 0.1; HEPES,
10; and EGTA, 1.1; pH 7.4, while the pipette solution con-
tained (in mmol/L): NaCl, 180; KCl, 1.3; MgCl,, 0.5; CaCl,, 1.5;
glucose, 5; HEPES, 5; CoCl,, 3; TEA, 10; 4-AP, 10; and CsCl, 10;
pH7.2.

The pipette solution for the perforated patch clamp con-
tained (in mmol/L): K-aspartate, 130; MgCl,, 2; CaCl,, 5;
EGTA, 11; Na-HEPES, 10; and Na,-ATP, 2; pH 7.2. The con-
centration of amphotericin B was 240 pmol /L.

Sophocarpine (13,14-didehydromatridin-15-one, M,, 246.2,
purity 99.7%, Figure 1A) was provided by Shanghai Institute
of Pharmaceutical Industry (Shanghai, China). The injection
solution of sophocarpine (10 g/L), produced by Shanghai
Hejia Pharmaceutical Company (No 030827), was diluted to
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the final concentrations for the experiments. Amiodarone
was purchased from the Mingzhu Pharmaceutical Factory of
Sanofi-aventis China.

Chromanol 293B was provided by Aventis Pharma (Frank-
furt, Germany), dofetilide by EGIS Pharmaceuticals Ltd (Pfizer
Global Research & Development, UK, Batch 3644-399). Chro-
manol 293 B and dofetilide were initially dissolved in 100%
DMSO to make a stock solution (10 mmol/L).

Electrocardiogram (ECG) recording in isolated guinea pig hearts

Guinea pigs (weighing approximately 250-300 g) of either sex
were anesthetized with an intraperitoneal injection of urethane
(20%, 5 mL/kg). The hearts were quickly taken out of the
chest and perfused using a Langendorff perfusion setup at the
recorded pressure of 80 cm H,O. The temperature of Tyrode’s
solution was maintained at 37£0.5 °C. Three platinum elec-
trodes, which had been placed on the cardiac apex, right
atrium, and aortic root, were used to record the ECG. The sig-
nals were documented on a computer with the PowerLab sys-
tem (PowerLab ML135, ML 785, ADInstruments, Australia)”.

Primary culture of neonatal rat ventricular myocytes

Neonatal Sprague-Dawley (SD) rats of either sex (postnatal
1 d) were anesthetized by intraperitoneal injection of ure-
thane (20%, 5 mL/kg). After the heart had been taken out,
the ventricles were cut into small pieces and processed by
collagenase-containing solution for digestion. The myocytes
were separated from the cell suspension by centrifuging twice.
The isolated ventricular myocytes were planted and grown on
glass coverslips in DMEM (Invitrogen, Burlington, OH, USA)
with 10% fetal bovine serum for 5-6 d® ).

Preparation of guinea pig papillary muscles and rabbit sinus
node

Guinea pigs (250-300 g) or rabbits (1.5-2.5 kg) of either sex
were sacrificed by venesection under deep anesthesia with
an intravenous injection of sodium pentobarbital (30 mg/kg).
The hearts were rapidly removed into the dissection chamber
filled with Tyrode’s solution. The right ventricular papillary

Figure 1. Sophocarpine (Soph) reversed the
tachyarrhythmia of guinea pig.

A: Molecular structure of Soph.

B: Soph reversed the isoprenaline-induced
tachyarrhythmia of guinea pig. (a) Control ECG.
(b) The tachyarrhythmia was initiated after 6 min
perfusion of the heart with isoprenaline 15 ymol/L.
(c) The tachyarrhythmia began to be reversed after
the heart had been exposed to Soph (300 pmol/L)
plus isoprenaline solution for 13 min. (d) Two
minutes later, the regular beating appeared on the
ECG in the Soph-isoprenaline-contained solution.
(e) The tachyarrhythmia recurred after Soph had
been washed out for 7 min with the same solution
as the one used in trace b.



muscles (from guinea pig) or the sinus nodes with partial
right atrium (from rabbit) were excised and pinned to the bot-
tom of a recording chamber. The chamber was perfused with
Tyrode’s solution at a constant rate of 3 mL/min and main-
tained at a temperature of 37+0.5 °C" ',

Recording of the fast-response and slow-response AP

Bipolar platinum electrodes were used to drive the prepara-
tions with rectangular current pulses at a stimulation fre-
quency of 1 Hz for papillary muscle and 2.2 Hz for the sinus
node. Each pulse lasted 0.1 ms with a strength of about
1.5 times the threshold value. After 30 min of stimulation,
transmembrane AP was recorded by a conventional glass
microelectrode that was filled with 3 mol/L KCI and had a tip
resistance of 15-20 MQ. The records were sampled and stored
in the computer through the amplifier (MEZ8201, Nihon Koh-
den, Japan) and PowerLab interface (PowerLab ML785, ADIn-
struments, Australia)” ', The calculated parameters for the
fast response AP included the resting potential (RP), the action
potential amplitude (APA), the maximal depolarization veloc-
ity (Vimax), the action potential duration (APDs, and APDy),
and the effective refractory period (ERP). To measure the
ERP, the preparations of guinea pig were driven by a series
of 8 stimuli pulses at a frequency of 1 Hz. Following the last
pulse, an additional test pulse was added. By adjusting the
time interval between the eighth pulse and the test stimulus,
which was able to elicit an extra AP, the minimum interval
was calculated as the ERP.

In our study of the sinus node, the parameters of the slow
response AP were measured as APA, V., APDy, the maxi-
mum repolarization potential (MRP) and the spontaneous
depolarization rate (SDR) in phase 4.

Voltage clamp experiment

The patch clamp technique was used to record the whole-cell
and single channel currents. The cells were perfused with
the bath solution mentioned above at a rate of 3 mL/min.
The protocol for whole cell current recording is shown in the
Results section.

Single Na® channel current was recorded in an inside-out
configuration. Since K* and Ca* channels were blocked by
TEA, 4-AP, CoCl,, and CsCl in the pipette solution"), the only
channel that allowed an inward current to pass through would
be the Na" channel.

Regarding the whole cell calcium current recording, the
perforated patch clamp technique described in detail by our
previous papers* %
calcium current. The perfusion solution contained 4-amin-
opyridine (4-AP, Sigma, USA), which was used to block the
transient outward current (I,.) to reveal the Ca** current. An
oscilloscope (DSS6521, Kikusui, Japan) and Axopatch-1D
amplifier (Axon Instruments, Foster City, CA, USA) were used

was used to prevent the run-down of

to monitor and record the clamped voltage and channel cur-
rents. The data were sampled with the Clampex 9.0 software
suite (Axon Instruments) and stored in the computer through
the interface (Digidata 1320, Axon Instruments). The sample

www.chinaphar.com
Yang ZF et al

rate was 100 kHz with a filtering frequency of 10 kHz.

Statistical analysis

Chart 5 (ADInstruments, Australia) software, Clampex 9.0,
and Origin 6 (Microcal Software, Inc, USA) were used for
measurement and statistical analysis. All of the results were
expressed as means+tSEM. Statistical significance was deter-
mined using Student’s t-test for paired data. P<0.05 was con-
sidered statistically significant.

Results

Sophocarpine did exert an anti-arrhythmic effect

During tachyarrhythmia modeling, the heart was first perfused
with isoprenaline (15 pumol/L)-containing Tyrode’s solution.
About 6-8 min later, the tachyarrhythmia or ventricular fibril-
lation was initiated and recorded. After that, sophocarpine
was added to the isoprenaline-containing perfusion solution.
About 11-17 min later, the tachyarrhythmia or the ventricular
fibrillation was stopped, and the regular heartbeats appeared
again on the ECG. Six guinea pig hearts were subjected to
this protocol. All of them developed the tachyarrhythmia
produced by isoprenaline, and all of the tachyarrhythmia
was inhibited by sophocarpine (300 pmol/L). Isoprenaline
increased the heart rate from 218426 to 284+37 beats/min,
leading to tachyarrhythmia; in contrast, sophocarpine returned
the heart rate to 179+24 beats/min and finally stopped the
tachyarrhythmia. The washing out of sophocarpine and iso-
prenaline returned the heart rate to 207+28 beats/min. Figure
1B-e shows that after the sophocarpine had been washed out
with the same isoprenaline-containing solution, the tachyar-
rhythmia recurred.

The cardiac electrophysiological properties of sophocarpine

Four types of experiments were carried out to study the elec-
trophysiological properties of sophocarpine: 1) recording of
the fast response AP, 2) recording of the slow response AP,
3) measuring of Na" current in whole cell and single channel
configurations, and 4) observing the changes in Ca® and K'-
tail currents.

The effects of sophocarpine on the fast response AP of
ventricular cells

After the APs of the guinea pig papillary muscles had stabi-
lized, the preparations were then perfused consecutively with
different concentrations of sophocarpine-containing Tyrode’s
solution. Each perfusion lasted for about 8-10 min; mean-
while the RP, APA, V,..., and APD were measured!”.

The effective refractory period was obtained by an extra
super-threshold stimulus, which was applied during differ-
ent repolarizing phases of the AP. Figure 2A shows that the
APA was decreased while the APD and the effective refrac-
tory periods of the AP were dose-dependently prolonged by
sophocarpine. The data from 6 experiments are presented in
Table 1.

For measurement of the dose relationship between APD and
sophocarpine, the concentrations of sophocarpine used ranged

Acta Pharmacologica Sinica
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Figure 2. The effects of sophocarpine (Soph) and amiodarone (Amio) on the fast response AP of guinea pig papillary muscle and the slow response AP

of rabbit sinus node cells.

A: The superimposed traces of the AP with the extra responses in different concentrations of Soph. The short upward straight lines before the AP and
the each extra-response (a’, b’, and c¢’) were stimulus artifacts. The figure showed that Soph not only decreased the APA (from trace a to c) but also
prolonged the action potential durations and the effective refractory period (ERP) in a dose-dependent manner, and at the same time it did not change
the resting membrane potential very much. (a) Control; (b) Soph 1 pmol/L. (c) Soph 10 pmol/L.

B: The effect of Amio on the AP. (a) Control; (b) Amio 1 pmol/L; (c) Amio 10 umol/L.

C: The superimposed action potential traces of sinus node with different concentrations of Soph. The short vertical bars before APs were the stimulus
artifacts. Soph dose-dependently decreased the APA and prolonged the APD (from trace a to ¢). (a) Control; (b) Soph 0.5 pmol/L; (c) Soph 1 ymol/L.

Table 1. The electrophysiological effects of sophocarpine (Soph) and amiodarone (Amio) on the AP of ventricular myocytes of guinea pig (n=6,
mean+SEM). 2P>0.05, °P<0.05, °P<0.01 vs control. °P>0.05, °P<0.05, 'P<0.01 vs 1 umol/L group. ¥P>0.05, "P<0.05, 'P<0.01 vs 5 umol/L group.

umol/L RP (mV) APA (mV) Ve (V/S) APDs, (Ms) APDg, (Ms) ERP (ms)
Soph  Control -90.5+0.5 124.2+1.3 221.7+10.4 207.1+14.9 250.0+15.7 244.0+12.4
1 -89.4+0.7° 123.3+1.7° 204.2+10.8° 212.5+16.4° 261.2+13.8° 244.6+14.5°
5 -89.3+1.0% 121.6+1.5™ 192.6+10.0% 225.5+9.5™ 283.4+13.5% 270.2+17.9%
10 -89.9+1.1%% 119.2+1.6°" 167.5+11.5%" 234.8+10.0°% 302.3+14.7°¢ 295.5+13.6°"
(-0.7%) (-4.0%) (-24.4%) (13.4%) (20.9%) (21.1%)
Washout -90.1+0.8 123.5+2.0 202.9+13.1 210.5+15.7 264.3+16.1 247.3+16.4
Amio  Control -90.8+0.7 123.3+3.2 221.3+11.5 203.5+10.1 240.9+13.6 231.6+12.7
1 -90.5+0.5° 115.4+3.9° 204.1+15.7° 209.4+12.0° 251.6+15.3° 246.2+11.5°
10 -90.0+0.3* 109.6+4.5% 161.5+10.2¢ 226.9+12.3" 267.6+16.0™ 265.6+13.0%
(-0.9%) (-11.1%) (-27.2%) (11.5%) (11.1%) (14.7%)
Washout -89.9+0.6 118.9+4.7 187.8+13.4 205.6+9.8 243.7+14.8 228.9+13.1

The numbers in the brackets are the percentage changes vs controls.

from 1 to 100 pmol/L. ECs, (median effective concentration)
of the prolonged APDy, was 5.93 umol/L; the dose response
curve is presented in Figure 3.

The effect of sophocarpine on the slow response AP of rabbit
sinus node

In order to observe the effect of sophocarpine on the slow
response AP of sinus node, the preparation of rabbit sinus
node had to be driven by electric stimulus at the rate of 130
times/min (faster than its own spontaneous beating). In this
way, we could eliminate the influence of the varying rhythm
of spontaneous activity of the sinus node on the APD; other-
wise, it might interfere with the calculation of the AP param-
eters, for it is known that the faster the heart beats, the shorter
the APD will be. In those experiments, the stimulated APs
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were recorded by glass microelectrode!'”. The changes in AP
parameters induced by sophocarpine are listed in Table 2. Fig-
ure 2C presents results from 5 experiments on the sinus node.
In Figure 2C, the decreases in both the APA and the V,,,,, were
observed after the application of different concentrations of
sophocarpine. Furthermore, the APDy, was also prolonged by
sophocarpine, which was in accordance with the results from
the fast response AP recordings (Figure 2A).

The possible mechanism for the sophocarpine-mediated
prolongation of the APD

Chromanol 293 B"! specifically blocks I, while dofetilide!™
blocks Iy, In this experiment, chromanol 293 B was first
applied to block Iy, and then sophocarpine with differ-
ent concentrations was consecutively added to the perfus-
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Figure 3. Dose-response of the APDy, of the papillary muscle to sopho-
carpine (Soph). Abscissa, concentration of Soph. Ordinate, normalized
percentage changes of APDy, by Soph (n=5). Data was fitted with
Exponential Decay Function. ECs, was 5.93 pmol/L.

ing solution. Figure 4-IA shows that the prolongation of
APD induced by chromanol 293 B (trace b) was further
increased by sophocarpine (trace ¢ and d), which suggests
that sophocarpine might inhibit Iy,, resulting in the increased
APD. To confirm this, the following protocol was used (Fig-
ure 4-IB): Dofetilide was first used to inhibit the Ii,, leading to
the increase in APD (trace b); then sophocarpine at different
concentrations was added to the perfusing solution. Figure
4-1B demonstrates that the APD was no longer affected by
sophocarpine (traces ¢ and d). The above results indicate that
sophocarpine could block I, rather than Ii,, leading to pro-

OmvV— Omv—

a Control

b 293B

¢ 293B+Soph1
—— d 293B+Soph2

— —

Table 2. The effects of sophocarpine (Soph) on the slow response AP of
rabbit sinus node cells (n=5, mean+SEM). ?P>0.05, °P<0.05, °P<0.01
vs control. °P>0.05, ®P<0.05, P<0.01 vs 0.1 ymol /L group. P>0.05,
"P<0.05, 'P<0.01 vs 0.5 pmol/L group. MRP, the maximum repolarization
potential.

(li:zr 0 APA (mV) Voax (V/S) APDg, (Ms) MRP (mV)
Control 68.0+3.3 9.8+0.5 123.248.3 -65.8+3.1
0.1 64.742.2° 9.1+0.4° 124.847.1°  -65.2+3.3°
0.5 58.1+3.9% 8.8+0.5™ 127.7+¢71%  -63.1+2.5%
1 53.4+3.08 8.3+0.6° 140.747.0°"  -61.6+2.7"¢
Washout ~ 66.3+4.2 9.4+0.7 128.3+7.2 -65.5+2.9

longation of the APD. Figure 4-1I presents the 5 experimental
results with the washing-out data.

The effect of sophocarpine on the cardiac Na* current

The action of sophocarpine on the cardiac Na® current was car-
ried out in 2 experimental levels: the whole cell Iy, recording
and single Na* channel current recording.

Sophocarpine decreased the whole cell I,

Whole cell current recording was carried out in enzyme-
isolated ventricular cells of neonatal rat heart. The cell was
depolarized from the holding potential (-110 mV) to the test-
ing potential (-50 mV) for 300 ms before it was returned to
the holding potential. The initial large inward current was
invoked by depolarization clamping, as shown in Figure 5A.

C
omvV—
a Control a Control
b 293B
b Dofe ¢ 293B+Soph2
¢ Dofe+Sophl d 293B+Soph2+Amio
d Dofe+Soph2
1
20 mv|
100 ms

Figure 4. Sophocarpine (Soph) inhibits I, Sophl, sophocarpine 5
umol/L. Soph2, sophocarpine 10 umol/L. Dofe: dofetilide 1 umol/L.
293B, chromanol 293B of 15 pymol/L. Amio: amiodarone 10 pmol/L.
Part |

A: The effect of Soph on APD after the I had been blocked by
chromanol 293B.

B: The effect of Soph on APD after I, had been blocked by Dofe.
Section C: Amio did not prolong APD after the action of Soph.

Part Il

The statistical data (n=5) showing the percentage changes of APDgq
by different drugs as indicated in part | A and B.
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Ordinate: normalized percentage changes of APDg,. Abscissa: the
symbols corresponded to those of the Part | plus the washing out.
°P<0.05, °P<0.01 vs control. °P<0.05 vs 293B+Soph1.
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As this inward current had been blocked by the special Na*
channel blocker TTX 10 pmol/L (not shown), this current
could be regarded as Iy,”. After the cell was perfused with
sophocarpine (10 pmol/L), the inward current was decreased
substantially. From 3 experiments that involved whole
cell recordings, the average decrease of the Iy, induced by
sophocarpine (10 pmol/L) was about 18.0%.

Sophocarpine inhibited single Na* channel activity

Single Na" channel current recordings were carried out in an
inside-out configuration on isolated ventricular myocytes from
neonatal rats. The patch membrane was first held at -110 mV
and then depolarized to and clamped at -50 mV for 500 ms
before it was returned to the holding potential. As the pipette
solution contained Ca** and K" channel blockers (see Material
and methods section), the recorded channel current may have
represented the Na® current.

Single channel openings were observed on the recording
traces. Both the open occurrences and the averaged inward
current were decreased after the cells had been perfused with
a sophocarpine (30 pmol/L)-containing solution in 3 experi-
ments. Figure 5B shows one of the results.

Sophocarpine inhibited the I.,, of cardiac myocytes

The whole cell recording configuration and perforated patch
technique were used in this experiment. The ventricular cells
of neonatal rat were first held at -40 mV to inactivate the Na®
channels and then depolarized to the command potential of 20
mV for 500 ms before they were returned to the holding poten-
tial (Figure 6). As 4-AP had been used to block the I,,, the
inward current was clearly discernible at the command poten-
tial (Figure 6a). Sophocarpine (10 pmol/L) was then added
to the perfusion solution. About 3 min later, not only had the
inward current decreased, but also the tail current (outward
K" current, a’) was diminished. Compared with the controls
in 3 experiments, average Ic,; decreased by 33.2%%*11.7% at the
command potential of 20 mV.

Comparison of electrophysiological effects between sophocar-
pine and amiodarone

From the above results, we can see that sophocarpine induced
effects similar to those of class III anti-arrhythmic drug amio-
darone, ie, it was also able to prolong the APD. The following
experiments were designed to compare these two drugs in
their effects on both the fast and the slow response AP mor-
phologies.

Effect of amiodarone on the fast response AP
The preparation and the experimental protocol were the same
as sophocarpine section. Amiodarone at a concentration of 10
pmol/L not only prolonged the APD and ERP by 11.1% and
14.7%, respectively, but also decreased the APA and V,,,.. The
results from 6 experiments are presented in Table 1, and one
example is shown in Figure 2B.

Because our results confirmed that sophocarpine could
inhibit Iy, to prolong the APD and that amiodarone could
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Figure 5. Sophocarpine (Soph) decreased the early Na* current.

A: Soph decreased Iy, in the whole cell recording configuration. The upper
half showed the whole cell sodium current recordings; the lower one was
the voltage clamp protocol. (a) Control inward current. (b) The decreased
current by Soph 10 uymol/L.

B: Soph decreased the Na* current in the single channel recording
configuration. The upper parts (a, b, ¢, d) referred to the channel current
recording; the lower was the voltage clamp protocol. (a) A group of control
traces. (b) The traces after Soph 30 pymol/L. (c and d) The averaged
inward currents which were calculated before and after the Soph from 43
and 35 trails respectively.

a b’ c
T
200 pA
b
a c
Ec=20 mV . —
Eh=40 mV —— ——J .5 | !

Figure 6. Sophocarpine (Soph) inhibited /s, and I, tail current. The a, b, c,
and a’, b’, ¢’ represented I, and Iy tail currents respectively. (a) Control. (b)
Soph 10 ymol/L. (c) Washing out.

block the I,, the following experiment was designed to deter-
mine what would happen to amiodarone if sophocarpine were
first used to inhibit I,.

Figure 4-IC shows that after chromanol 293B had blocked
the Iy, (from trace a to trace b) leaving Iy,, sophocarpine
increased the APD (from b to c), and then amiodarone (at the



same concentration as sophocarpine) was added to the per-
fusing solution. The latter had no obvious effect on the APD
(traces ¢ and d were superimposed); neither were substantial
changes to the APD observed when sophocarpine was admin-
istered before amiodarone (data not shown).

The effects of amiodarone and sophocarpine on the spontaneous
AP of rabbit sinus node

The preparation of rabbit sinus node did not involve electric
stimulus; spontaneous APs were recorded with a glass micro-
electrode. After the control AP was recorded in Tyrode’s solu-
tion, amiodarone (10 pmol/L) or sophocarpine (10 umol/L)
was added to the perfusion solution. About 10 min later, the
changes in AP produced by the drugs were measured, and
then the drugs were washed out with control Tyrode’s solu-
tion. Sophocarpine-mediated inhibition of V,,, and APA
started at about 2 min and reached the maximum in another
1 min. The inhibitory effect on APA or V,,, lasted stably
for a considerable time. In our records, we only pre-treated
the preparations for about 30-50 min and then washed them
out to observe the recovery process. Full recovery could be
obtained after 8 to 10 min of washing out. Figure 7 illustrates
the comparison. The results from 5 experiments are shown
in Table 3. In short, the data show that both drugs could
decrease the APA, the V,,,, and the spontaneous heart rate and
that both could prolong the APD to some extent.

Discussion

The electrophysiological effects of sophocarpine on the heart
Phase 0 of the fast response AP is initiated by the fast inward
Na" current. The APA and V,,, are related to the dynamics
of this current. Our whole current experiments demonstrated
that sophocarpine could substantially inhibit the Iy, which
would explain why sophocarpine decreased APA and V.,
in the experiment on the fast response AP. In the inside-out
recording experiments, K* and Ca®* channels had been blocked
by CoCl,, TEA, 4-AP, and CsCl in the pipette solution; hence,
the inward current in Figure 5 must have been the Na" current.
The decreased opening and reduced magnitude of the Na*
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Figure 7. Sophocarpine (Soph) and amiodarone (Amio) had the similar
effects on the spontaneous AP of rabbit sinus node. The traces of A, B, C,
D, E, and F were spontaneous APs. A, B, C belonged to Soph experiment,
and D, E, F to those of Amio’s. A and D: Controls. B: Ten minutes after

Soph 10 uymol/L. E: Ten minutes after Amio 10 umol/L. C and F: Washout
with the control Tyrode’s solution.

channel current following sophocarpine treatment confirmed
the inhibitory effect of sophocarpine on Na* channels.

During the whole cell recording of the slow inward current
(Icar), sophocarpine substantially decreased the current. The
slow response AP, such as the AP in sinus node, is initiated
by the slow Ic,;. The APA and V,,,, of the slow AP are depen-
dent on the dynamics or conditions of the Ca** channel. The
decreases in APA and V,,, induced by sophocarpine could
result from the inhibitory effect of sophocarpine on the Ca*
channel.

APD is mainly related to the balance between the inward Ic,_
and the outward K* current. The observed prolongations of
the APD in both the fast response AP (papillary muscle myo-
cytes) and the slow response AP (sinus node cells) mediated
by sophocarpine suggest that sophocarpine could also inhibit
the outward K current, which would result in retardation of

Table 3. The effects of sophocarpine (Soph) and amiodarone (Amio) on the slow response AP of rabbit sinus node (n=5, mean+SEM). *P>0.05,

°p<0.05, °P<0.01 vs control.

pmol/L APA (mV) Voo (V/S) APDyo (M) MRP (mV) SDR (mV/s) HR (beat/min)
Soph  Control 70.2+1.2 10.1+0.7 110.5+7.2 -66.3+1.2 55.3+2.4 110.4%5.3
10 51.4+3.0° 7.5+0.6° 122.748.1° -60.2+1.5" 29.2+2.8° 80.7+4.4°
(-26.8%) (-25.7%) (11.0%) (-9.2%) (-47.2%) (-26.9%)
Washout 64.5+2.2 9.240.7 112.947.6 -64.2+1.0 43.6+4.5 102.5+6.8
Amio  Control 69.8+1.5 9.8+1.0 106.8+8.7 -67.2+1.7 56.0+2.6 112.7+6.1
10 50.942.6° 4.740.8° 135.6+10.2° -60.9+2.1° 18.8+3.2° 71.4+5.7°
(-27.1%) (52.0%) (27.0%) (-9.4%) (-66.4%) (-36.6%)
Washout 62.7+4.3 85+1.3 110.2+9.4 -63.1+3.8 40.144.7 100.9+7.5

SDR, spontaneous depolarization potential rate in phase 4; HR, heart rate.
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the repolarization and prolongation of the APD. The direct
evidence for sophocarpine-mediated inhibition of the K* cur-
rent is presented in Figure 6, which presents the sophocarpine-
mediated reduction of the K" tail current (Figure 6b’). Notably,
after Iy, had been blocked by chromanol 293B, sophocarpine
was capable to dose-dependently prolong the APD; how-
ever, if Iy, was first inhibited by the Iy,-blocker dofetilide,
sophocarpine did not demonstrate this effect. Although this
design was unable to rule out whether Iy, was involved in the
process, our results coincided with those described by Yang et
al in their study of the effect of sophocarpine on HERG chan-
nel stably expressed in human embryonic kidney-293 cells!"”.
The authors demonstrated that sophocarpine inhibited the
transfected HERG channels by influencing the inactivation
statel".

Sophocarpine could decrease the L-type calcium current,
which might shorten the APDy, and interfere with its prolon-
gation effect on APD" that there are two different repolar-
izing currents that are activated by a rise in cytosolic calcium
concentration™. One current, Ix ¢, appears to be a member of
the K, family of potassium channels; the other, I,», is probably
a calcium-activated chloride channel. Both respond to a rise in
cytosolic calcium by shortening the action potential duration,
limiting further calcium entry into the heart. According to
this opinion, we suppose that the reduction of the calcium cur-
rent by sophocarpine would therefore have less effect on I c,
and be conducive to the prolongation of APD. Valenzuela et
al™, in their experiments on guinea pig ventricular myocytes,
found that amiodarone (16 pmol/L) induced dramatic tonic
and phasic reductions of the Ca® current. Nonetheless, amio-
darone still prolonged the APD.

The possible mechanism of the anti-arrhythmic function of
sophocarpine

-adrenergic agonists lead to the elevation of cytosolic cyclic
AMP levels and the activation of protein kinase A. This kinase
phosphorylates L-type Ca®* channels and thereby increases
the channel’s open probability, resulting in large Ca® current
into the cell. Normally, the inward Ca”" current is balanced
by the Ca® pumps located in the sarcoplasmic reticulum and
cell membrane and in the Na“/Ca®* exchangers in the cell
membrane. The tachyarrhythmia produced in our experiment
may be due to the use of high concentrations of isoprenaline
(15 pmol/L) in the perfused solution. Isoprenaline could
induce the delayed after-depolarization (DAD) by increasing
sarcoplasmic reticulum (SR) Ca®* load, leading to spontaneous
SR Ca” release and activation of transient inward current (I;),
which underlies DADs™. Ultimately, ECG revealed tachyar-
rhythmia or fibrillation of the ventricle.

Tosaki et al™ reported that in the isolated rat heart, reperfu-
sion-induced arrhythmias were exacerbated by isoproterenol
(0.01-1.0 pmol/L). The proarrhythmic action of isoproterenol
was primarily the result of a p;-receptor-mediated tachycar-

dia rather than a free radical mediated process®™, since it was
prevented competitively by the p;-receptor antagonist meto-

prolol, but not by the free radical scavengers. The authors
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also found™ that drugs such as lidocaine, which prevent ion
movements induced by some pathologic changes, protected
against reperfusion-induced arrhythmias.

It has been said that “Virtually all anti-arrhythmic drugs
inhibit the opening or reactivation of voltage-gated ion chan-
nels’™!
it was expected to relieve the Ca**-overload produced by

. Because sophocarpine inhibited Ca** channel current,

isoprenaline. Furthermore, sophocarpine, with its inhibi-
tory effects on potassium and sodium currents, was not only
able to prolong the effective refractory period but also able
to decrease the conduction velocity via its inhibition of APA
and V,,, of the AP. Those two effects might be conducive to
its antiarrhythmic effect because propagation of the AP can
be interrupted by those two effects if reentry occurs during
tachyarrhythmia. However, one reporter showed that the
increase or decrease in heart rate was closely correlated with
the development of arrhythmias®. The investigation showed
that increasing the heart rate in increments from 200 to 400
beats/min caused an increased incidence of ventricular fibril-
lation and ventricular tachycardia during reperfusion. Some
researchers™ explained that a higher heart rate would cause
the accumulation of extracellular potassium. Loss of cellular
potassium was a critical factor in determining the vulnerability

Furthermore, a lower heart rate
[26]

of the heart to arrhythmias.
also directly decreases the possibility of triggered activity
In our experiment with isoprenaline, the perfused heart rate
increased from 218+26 to 284+37 beats/min and tachyarrhyth-
mia developed. After sophocarpine, the heart rate decreased
to 179424 beats/min and the tachyarrhythmia disappeared
(Figure 1). In terms of Tosaki’s point of view, the heart-rate-
slowing effect of sophocarpine may explain one of its antiar-
rhythmic mechanisms. Although we have no direct evidence
to support the above hypotheses or experiments to rule out
whether sophocarpine could act as a f-receptor antagonist,
the fact is that sophocarpine does reverse the tachyarrhythmia
and fibrillation produced by isoprenaline. This antiarrhythmic
function of sophocarpine has been proven by other experi-

mental reports™ and clinical practice! ¥,

5271 sophocarpine

According to Chen’s clinical observations
has no obvious harmful effects on the functions of the liver or
kidney or on the blood system. A few patients have exhib-
ited nausea or urticaria. After a decrease in the dosage, the
symptoms disappeared in a few days. A clinical trial on
sophocarpine conducted by researchers at Renji Hospital has
progressed from stage II to stage III. The information gathered

should be illuminating,.

Comparison of sophocarpine with amiodarone with regard to
electrophysiological characteristics

In our preliminary experiments, we found that sophocarpine
had some inhibitory effect on potassium, sodium and cal-
cium currents, similar to amiodarone®™. It has been reported
that sotalol has no effects on sodium or calcium currents.
That was the main reason we chose amiodarone instead of
sotalol for comparison with sophocarpine. Furthermore, the
clinical review maintains: Despite limited indication, amio-



darone is one of the most frequently prescribed specific anti-

2931 Amiodarone is

arrhythmic drugs in the United States
a class Il antiarrhythmic drug. It inhibits repolarizing K*
currents and so prolongs the cardiac AP; it weakly inhibits
depolarizing currents, such as those mediated by the Na* and

Ca? channelsP*?¥.

Therefore, it was worth comparing the
electrophysiological effects of these two drugs. Our results
indicated that their effects were very similar: both can inhibit
the APA and V,,,,, of the fast and the slow response APs; both
can prolong the APD and the ERP of ventricular myocytes;
both can decrease the automatic heartbeat and spontaneous
depolarization rate in phase 4 of the sinus node AP. However,
in some respects, for example in the reduction of spontane-
ous heart beating, amiodarone seemed more powerful than
sophocarpine: 10 pmol/L amiodarone decreased the heartbeat
by 36.6%, while 10 pmol/L sophocarpine decreased the heart-
beat by only 26.9%. In other respects, sophocarpine could
increase the APD and prolong the ERP for a little longer than
amiodarone. Actually, we do not know which is more effec-
tive in clinical use, for this kind of comparison must include
many other factors, such as the side effects or the kinetics of
the drugs, etc. However, Li ef al, in their study on the antiar-
rhythmic properties of long-term treatment with matrine in
rats with arrhythmia induced by coronary ligation, found that
long term oral administration of Martine reduced arrhythmia
and mortality more effectively than did amiodarone®™.

Study limitations

One limitation of the present study is the lack of a comparison
between sophocarpine and amiodarone and the short-lived
duration of the effects of amiodarone on Iy, Ic., and Iy, cur-
rents. Thus, further studies are needed.

Another limitation is that sophocarpine has obvious inhibi-
tory effects on the isoprenaline-induced tachyarrhythmia, yet
it is still unclear which of its electrophysiological properties
plays the crucial role in this action. The mechanism by which
isoprenaline induces tachyarrhythmia is complicated. Either
the delayed after-depolarization or the re-entry mechanisms or
the changes in heart rate may take part in the process. Further
study will be necessary.

Conclusion

Sophocarpine could reverse isoprenaline-induced arrhythmia
and inhibit Iy,, Ic,, and I, currents. The electrophysiological
effects of sophocarpine are similar to those induced by amio-
darone, which might be regarded as a prospective antiarrhyth-
mic drug in clinical practice.
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Influence of fluvastatin on cardiac function and
baroreflex sensitivity in diabetic rats
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Aim: To investigate whether fluvastatin is able to ameliorate the impaired cardiac function or baroreflex sensitivity (BRS) in rats with

type 1 diabetes.

Methods: Type 1 diabetic rats were induced by intraperitoneal injection of streptozotocin (STZ) and then administered fluvastatin (1.5,
3.0, and 6.0 mgkg™d™) for 30 d. Food and drink intake was recorded every day. Fasting blood glucose (FBG) level, blood lipid level,
cardiac function and BRS were measured in diabetic rats after fluvastatin treatment for 30 d.

Results: The polydipsia, polyphagia and abnormal biochemical indexes of blood were significantly ameliorated by the the 3.0- and 6.0-
mg doses of fluvastatin in STZ-induced diabetic rats. FBG was decreased in diabetic rats after fluvastatin treatment for 30 d. The left
ventricular systolic pressure (LVSP) and the maximum rate of change of left ventricular pressure in the isovolumic contraction and
relaxation period (+dp/dt,..,) were elevated, and left ventricular diastolic pressure (LVEDP) was decreased by fluvastatin. The attenu-
ated heart rate responses to arterial blood pressure (ABP) increase induced by phenylephrine (PE) and ABP decrease induced by
sodium nitroprusside (SNP) were reversed by the 3.0-mg dose of fluvastatin.

Conclusion: Fluvastatin regulates blood lipid levels and decreases the FBG level in diabetic rats. These responses can protect the dia-
betic heart from complications by improving cardiac function and BRS.

Keywords: fluvastatin; diabetes; cardiac function; baroreflex sensitivity
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Introduction

Diabetic heart complications influence the prognosis of
patients and are the main reason for the high mortality of dia-
betic patients". A number of studies have reported that dia-
betes mellitus (DM) leads to autonomic neuropathic dysfunc-
tions, including impairment of the baroreflex control of heart
rate (HR) in both diabetic patients and chemically induced
diabetic rats . Impairment of the baroreflex sensitivity
(BRS) underlying the diabetic state was closely related to life-
threatening arrhythmias, heart failure and sudden death™ .
Hypoglycemic agents, such as thiazolidinediones (TDs), which
are the most common drugs used for DM, mainly ameliorate
insulin resistance and regulate lipid metabolism. Therefore,
it is necessary to find drugs that will relieve the impairment
of BRS to prevent further cardiac complications in diabetic
patients.
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It is known that inhibition of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA), the rate-limiting enzyme in choles-
terol synthetic pathways, will reduce the release of cholesterol
into the blood in the form of very low density lipoprotein®.
Fluvastatin, an HMG-CoA reductase inhibitor, which is the
first wholly synthetic statin on the market, has been widely
used as a classic lipid-regulating drug to treat hypercholester-
olemia”. The advantages of fluvastatin, compared to other
statins, are as follows: fluvastatin is well tolerated™® °!, sub-
stantial benefits of fluvastatin have been confirmed in clinical
trials"”, and fluvastatin is more cost effective for long-term
treatment!"l. Beyond its regulation of blood lipids, the anti-
atherogenic, antithrombotic and antioxidative actions of flu-
vastatin have been used to prevent cardiovascular disease!”.
As shown in previous studies, fluvastatin was found to reduce
the increased incidence of long-term adverse complications
associated with diabetes™. Other roles of fluvastatin in dia-
betic treatment have also been reported, such as ameliorating
cardiac sympathetic neural dysfunction in association with the
attenuation of increased myocardial oxidative stress; prevent-
ing left ventricular remodeling by reducing myocardial fibro-
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sis; exerting a protective action on vascular endothelial cells;
and protecting against oxidative DNA damage!™ .. Although
various functions of fluvastatin have been studied in the
treatment of diabetes, whether it plays a role in ameliorating
impaired BRS is unknown.

In this work, the BRS measured with baroreflex control
of HR and other parameters, biochemical indexes of blood
and cardiac function were examined in streptozotocin (STZ)-
induced diabetic rats to evaluate the effects of fluvastatin. We
found that fluvastatin could effectively preserve impaired BRS
in diabetic rats. Moreover, it shows promise in the develop-
ment of improved drugs to address the adverse cardiac com-
plications associated with diabetes.

Materials and methods

Chemicals

Fluvastatin was purchased from Novartis Pharma (Beijing,
China). STZ was obtained from Sigma-Aldrich (St Louis, MO,
USA). Adrenaline was obtained from Shanghai Harvest Phar-
maceutical Co, Ltd (Shanghai, China). Sodium nitroprusside
was acquired from Shanghai No 1 Biochemical and Pharma-
ceutical Co, Ltd (Shanghai, China). All other chemicals were
of analytical grade from local suppliers.

Animals

Male Wistar rats (n=34, weight 220-260 g, age approximately
3-4 months) were obtained from the Animal Center of the Sec-
ond Affiliated Hospital of Harbin Medical University (Harbin,
China) and housed at 23+1 °C with 55%+5% humidity and a
12-h light-dark cycle. The use of these animals was in accor-
dance with the regulations of the Ethics Committees of Harbin
Medical University (No HMUIRB-2008-06).

Establishment of a diabetic model

DM was induced in the 28 randomly chosen rats by intrap-
eritoneal (ip) injection of 40 mg-kg" of streptozocin (STZ) in
a 0.1 mol-L" citrate buffer solution (pH 4.2) each day for 2 d
after fasting for 12 h. The FBG level was measured using a
Grace glucometer (Grace Medical, Inc, USA) from the tail vein
72 h after the final injection of STZ. Twenty-four of the STZ-
induced rats with a FBG 216.7 mm were used as established
DM models.

Group treatment

Twenty-four rats with DM were randomly divided into four
groups with six rats per group as follows: diabetes mellitus
(DM), DM with a high dose of fluvastatin (6.0 mg-kg™-d™)
(DM+FH), DM with a middle dose of fluvastatin (3.0
mgkg'-d") (DM+FM) and DM with a low dose of fluvastatin
(1.5 mg'kg'-d") (DM+FL). Fluvastatin was intragastrically
administered for 30 d after confirmation of DM with the differ-
ent doses described previously. The other six healthy Wistar
rats were used as a control group (Ctr) and were treated with
the same quantity of vehicle (citrate buffer) and 0.9% NaCl.
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Measurement of food and drink intake

From the beginning of fluvastatin administration, the food
and drink intake for all animals was recorded every 24 h for
30 d. The average food and drink intake for each group was
determined by dividing the total amount of food and drink
consumed by the total number of rats in each group.

Biochemical indexes of blood

After 30 d of fluvastatin treatment, the FBG level was mea-
sured from the tail vein using a Grace glucometer after a
fasting period of 12 h. Following cardiac function and BRS
studies, blood samples were collected from the heart and then
separated to analyze for total cholesterol (TC), triglycerides
(TG), low-density lipoprotein (LDL), high-density lipoprotein
(HDL), free fatty acids (FFA) and malondialdehyde (MDA),
using the appropriate kit (Shanghai Rongsheng Biotech Co,
Ltd, China) for each test.

In vivo cardiac function studies

After determination of FBG level from the tail vein, all rats
from each group were anesthetized with sodium pentobarbital
(40 mg'kg™") via ip injection. Cardiac function was calculated
as previously described™
into the left ventricle via the right common carotid artery to

I, briefly, the catheter was inserted

record cardiac electrophysiologic parameters. Arterial blood
pressure (ABP), heart rate (HR), left ventricular systolic pres-
sure (LVSP), left ventricular diastolic pressure (LVEDP) and
the maximum rate of change in left ventricular pressure in the
isovolumic contraction or relaxation period (xdp/dt,..) were
measured using a BL-420 Data Acquisition & Analysis System
(Chengdu Tme Technology Co, Ltd, China).

Surgical procedure

After cardiac function studies were completed, the surgery
proceeded on all rats from the Ctr, DM and DM+FM groups.
These rats were anesthetized with an ip injection of sodium
pentobarbital (40 mgkg™). The surgical procedure was in

accordance with previous studies™ ™,

Briefly, supplemental
doses of anesthetics (0.1 mL of 1% sodium pentobarbital) were
administered every 30 min to prevent eye blinking and pedal-
withdrawal reflexes. The tips of polyethylene-50 catheters
were tapered to a diameter of 0.5 mm. After the exposure
of the femoral artery (left) and the femoral vein (right), the
tapered tips of two catheters filled with heparinized saline
were then inserted into the femoral artery and vein. Vasoac-
tive drugs were injected into the femoral vein, and blood pres-
sure was measured in the femoral artery.

Baroreflex sensitivity

The blood pressure catheter was connected to a blood pressure
transducer (MIT0699; AD Instruments, Australia) placed in a
horizontal position level with the heart. ABP was measured
automatically using the BL-420 Data Acquisition & Analysis
System. HR was calculated from pulse pressures using the
Ratemeter function. Phenylephrine (PE) or sodium nitroprus-



side (SNP) was injected at various dosage levels (PE: 16, 32, 64,
128, and 256 pg-mL"; SNP: 10, 20, 40, 80, and 160 pg-mL™") with
an injection speed of 0.04 mL-100 mg”. A second drug admin-
istration was not performed until the HR and ABP responses
reached a steady-state response. The maximal HR responses
relative to the HR baseline level (AHR) and mean ABP (MABP)
changes relative to the ABP baseline level (AMABP) induced
by injection of PE or SNP were recorded and analyzed. The
averaged ratio of the HR change over the MABP change
(AHR/AMABP) was used to evaluate the baroreflex sensitiv-
ity (BRS) for each dose of each drug given. Dose-dependent
curves for AMABP and AHR/AMABP as functions of PE and
SNP concentration were plotted for each group. Curves of
AHR-AMABP were also plotted to display the maximal HR
responses induced by MABP changes. The Boltzmann equa-
tion in Prism 5.0 software (GraphPad Software Inc, San Diego,
CA, USA) was used to fit all curves™” !,

Statistical analysis

Data were analyzed using one-way ANOVA, and P<0.05 was
considered statistically significant. Data were expressed as
mean+SEM. Different baseline MABP and HR were compared
for the divided groups using Student’s ¢-tests.

Results

Effects of fluvastatin on food and drink intake

After the initial fluvastatin administration, the average food
and drink consumption for rats in each group were recorded
each day (Figure 1). The results demonstrate that both food
and drink consumptions were greatly increased in the diabetic
rats until a steady dose-dependent decrease in consumption
occurred after approximately 12 d of fluvastatin treatment
in DM rats. Polydipsia and polyphagia were remarkably
improved in the DM+FM and DM+FH groups (P<0.05).

Effects of fluvastatin on biochemical indexes of blood

Thirty days after the establishment of the STZ-induced DM
rats, TC, TG, LDL, FBG, FFA, and MDA were significantly
increased, while HDL was decreased (Table 1). This suggests
that after 30 d of treatment, fluvastatin effectively improved
TC, TG, HDL, LDL, and FBG in a dose-dependent manner.
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Figure 1. Drink and food intake versus time after fluvastatin admini-
stration in the four groups: streptozotocin (STZ)-induced diabetes
mellitus (DM) rats, DM rats with low-dose fluvastatin (DM+FL), middle-
dose fluvastatin (DM+FM) and high-dose fluvastatin (DM+FH) treatment.
(A) Changes of drink intake of rats in the four groups. (B) Changes of
food intake of rats in the four groups. STZ-induced DM rats significantly
increased both drink and food consumptions while DM rats with
fluvastatin treatment had a steady dose-dependent downward trend of
drink and food intake (n=6).

However, only slight changes in FFA and MDA were observed
in all of the groups.

Effects of fluvastatin on cardiac function

The LVSP was significantly decreased in the DM group
compared with the Ctr group (Figure 2A; 14.87£0.25 kPa
and 11.63+0.22 kPa for Ctr rats and DM rats, respectively;

Table 1. The effect of fluvastatin on biochemical indexes of blood in diabetic rats (n=6). Ctr: control group; DM: diabetic group; DM+FL: DM with low-
dose fluvastatin (1.5 mgkg*d™); DM+FM: DM with middle-dose fluvastatin (3.0 mgkgd™); DM+FH: DM with high-dose fluvastatin (6.0 mgkg™d™).

Mean+SEM. °P<0.05, °P<0.01 vs control group; 'P<0.05 vs diabetic group.

Groups TC (mmol/L) TG (mmol/L) HDL (mmol/L) LDL (mmol/L) FBG (mmol/L) FFA (nmol/L) MDA (nmol/L)
Ctr 1.19+0.05 0.37+0.03 0.52+0.02 0.44+0.03 5.23+0.12 0.55+0.04 5.25+0.21
DM 1.24+0.02° 0.51+0.02° 0.32+0.02° 0.53+0.02° 21.95+3.92° 1.10+0.06° 8.42+0.41°
DM+FL 1.22+0.06" 0.42+0.01" 0.35+0.01f 0.45+0.02 21.01+3.67° 0.82+0.04° 7.06+0.32°
DM+FM 1.21+0.04 0.40+0.02° 0.44+0.02 0.42+0.01" 14.15+1.34" 0.76+0.03" 6.32+0.33"
DM+FH 1.21+0.05 0.39+0.03" 0.47+0.01° 0.41+0.02f 9.42+1.28" 0.64+0.02" 5.86+0.29"

TC, total cholesterol; TG, triglyceride; HDL, high density lipoprotein; LDL, low density lipoprotein; FBG, fasting blood glucose; FFA, free fatty acids; MDA,

malondialdehyde.
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Figure 2. Quantitative analysis of parameters of
cardiac function in control rats (Ctr), streptozo-
tocin (STZ)-induced diabetes mellitus (DM) rats,
DM rats with low-dose fluvastatin (DM+FL),

middle-dose fluvastatin (DM+FM) and high-dose

fluvastatin (DM+FH). (A) left ventricular systolic
pressure (LVSP); (B) maximum change velocity

DM+FL DM+FM DM+FH
of left ventricular pressure in the isovolumic
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P<0.05). This effect was offset by the middle dose of fluvas-
tatin (14.49£0.39 kPa; P<0.05); however, neither the low dose
(12.50£0.29 kPa; P>0.05) nor the high dose (11.76+0.27 kPa;
P>0.05) of fluvastatin improved LVSP.

As shown in Figure 2B, the decreased +dp/dt,. in DM
rats was increased following treatment with the middle dose
of fluvastatin for 30 d (446.00+9.21 kPa's™ for the Ctr rats,
312.89+8.00 kPa's™ for the DM rats and 401.11+6.21 kPa's™
for the DM+FM rats; P<0.05), but this effect was not seen in
the DM+FL or the DM+FH group (344.22+5.08 kPa's™ for
the DM+FL rats and 319.56+9.98 kPa-s™ for the DM+FH rats;
P>0.05).

LVEDP sharply increased in the DM rats (0.32+0.05 kPa)
compared with the Ctr rats (-0.82+£0.08 kPa; P<0.05). As
shown in Figure 2C, LVEDP in the DM+FL (-0.20+0.04 kPa)
and DM+FM (-0.45+0.07 kPa) rats experienced a substantial
decrease compared with the DM rats (P<0.05). However, the
DM+FH rats did not show significant improvement in LVEDP
(0.26+0.07 kPa; P>0.05).

The -dp/dt.. an indicator of diastolic function, was sig-
nificantly impaired in the DM rats compared with the Ctr
rats (Figure 2D; -418.88+10.13 kPa-s™ for the Ctr rats and
-304.38+12.29 kPa's" for the DM rats; P<0.05). While the mid-
dle dose of fluvastatin successfully reversed this parameter
to -373.6319.62 kPa's™ (P<0.05), the low dose (-316.75+12.38
kPa's™) and the high dose (-290.1319.08 kPa-s™) of fluvastatin
did not have the same effect (P>0.05).

Baroreflex control of heart rate during phenylephrine admini-
stration

MABP was gradually raised by doses of PE in the Ctr, DM,
and DM+FM rats (Figure 3A, 3B, and 3C). Meanwhile, the
dose-dependent curves used to assess the maximal AMABP
over various PE doses are shown in Figure 3D. The magnitude
of the increase in AMABP following PE injection appeared less
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DM+FL DM+FM DM+FH s Ctr; °P<0.05, 'P<0.01 vs DM (n=6).

significant for all doses in the DM rats when compared to the
Ctr rats (P<0.05); this is consistent with previous studies™ !\
This decrease was dramatically alleviated in the DM+FM rats
(P<0.05). For example, the 256 pg-mL" dose of PE caused the
AMABP to collapse to 29.42+3.54 mmHg in the DM rats com-
pared with 48.99+3.79 mmHg in the Ctr rats (P<0.05), and it
was greatly improved to 43.61+4.46 mmHg in the DM+FM rats
(P<0.05).

To estimate the BRS, the AHR/AMABP ratio was depicted
as an index. As shown in Figure 3E, with the increase in the
PE dose, the AHR/AMABP displayed an increasing trend
for all of the groups, although the margins of the increases
varied. Of note, the AHR/AMABP value was significantly
increased in the DM rats as compared to the Ctr rats at every
dosage level of PE (P<0.05). The middle dose of fluvasta-
tin caused the variation to diminish (P<0.05). For instance,
at the dose of 256 pg-mL" of PE, the middle dose of flu-
vastatin reversed the increased AHR/AMABP value from
2.22+0.11 beats:min"-mmHg" in the DM rats to 1.91+0.13
beats'min’-mmHg" in the DM+FM rats; this was a par-
tial recovery when compared with the Ctr rats (1.74+0.11
beatsmin-mmHg™).

The maximal HR responses at steady state to the maximal
changes of MABP induced by different doses of PE and AHR
were plotted as functions of AMABP (Figure 3F). The curves
were fit using the Boltzmann equation after maximal AHR and
AMABP were averaged at the different PE doses within each
group™. As expected, the maximal AHR in response to the
maximal AMABP was reduced in the DM rats (31.42 mmHg)
compared with the Ctr rats (43.98 mmHg), and this reduction
could also be seen in the DM+FM rats (40.58 mmHg).

Baroreflex control of heart rate during sodium nitroprusside
administration
The decrease of MABP was induced by SNP in a dose-depen-
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Figure 3. Significant amelioration of impaired baroreflex sensitivity in streptozotocin (STZ)-induced diabetes mellitus (DM) rats after 30-d treatment with
middle-dose fluvastatin following phenylephrine (PE) administration. Traces of blood pressure changes induced by PE application at 16, 64, and 128
pug/mL in (A) control rats (Ctr), (B) STZ-induced DM rats (DM) and (C) DM rats with middle-dose fluvastatin (DM+FM). (D) The curve of change in mean
arterial blood pressure (AMABP) against each dose of PE in the three groups. (E) The curve of AHR/AMABP against different doses of PE in the three
groups. (F) The curve of AHR against AMABP in the three groups. Values are means (n=6) with standard errors represented by vertical bars.

dent manner for the Ctr, the DM and the DM+FM rats, as each dose of SNP appeared similar to that of the PE curves.
shown in Figure 4A, 4B, and 4C. Furthermore, the AMABP The AMABP was decreased in the DM rats compared with the
dose-dependent curve in the DM and the DM+FM rats for Ctr rats, and this decrease was partly recovered by adminis-
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Figure 4. Effects of middle-dose fluvastatin on baroreflex sensitivities of rats with diabetes mellitus (DM) induced by streptozotocin (STZ) during sodium
nitroprusside (SNP) application. Traces of blood pressure changes induced by SNP application at 10, 40, and 80 pg/mL in (A) control rats (Ctr), (B)
STZ-induced DM rats (DM) and (C) DM rats with middle-dose fluvastatin (DM+FM). (D) The curve of change in mean arterial blood pressure (AMABP)
against different doses of SNP in the three groups. (E) The curve of AHR/AMABP against different doses of SNP in the three groups. (F) The curve of
AHR against AMABP in the three groups. Values are means (n=6) with standard errors represented by vertical bars.
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tration of the middle-dose of fluvastatin (Figure 4D; P<0.05).
This was fully demonstrated by the values at the SNP dose
of 160 pgmL™ (57.02+6.19 mmHg for the Ctr rats; 19.54+6.97
mmHg for the DM rats and 39.43+5.61 mmHg for the DM+FM
rats).

No significant changes in the AHR/AMABP were noted in
the Ctr rats, and only a slight increase in AHR/AMABP was
detected with the increase in SNP administered to the DM and
the DM+FM rats (Figure 4E). However, the AHR/AMABP
value was marginally increased with the same dose of SNP
administered to the DM rats compared to the Ctr rats. Mean-
while, the AHR/AMABP value of the DM+FM rats was located
between that of the other two groups. When 160 pg'mL™" of
SNP was given to rats in all of the groups, the AHR/AMABP
increased from 0.17+0.03 beatsmin”-mmHg" in the Ctr rats
to 0.30£0.05 beats'min"mmHg" in the DM rats and 0.25:0.03
beats'min"-mmHg" in the DM+FM rats.

It should be noted that the response of the maximal AHR to
the maximal AMABP displayed a sharp decrease in the DM
rats (19.54 mmHg) compared with the Ctr rats (57.02 mmHg).
Similarly, the middle dose of fluvastatin reversed this effect,
resulting in a value of 50.54 mmHg (Figure 4F).

Discussion

The type 1 diabetic model has been successfully established
by the intraperitoneal injection of STZ in Wistar rats. Our
studies have shown that food and drink consumption began
to decrease in a dose-dependent manner in the DM rats after
approximately 12 d of fluvastatin treatments, particularly
in the DM+FM and the DM+FH groups. This phenomenon
undoubtedly indicates that fluvastatin could ameliorate poly-
dipsia and polyphagia, which are typical symptoms of DM.

As predicted, in the DM rats the levels of TC, TG, and LDL
were significantly reduced, but the HDL level was increased
by fluvastatin. However, the FFA and the MDA were slightly
decreased by any dose of fluvastatin in the DM rats. These
results demonstrate that fluvastatin can dramatically regulate
blood lipid, and the mechanism has been well documented™
7l These are the main reasons that fluvastatin is used to treat
diabetic patients with hyperlipemia. The FBG level in the
DM+FM and the DM+FH rats dropped significantly; however,
the low dose of fluvastatin did not achieve this effect. It is rea-
sonable to presume that regulating blood lipid and improving
insulin sensitivity may contribute to the hypoglycemic effect
of fluvastatin. Therefore, if the underlying mechanisms for the
effect of fluvastatin identified in clinical trials could be deter-
mined, diabetic patients using fluvastatin would not only pay
attention to its classic lipid-regulating effect but also benefit
from its hypoglycemic action.

In this study, impaired cardiac function was confirmed in
the DM rats by the following parameters: LVSP, LVEDP, and
+dp/dtn... Nevertheless, fluvastatin could partially reverse
the impairment of both contractile and diastolic functions
in a dose-independent manner; however, the middle dose
rather than the high dose of fluvastatin was significantly more
effective in improving cardiac function in the DM rats. The
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DM-+FH rats suffered severe rhabdomyolysis—toxicity of the
skeletal muscle due to RhoA dysfunction following the loss of
lipid modification with geranylgeranyl pyrophosphate!* >,
Consequently, it was reasonable to presume that pain caused
by severe rhabdomyolysis may contribute to the negative
impact on cardiac function seen in the DM+FH rats. It is
known that primary myocardial defect and BRS impairment
may both underlie the impaired cardiac function of diabetic
patients. According to recent studies, fluvastatin can reduce
myocardial fibrosis and exert a direct anti-atherosclerotic
action on the arterial wall, which may improve cardiac func-
tion in an experimental model of diabetic cardiomyopathy!'*.
All the facts addressed above may contribute to the ameliora-
tion of the primary myocardial defect that accompanies flu-
vastatin administration in DM rats. Consequently, it is impor-
tant to determine whether fluvastatin could improve impaired
BRS and lead to an improvement in cardiac function.

The optimal dose of fluvastatin is 6.0 mg-kg™'-d™ (the middle
dose) and was chosen for the BRS study based on the follow-
ing observations: the middle dose of fluvastatin exerted the
most obvious effect according to cardiac function analysis; the
blood lipid and the FBG were significantly regulated in both
the DM+FM and the DM+FH rats; the middle dose of fluvas-
tatin was equal to the clinical dosage amount; and the DM+FH
rats suffered severe rhabdomyolysis, suggesting that clinical
application of high-dose fluvastatin may result in severe side
effects.

Our results showed that fluvastatin could reverse the
decreased AMABP caused by DM when various dosages of
PE and SNP were administered. Interestingly, the increase
of AHR/AMABP, an indicator of BRS, was greater in DM
rats compared with Ctr rats in response to PE and SNP injec-
tions. This result is not consistent with those of some DM
models, which may be largely attributed to the different time
course of development for diabetes (ie, 12, 24, and 48 weeks):
metabolic disorders caused by a hyperglycemic state or
insulinopenia may be related to time-dependent changes in
parasympathetic and sympathetic control®™ *! and different
osmotic diuresis after the DM model was established® *!. In
addition, discrepancies in species, experimental design and
diabetic inducer may also affect the results to some extent™

% However, our results are consistent with the findings of

B that blood pressure responses to

Jackson and colleagues
vasopressor agonists were depressed in STZ-induced DM
rats while the baroreceptor reflexes in these rats were more
sensitive to increases in blood pressure. Our experiments
were similar to those of Jackson and colleagues in a number
of ways, including HR changes to the altered arterial pressure
(AP) used to evaluate the BRS of the STZ-induced short-term
DM rates used in both studies. As the variable factors above
lead to different BRSs, yet were equal in these two studies, the
identical changes of BRS testify to the reliability of our study.
Of note, the authors examined the BRS in the conscious state
rather than in the anesthetized state as we did in our study.
Previous studies have used conscious animals because anes-
thesia inhibits the baroreflex function and causes difficulties



in recording changes of the BRS under different stimuli* !,

In our study, despite the possible inhibition of the baroreflex
function caused by anesthesia, changes of the BRS were still
obvious following various doses of injected PE and SNP. Fur-
thermore, the comparison of our results with those of Jackson
revealed that different states did not result in any evident
discrepancies in BRS changes. Therefore, using anesthetized
rats to evaluate the influence of fluvastatin on cardiac func-
tion and BRS is rational and clinically significant. Regardless
of the unexpected AHR/AMABP changes, fluvastatin still
decreased the AHR/AMABP increase back to the level of that
in Ctr rats. Furthermore, the maximal HR responses to the
maximal changes of MABP induced by various doses of PE or
SNP were used as another indicator to estimate BRS. It can
be concluded that fluvastatin could improve the significantly
decreased maximal HR responses to the maximal changes of
MABP in STZ-induced DM rats. According to recent reports,
statins, including fluvastatin, exert a positive influence on the
cardiovascular system not only by regulating blood lipids but
also in a cholesterol-independent manner®™ *!. Tawfik et al
demonstrated that simvastatin, a drug similar to fluvastatin,
prevented impaired coronary endothelial cell-dependent vas-

3
¢l Moreover,

orelaxation in 4-week STZ-induced diabetic rats'
statins up-regulated neuronal nitric oxide synthase (nNOS)
expression in the rostral ventrolateral medulla (RVLM), a
vasomotor center in the brainstem, down-regulated sympa-
thetic nerve activity and achieved an improvement in the
BRS™,

and led to an improved BRS after 30 d of fluvastatin treatment.

The nNOS mechanism responded relatively quickly

As discussed above, the exact mechanism by which fluvastatin
was able to improve impaired BRS requires further study.

In our study, fluvastatin significantly ameliorated the
impaired cardiac function and BRS in STZ-induced type 1 DM
rats. The results were consistent with previously observed
positive effects of long-term fluvastatin treatment in patients
with coronary heart disease or undergoing coronary interven-
tion®**’, Because the parasympathomimetic activity reflected
by the baroreflex activity in turn exerts an antiarrythmogenic
effect counteracting the proarrhythmic effect of the sympa-
thetic nervous system, the fluvastatin-ameliorated BRS can
contribute to a reduction in cardiac mortality™*". Undoubt-
edly, these findings will result in increased interest in the use
of fluvastatin to treat diabetic patients with cardiac complica-
tions, and the mechanisms behind these effects deserve further
study.
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Generation and characterization of the human
neutralizing antibody fragment Fab091 against
rabies virus
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Aim: To transform the human anti-rabies virus glycoprotein (anti-RABVG) single-chain variable fragment (scFv) into a Fab fragment and
to analyze its immunological activity.

Methods: The Fab gene was amplified using overlap PCR and inserted into the vector pComb3XSS. The recombinant vector was then
transformed into E coli Top10F for expression and purification. The purified Fab was characterized using SDS-PAGE, Western blotting,
indirect ELISA, competitive ELISA, and the fluorescent antibody virus neutralization test (FAVN), respectively, and examined in a Kun-
ming mouse challenge model in vivo.

Results: A recombinant vector was constructed. The Fab was expressed in soluble form in E coli Top10F'. Specific binding of the Fab
to rabies virus was confirmed by indirect ELISA and immunoprecipitation (IP). The neutralizing antibody titer of Fab was 10.26 IU/mL.
The mouse group treated with both vaccine and human rabies immunoglobulin (HRIG)/Fab091 (32 IU/kg) showed protection against

rabies, compared with the control group (P<0.05, Logrank test).

Conclusion: The antibody fragment Fab was shown to be a neutralizing antibody against RABVG. It can be used together with other
monoclonal antibodies for post-exposure prophylaxis of rabies virus in future studies.

Keywords: rabies; Fab engineered antibody; neutralizing antibodies
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Introduction

Rabies is one of the most fatal central nervous system diseases
and is a threat to humans and other mammals. The rabies
virus (RABV) belongs to the Rhabdoviridae family and consti-
tutes the prototype of the lyssa viruses'. Rabies kills more
than 50000 people and millions of animals worldwide every
year?. The progress of infection is rapid, and the mortal-
ity rate is nearly 100%. The glycoprotein of the rabies virus
(RABVG) has been studied extensively for many years. Itis a
crucial protein for determining the neurovirulent nature of the
rabies virus and is an important antigen for inducing protec-
tive immunity®. Among the different antibodies elicited after
immunization, neutralizing antibodies specific to the RABVG
are thought to provide protection’. We screened out a human
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anti-RABVG single-chain variable fragment (scFv) from an
immune phage antibody library”. Based on the discrepan-
cies between the native conformations of scFv and IgG, if the
scFv was shown to be a neutralizing antibody, we would not
consider the IgG, for scFv having the same neutralizing activ-
ity. In addition, the small molecular weight, short half-life,
and expression type of the inclusion body also restrained the
therapeutic application of the scFv!®l,

In the present study, the scFv was transformed into a Fab
fragment with a larger molecular weight and longer half-life.
Fab has the same native conformation as IgG. Accordingly,
exploration of the immunological activity of Fab will be help-
ful in preparing the human IgG. In this study, we transformed
the human anti-RABVG scFv into a Fab fragment and to ana-
lyze its immunological activity.

Materials and methods
The rabies virus strain CTN was provided by the Wuhan
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Institute of Biologic Products, Wuhan, China. The rabies
virus strains (CVS-11 and CVS-24) and BHK-21 cells were
obtained from the Veterinary Institute of the Academy of Mili-
tary Medical Sciences, Changchun, China. The XL1-Blue and
ToplOF" Escherichia coli strains were obtained from the Medi-
cal Research Council, Lab of Molecular Biology, University of
Cambridge, Cambridge, UK. The plasmids pComb3XSS and
pComb3X\ were obtained from the Barbas Laboratory, TSRI,
La Jolla, CA, USA. The horseradish peroxidase-conjugated
goat anti-human IgG (Fab specific) was obtained from Sigma,
St Louis, MO, USA. The competitive ELISA kit (20080526) was
purchased from the Veterinary Institute of the Academy of
Military Medical Sciences, Changchun, China. The Kunming
mice were provided by the Medical College of Jilin University,
Changchun, China. In addition, all the in vivo experiments
were approved by the Ethics Committee on Laboratory Ani-
mals of Nanjing Medical University.

Construction of human anti-RABV antibody Fab fragment

The human Vy; and V;, genes were amplified from the anti-
RABVG scFv plasmid by PCR. The forward primer of Vi was
VyuF: 5-GCTGCCCAACCAGCCATGGCCCAGGTGCAGCT-
GGTGCAGTCTGG-3’, which contained 21 complementary
bases to the reverse primer of human IgG1 C, (italicized). The
reverse primer of Vi was VyR: 5’-CGATGGGCCCTTGGTG-
GAGGCTGAGGAGACGGTGACCAGGGTTCC-3’, which
contained 21 complementary bases to the forward primer of
human IgG1 Cy1 (italicized) for overlap PCR. The V; gene
was amplified using the forward primer V,F: 5-GGGCCCAG-
GCGGCCCAGTCTGCCCTGACTCAGCCTCGCTCAGTGTC-
CGGG-3’, which contained the restriction endonuclease
Sfi I site (underlined), and the reverse primer V,R: 5'-CGAG-
GGGGCAGCCTTGGGCTGACCTAGGACGGTCAGCTTG-
GTCCCTCCGCCGAAAACCAC-3’, which contained 21
complementary bases to the forward primer of human IgG1 C,,
(italicized) for overlap PCR. The human IgG constant domains
Cul and C, were amplified from a recombinant vector
pComb3X\. The PCR conditions were repeated for 25 cycles
at 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min, followed
by a final extension time of 10 min at 72°C. The genes of C;1
(human IgG1) and V,; were used as templates for generation of
the Fd fragment by overlap PCR with a pair of primers — FdF:
5-GCTGCCCAACCAGCCATGGCCCTCGAGGTGAAGCT-
GGTGGAGTC-3" and FdR: 5-AGAAGCGTAGTCCG-
GAACGTC-3. The assembly of Vy; and Cy1 was performed
by PCR for 15 cycles of 94°C for 15 s, 56°C for 15 s, and 72°C
for 2 min, followed by a final extension time of 10 min at 72°C.
Similarly, human C; and V| fragments were joined to generate
the light chain with the pair of primers LF: 5-GGGCCCAG-
GCGGCCGAGCTCGACATTGTGATGCACAGTC-3" and LR:
5-GGCCATGGCTGGTTGGGCAGC-3'. In the third round of
PCR, the Fd and L chains were mixed in equal parts to gener-
ate the overlap full-length Fab products. The conditions for
PCR was 6 cycles without primers at 94°C for 50 s, 56 °C for
30s, 72°C for 3 min, and then 20 cycles with a pair of human

Acta Pharmacologica Sinica

primers — FabF: 5-GGGCCCAGGCGGCCGAGCTCGACAT-
TGTGATGACACAGTC-3 and FabR: 5-AGAAGCGTAGTC-
CGGAACGTC-3' 1,

Construction of recombinant plasmid

A phagemid pComb3XSS was used for expression of the Fab
fragment®. The vector pComb3XSS and the Fab fragments
were digested by the restriction endonuclease Sfi I (New
England Biolabs, Ipswich, MA, USA)” " and ligated to cre-
ate recombinants. The recombinants were transformed into
competent E coli XL1-Blue cells by standard chemical methods
(CaCl,/heat shock)"l. After overnight incubation, the clones
were checked for the presence of the insert by colony PCR and

DNA sequencing.

Expression and purification of Fab fragment

The recombinant phagemid, which was confirmed to contain
the correct sequence by DNA sequencing, was transformed
into E coli Top10F" for expression by way of soluble protein
expression?. The cells were harvested by centrifugation,
and the cell pellet was suspended in PBS. The periplasmic
extract was obtained by sonication and centrifugation of the
suspended products. Twenty microliters of the samples were
used for denaturing polyacrylamide gel analysis. The gels
were analyzed by staining with Coomassie blue and Western
blotting. The Fab fragment was purified from the supernatant
(150 mL) by affinity chromatography using a HisTrap HP
column (1 mL, GE Healthcare, Piscataway, NJ, USA) with a
flow rate of 1 mL/min. The binding buffer was 20 mmol/L of
phosphate buffer (pH 7.4) with 20 mmol/L imidazole and 500
mmol/L NaCl. The Fab was eluted using 20 mmol/L phos-
phate buffer (pH 7.4) with imidazole at different concentra-
tions (50, 100, 200, 300, 400, and 500 mmol/L). The eluted Fab
fractions were concentrated using an Amicon Ultra centrifugal
filter device (10 kDa cut-off, Millipore, Bedford, MA, USA)
and dissolved in PBS. The purified Fab fragment was named
Fab091.

SDS-PAGE and Western blot analysis

The purified Fab091 fragment was resolved by 12% SDS-
PAGE under reducing conditions with B-mercaptoethanol
(B-ME). For Western blot analysis, Fab091 was detected by
HRP-conjugated goat anti-human IgG (1:2000), and the blot
was developed using the DAB/H,0O, system.

Antigen binding assays for Fab091

Indirect ELISA

A 96-well microplate (Costar, Washington, DC, USA) was
coated with 2 pg/mL of rabies virus strain CTN. The Fab091
fragment (0.2 mg/mL) and E coli-negative supernatant was
added to antigen-coated wells in serial two-fold dilutions (1:5,
1:10, 1:20, 1:40, 1:80, 1:160, 1:320, and 1:640), and bound anti-
bodies were detected by HRP-conjugated goat anti-human IgG
(1:5000). Each sample had two duplicate wells. PBS was used
as a blank control, and its OD,5, value was assigned as 0.
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Competitive ELISA (C-ELISA) of Fab091 and scFv
Fab091 (0.5 mg/mL) was added into a 96-well microplate
plate coated with RABV. Then the original anti-RABVG scFv
was added at dilution ratios of 1:1, 1:5, 1:25, and 1:125 and
incubated in these wells for 1 h at room temperature. After
washing five times with PBST (20 mmol/L PBS, 0.05% Tween
20), HRP-conjugated mouse anti-human IgG (Fab specific) was
added to the wells and incubated for 1 h at room temperature.
An anti-Met scFv antibody™ was used as a negative control
in lieu of anti-RABVG scFv, and the blank control lacked scFv.
The final results were expressed as percentages of inhibition
(PI). The PI values for the Fab091 were calculated with the fol-
lowing formula:

PI =1-(OD,-OD,)/ OD,x100%
(s: sample, b: blank control)

A competitive ELISA kit was used to detect the neutral-
izing titer of Fab091. For the ELISA, the standard serum was
obtained from volunteers who had been inoculated with
rabies vaccine. The titers of neutralizing antibodies in the
serum were detected by the FAVN method, and the serum
was diluted to 0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 IU/mL. The neu-
tralizing antibodies in the ELISA were murine monoclonal
antibodies against RABVG conjugated with horseradish per-
oxidase. One hundred microliters of HRP-conjugated antibod-
ies against RABVG were mixed with 100 pL of different titers
of standard serum (0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 IU/mL) and
added to a RABVG-coated ELISA microplate. Meanwhile, 100
pL of HRP-conjugated antibodies and 100 uL of Fab091 were
mixed in the coated microplate. Every sample had two dupli-
cate wells. Following incubation for 45 min at 37 °C, the plates
were washed, and a tetramethylbenzidine (TMB) substrate
solution was added. After incubation for 15 min at 37 °C, the
reaction was stopped by adding 2.0 mol/L sulfuric acid, and
the OD,s5, was measured by a Multiskan Spectrum Microplate
Photometer. The neutralizing antibody titer of Fab091 was
calculated according to the OD,s, values and the titers of the

standard samples™ *,

Immunoprecipitation (IP) and mass spectrometry (MS)

A mixture of 20 pL of Fab091 and 40 pL of CTN was resus-
pended in 1 mL of PBS and incubated for 1 h at 4 °C. Pro-
tein G magnetic beads (30 pL) were added to the mixture for
immunoprecipitation (IP). The mixture was whirled gently
and incubated with agitation at 4°C for 12 h. The beads
were collected by centrifugation at 4000xg for 5 min and then
washed three times with PBS. The supernatant was removed.
Finally, the beads were resuspended with loading buffer and
boiled, and the proteins were resolved by 12% SDS-PAGE.
The resolved proteins were transferred onto a nitrocellulose
membrane and detected by Rab-50 (sc-57994, Santa Cruz, CA,
USA), which is a mouse monoclonal anti-RABVG antibody.
After blocking in 5% milk in PBST for 30 min and washing
three times with PBST, the membrane was incubated with the
HRP-conjugated goat anti-mouse IgG (Sigma, St Louis, MO,
USA). Finally, the blot was developed using the DAB/H,0,
system. The band that corresponded to the blot (67 kDa) on a

separate polyacrylamide gel stained with Coomassie blue was
analyzed by mass spectrometry (MS). Detected spots were
excised from the gels, which were stained with Coomassie
Brilliant blue. The gel chips were excised and destained with
a solution containing 100 mmol/L NH,HCO; and 50% eth-
ane nitrile (pH 8.0). After hydrating with ethane nitrile and
drying, the gel chips were hydrated in a minimal volume
of trypsin (Promega Corporation, Madison, WI, USA) solu-
tion and incubated at 37 °C overnight. The gel pieces were
extracted with 50% acetonitrile/2.5% trifluoroacetic acid at
37 °C for one hour with sonication, and the supernatant was
removed. The extraction was repeated twice. A gel slice was
dissolved in 0.1% trifluoroacetic acid (Sigma, St Louis, MO,
USA), desalted, and concentrated using ZipTips (Millipore,
Bedford, MA, USA). The peptide solution (0.5 pL) was mixed
with 0.5 pL of matrix (5 mg/mL a-cyano-4-hydroxycinnamic
acid in 30% acetonitrile/0.1% TFA), spotted on a target disk,
and allowed to air-dry. Samples were analyzed by MS (Bruker
Daltonics, Leipzig, Germany). Protein database searching was
performed with the MASCOT search engine (http://www.
matrix science.com; Matrix Science, UK)™,

Affinity analysis by surface plasmon resonance (SPR)

SPR was performed on a BIAcore T100 (GE, Piscataway, NJ,
USA) analytical system. RABV was diluted to 5 pg/mL with
acetate buffer (10 mmol/L sodium acetate, pH 5.5, GE, Piscat-
away, NJ, USA) and immobilized on the surface of a CM5 sen-
sor chip (GE, Piscataway, NJ, USA) to capture purified Fab091.
Fab091 was diluted by HBS-EP buffer (GE, USA) at concentra-
tions ranging from 31.25 to 1000 nmol/L and performed at a
constant flow rate of 30 pL/min for 3 min at 25 °C. The asso-
ciation time was 180 s, and the dissociation time was 600 s.
The constants for association (k,) and dissociation rate (ky) and
the equilibrium constant for dissociation (Kp, Kp=k4/k,) were
obtained using global fittings from the Langmuir binding
model (1:1 binding model). The sensor grams were evaluated
using the BIAcore T100 evaluation software (GE, Piscataway,
NJ, USA).

Detection of Fab091 neutralizing activity

To perform the FAVN test, BHK-21 cells and the RABV strain
CVS-11 were used. The positive control serum against RABV
was obtained from adult dogs vaccinated with rabies vac-
cine. The neutralizing antibody titers were determined by
the Weybridge Laboratory (UK), a rabies reference labora-
tory of OIE, the World Organization for Animal Health. The
serum was then diluted to 0.5 IU/mL and used as a standard
serum. Serial three-fold dilutions of the positive and negative
control sera and the Fab091 were made in 100-pL volumes in
microplate wells. Each sample was added to four adjacent
wells and serially diluted five times using a multichannel
pipette. Fifty-microliter challenge virus suspensions contain-
ing 100 TCIDs, were added to each well. The microplates
were incubated for one hour at 37°C in a humidified incubator
with 5% CO,. Following incubation, 2x10* BHK-21 cells in 50
pL of culture medium were added to each well, and the plates
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were incubated for another 48 h. Thereafter, the medium was
discarded, and the plates were rinsed in PBS (pH 7.2) and in
acetone (80% in distilled water). The plates were then fixed
in 80% acetone for 30 min at room temperature and air-dried.
The staining was carried out by adding 50 pL of fluorescein-
isothiocyanate-conjugated anti-rabies serum. After incubation
for 30 min at 37°C, the plates were washed twice with PBS.
The FAVN result was assessed with a fluorescence microscope
(image A.l; Zeiss, Germany). The total area of each well was
examined. The well was considered positive if one or more
fluorescent cells were observed; otherwise, it was considered
negative. The 50% endpoint of the antibody (Ds) content
of the test sample and virus titers (TCID5,) were calculated
according to the Spearman-Karber method"”. The neutral-
izing titer of Fab091 was calculated based on the number of
negative wells and their dilutions, compared with those of the
standard serum included in the test™,

Animals and inoculation

A lethal animal model mimicking rabies exposure was used as
described elsewhere . The mice were treated as described
in Table 1. Four-week-old pathogen-free Kunming mice
(10-12 g, 8 mice/group, 9 groups) were infected with 100
LDsy/0.05 mL CVS-24 on d 0 and d 7. The mice were inocu-
lated in the hind limb with rabies vaccine (Sanofi-PASTEUR
SA, France). In addition, human rabies immunoglobulin
(HRIG, Taibang Health, Taian, China) at 20 IU/kg and Fab091
(treated with 32, 20, 8, 2, and 0.5 IU/kg) were administered on
d 0. The mice were evaluated for 28 d for clinical signs of neu-
rology and death. In the control group, the mice were injected
with 100 LDs,/0.05 mL of the CVS-24 strain. The experiments
using the CVS-24 strain were performed in a Biosafety Level 3
Laboratory (BSL-3)".

Table 1. Rabies virus postexposure prophylactic trial.

HRIG+
Treatment Vacc Fab091+vacc Fab091 vacc PBS
dose A B C D E F G H |
(IU/kg) 0 0.5 2 8 20 32 20 20 O
Virus + + + + + +
Vaccine + + + - + -
Fab091 - + + + - -
HRIG - - - - - - - + -
PBS - - - - - - - - +

+, disposed; -, undisposed; HRIG, human rabies immunoglobulin; PBS,
phosphate-buffered saline.

Statistical analysis

Kaplan-meier method was used for survival analysis of Kun-
ming mice after rabies virus challenge. Statistical analyses
were performed with SPSS 11.5 statistical software package
(SPSS Inc, Chicago, IL, USA). A P value <0.05 was accepted as
statistically significant.
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Results

Amplification of the human anti-RABV antibody Fab gene frag-
ment and construction of the expression vector

The human anti-RABV antibody Fab gene fragment was
amplified in three rounds of PCR, as described in Materials
and methods. The cloning strategy is shown in Figure 1.

AGETTTNN D .

ompA Vi C, pelB  pelB Vy Cyl

B DL N (N 32

Light chain Heavy chain (Fd)
C (bl T @2 ()
Fab
Y M TN 20 (He
// pLacz Fab Gene lll

Figure 1. Construction of plasmid pComb3XSS-Fab for the production of
Fab antibody fragments in E coli. Genes of light-chain and heavy-chain Fd
fragments were fused by overlap-extension PCR, and cloned directionally
by using two asymmetric sites of the rare cutter Sfil. Fab was transcribed
as a single transcript under the control of one LacZ promoter. The amber
stop codon (cross) between the antibody genes and bacteriophage gene
IIl enables the production of soluble Fab fragments in a non suppressor
strain of E coli. (A) The genes for the variable and constant regions were
amplified separately. (B) Heavy-chain Fd and light chain DNA were assem-
bled by variable regions and their constant counterpart respectively by us-
ing overlap PCR. (C) Fd and light chain were fused to form Fab-encoding
sequences by overlap PCR. Fab genes were directionally cloned into
pComb3XSS phagemid by using the Sfi | site. (D) Both L chain fragment
and Fd fragment were transported to the periplasm of E coli.

Purification and detection of soluble Fab fragment

Purified Fab091 was resolved by 12% SDS-PAGE under
reducing conditions. Both the Fd (34 kDa) and L chains (26
kDa) were detected in the monomeric form (Figure 2A). The
expression of Fab091 was confirmed using Western blotting
(Figure 2B).

Specific binding of Fab091 fragment to RABV

Binding of the Fab091 fragment to RABV was detected by indi-
rect ELISA as shown in Figure 3. The OD,s, values showed a
gradient change that was accompanied by a decreasing con-
centration of Fab091.

In the competitive ELISA, as shown in Figure 4A, the PI of
Fab091 ranged from 73.65% to 11.83% concomitant with the
decreasing concentration of scFv. Less than 10% inhibition
was observed for the anti-Met scFv negative control.

A standard curve for the competitive ELISA is shown in
Figure 4B. The range of the standard curve was 0 to 8 IU/mL.
If the OD,5) value was between 0 to 8 IU/mL, the neutralizing
antibody titers could be read from the curve. In Figure 4B, the
titers of standard serum decreased with increasing OD,s, val-
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Figure 2. SDS-PAGE and Western blot of the purified Fab091 fragment
after purification. The purified Fab091 was resolved in 12% SDS-PAGE un-
der reducing conditions and stained with Coomassie blue. The heterodim-
er was dissociated into light chain (26 kDa) and Fd (34 kDa). (A) Lane 1:
protein marker (#0671, Fermantas, Burlington, Ontario, Canada); Lane 2:
the purified Fab091 fragment. (B) Electrobloted Fab091 fragments were
detected by goat anti-human IgG-HRP conjugate (1:2000 dilution).
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@ Fab091 [ E coli supernatant
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Serial dilution

Figure 3. Indirect ELISA of the different dilutions of Fab091 fragment. The
ELISA plate was coated with rabies virus strain CTN at 2 pg/mL. (1-8):
The virus reacted with Fab091 which was in serial two-fold dilution (1:5,
1:10, 1:20, 1:40, 1:80, 1:160, 1:320, and 1:640) and incubated for 2 h
at room temperature. E coli Top10F’ supernatant was used as control. The
plate was washed five times with PBST, followed by incubation with goat
anti-human IgG HRP-conjugated (1:5000).

ues. The OD of the test sample was 1.022, so the result was
negative.

IP was also used for the detection of the specific binding of
Fab to the rabies virus strain CTN (Figure 5A). Four peptide
sequences (Table 2) matched with RABVG by MS analysis
(Figure 5B) were found when the identified peptides were
compared with the known sequences of RABVG in the SWISS
PROT database. Mass tolerance was allowed within 0.05%.

Table 2. Amino-acid residue sequences of matched peptides.

Relative intensity Amino-acid residue

1 983.431 TCGFVDER

2 1070.575 STQHGLGGTGR

3 2118.972 YEESLHNPYPDYHWLR

4 2708.251 YVLMSAGVLIALMLTIFLMTCCR
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Figure 4. Competitive ELISA detection. (A) The rabies virus strain CTN
was used as coated antigen for Competitive ELISA of scFv and Fab091.
(1-4): The scFv was diluted to 1:1, 1:5, 1:25, 1:125, and incubated with
Fab091. PI of Fab091 ranged from 73.65% to 11.83% (73.65%, 60%,
24.95%, and 11.83%) with decreasing concentration of scFv. Less than
10% inhibition was observed for negative anti-Met scFv. (B) Standard
curve for Competitive ELISA: The 96-well microplate was coated with
RABVG. HRP-conjugated antibodies against RABVG were mixed with dif-
ferent titers of standard serum (0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 IU/mL).
Meanwhile, HRP-conjugated antibodies and Fab091 were mixed in the
coated microplate and incubated. The mean OD,s, value of Fab091 well
was 1.022, according to the standard curve ranging from O to 8 IU/mL, so
the corresponding titre was O.

Protein matching with a MASCOT score of >69 was consid-
ered statistically significant (P<0.05).

Affinity assay of Fab091

The binding affinities between rabies protein and purified
Fab(091 were analyzed by Biacore T100 (GE, Piscataway, NJ,
USA). Fab091 had a high affinity with a Kp of 6.268E-10 M.
(x*=1.09, U=5). The interaction between Fab091 and rabies
virus is shown in Figure 6.

Neutralizing activity of Fab091

In the FAVN, no fluorescence was seen in the wells until the
standard serum was diluted nine times. There were still two
negative wells when the serum concentration was at 1:27 dilu-
tion. For the test sample Fab091, no fluorescence was seen
until the wells were diluted to 1:81 (12 pg/mL). There was
only one negative well at 1:243 dilution. According to the
dilution rates and the total number of negative wells, com-
pared with the standard serum (0.5 IU/mL), the neutralizing
antibody titer of Fab091 was calculated to be 10.26 IU/mL.

Activity identification in vivo
The number of deaths observed in Kunming mice after infec-

Acta Pharmacologica Sinica



www.nature.com/aps

LiCetal
334
A B
2500 1070.5751495.695
(kDa) 1 2 <) 4
72 . ]
-
2000
55 —— @
o
] 1500
2118.972
1000+ 2364.165
1880.938
) 983.431 2570.259
T 257025
500 1 2585.114
1910.94
4 | 2708.251
WL
04 ..l L " Lo
1000 1500 2000 2500 3000 3500  m/z

Figure 5. IP and MS analysis of RABVG. (A) Proteins immunoprecipitated by Fab091 were separated by SDS-PAGE and probed with RAB-50 by Western
blot. (1): Protein marker; (2-3): One protein was recognized by RAB-50. The molecular weight of the protein was about 67 kDa. (4): BHK-21 lysate
was used as the negative control to replace Fab091 in the IP. (B) The corresponding 67 kDa band on the polyacrylamide gel was analyzed by mass
spectrometry, which was identified as RABVG. MS spectrums of fragment ions were from the 67 kDa protein. Four major (m/z=983.431, 1070.575,

2118.972, 2708.251) ions were detected.
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Figure 6. SPR analysis of Fab091 and rabies virus interaction. Fab091 (1
mg/mL) was subjected to SPR analysis. CM5 sensor chip was activated
by the injection of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC)/N-hydroxysuccinimide (NHS). Rabies virus was
coated on the CM5 chip, and the surface was washed with 10 mmol/L
HEPES (pH 7.4) for 200 s and then Fab091 was injected. Dilution rates of
Fab091 were 31.25, 62.5, 125, 250, 500, 1000 nmol/L (Chi*=1.09, U=5,
Rmax=13.05 RU). (A) Association stage; (B) Dissociation stage.

tion with CVS-24 at 28 d is shown in Table 3, and a survival
curve is shown in Figure 7 for the Kunming mice, according
to the Kaplan-Meier method. A survival rate of 12.5% (1/8)
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was observed in the group with CVS-24 infection. A survival
rate of 25% (2/8) was observed in the control group, which

Survival function
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Figure 7. Kaplan-Meier survival curve for Kunming mice after rabies virus
challenge. Mice (n=8 per group) were challenged with CVS-24 strain on
d O. Three hours later (d 0), the mice in treatment groups were inoculated
with rabies vaccine and treated either with 32, 20, 8, 2, 0.5 IU/kg
Fab091 or 20 IU/kg HRIG. The treatment groups also included 20 IU/kg
Fab91 group. The mice in control groups received only PBS. The mice
were evaluated twice daily and were sacrificed when neurological signs
appeared. Kaplan-Meier survival curves were shown for d O to d 28. (A)
Vaccine; (B) Vaccine+0.5 IU/kg Fab091; (C) Vaccine+2 IU/kg Fab091; (D)
Vaccine+8 IU/kg Fab091; (E) Vaccine+20 IU/kg Fab091; (F) Vaccine+32
1U/kg Fab091 (P<0.05, Logrank test); G: 20 1U/kg Fab091; H: Vaccine+20
1U/kg HRIG (P<0.05, Logrank test); I: PBS.



Table 3. Deaths of Kunming mice after infected with CVS-24 in 28 d.
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A: vaccine; B-F: vaccine+Fab091 (different dilution rates from 0.5 to 32 IU/kg); G: Fab091; H: vaccine+HRIG (20 1U/kg); I: PBS

received vaccine only. The group treated with vaccine and
HRIG had a survival rate of 62.5% (5/8). The survival rates
were 50% (4/8), 50% (4/8), 37.5% (3/8), 37.5% (3/8), and 25%
(2/8) when the mice were treated with 32, 20, 8, 2, and 0.5
IU/kg Fab091, respectively, and vaccine. The groups that
received vaccine and 32 IU/kg Fab091 (Figure 7) or vaccine
and 20 IU/kg HRIG (Figure 7) were provided with a level of
protection against the rabies virus compared to the PBS group
(P=0.0485 and P=0.038, respectively; Logrank test).

Discussion

Equine anti-RABV immunoglobulin (ERIG) and human anti-
RABV immunoglobulin (HRIG) have been used for passive
rabies immunotherapy. However, ERIG can lead to allergic
reactions and blood diseases, and HRIG is expensive and
often in short supply™>!. Recombinant DNA technology and
bacterial expression systems used to obtain active antibodies
were very attractive compared to hybridoma technology, and
antibody molecules can be further engineered to increase their
binding affinity. Smaller antibody fragments (such as Fab and
scFv) can be effectively used for diagnostic and therapeutic
application due to their low immunogenicity and better tissue
penetration®™. ScFv fragments are composed of Vy and V.
with a connecting peptide link. Fab fragments are more stable
due to an additional domain-domain interface resulting from
the Cy1-C; association. This structure resulted in higher affin-
ity of purified antibodies®” "

Expression of heterologous proteins in bacterial systems can
be influenced by many factors such as codon usage, DNA-
protein interactions, regulatory factors for transcription and
translation, and culture conditions. In the present study, the
amber stop codon (cross) enabled the production of soluble
Fab fragments in a non-suppressor strain of E coli. We opti-
mized the expression conditions and found that Fab could be
expressed in a soluble form at room temperature (22 to 25 °C).

If the inducing temperature was 30 or 37 °C, Fab was most
often expressed in the form of inclusion bodies. In the process
of purification, it was found that the amount of purified Fd
fragments was less than that of the light chain. This result was
possibly due to the pH value of the binding or washing buffer
used for purification being unsuitable for purification of the
Fd fragment. Furthermore, we found that the Fab091 frag-
ment was easily eluted by phosphate buffer with a concentra-
tion of 100 mmol/L imidazole and that the eluted protein had
a higher purity. In Figure 3, OD,s, values showed a gradient
change that was accompanied by a decreasing concentration of
Fab091, which illustrated the high specificity of Fab091 against
the RABV. Furthermore, IP and MS analysis results also
demonstrated that Fab091 binds specifically to RABVG. The
competitive ELISA indicated that Fab091 and the original scFv
shared the same epitope. The neutralizing antibodies in the
ELISA kit had different epitopes against RABVG from Fab091.
The most critical property of Fab091 was its neutralizing
potency to inhibit the entry of CVS-11 into BHK-21 cells. A
sufficient level of antibody to inhibit entry is considered to be
0.5 IU/mL, according to the recommendations of the World
Health Organization and the Centers for Disease Control
and Prevention®. Compared with the reported neutralizing
concentrations of FabRV01 and FabRV02, which neutralized
the CVS-11 at 146 pg/mL[32], Fab091 was used to neutral-
ize the virus at a concentration of only 12 pg/mL. FabRVO01,
FabRV02, and FabRV03 were isolated from a recombinant
immune antibody library, differing from the altered Fab091,
which was from scFv. These results may provide insight into
the neutralization activity of recombinant antibodies.
Vaccination alone in the in vivo study was not sufficient
to protect mice from rabies, whereas the treatment of mice
with both vaccine and HRIG (20 IU/kg)/Fab091 (32 IU/kg)
provided better protection against rabies than vaccine alone
(P<0.05, Logrank test). However, the survival rates of the
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groups treated with vaccine and Fab091 (32 IU/kg) were lower
than that of the vaccine and HRIG (20 IU/kg)-treated group.
This result could be interpreted as follows. First, the in vivo
clearance of RABV is a complicated process. Compared with
small-molecular-weight antibodies, the IgG antibody (HRIG),
with antibody-dependent cellular cytotoxicity and comple-
ment-mediated cytotoxicity, has a greater scavenging capac-
ity in vivo® *. The neutralizing activity of Fab is usually less
than that of full-length IgG because of the monovalence of the
Fab fragments and the lack of Fc fragment on an IgG molecule.
Human Fab may exhibit even greater functional activity when
converted into IgG™. Second, HRIG consists of polyclonal
antibodies from human plasma with a number of epitopes of
RABVG, and the function of each epitope is independent of
the others. Antibodies can effectively neutralize free virus by
macrophage phagocytosis or complement-mediated cytotoxic-
ity. However, Fab091, a monoclonal antibody, can only bind
to a single epitope, limiting its ability to remove the virus.

In future studies, the Fab091 and human IgG Fc fragments
could be fused and expressed in eukaryotic cells. The recon-
stitution of Fab091 to IgG is a strategy that could be used for
future passive immunotherapy against RABV infection®*"),
Although Fab091 is different from scFv and IgG in biological
function, tissue penetration, and half-life, the three together
will not only retain the same binding specificity but also play
complementary functional roles. They, together with other
monoclonal antibodies, in accordance with the WHO-recom-
mended “cocktail” therapy, can be used for post-exposure
prophylaxis of rabies virus.
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Sesquiterpenoids from myrrh inhibit androgen
receptor expression and function in human prostate

cancer cells
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Aim: To examine whether two naturally occurring sesquiterpenoids (ST1 and ST2) with anti-proliferative activity in prostate cancer cells

inhibit androgen receptor (AR) signaling.

Methods: Human prostate cancer cell lines LNCaP and PC3 were used. The expression of AR, AR translocation into the nucleus, and
expression levels of AR coactivators ARA70 and steroid receptor coactivator-1 (SRC-1) in LNCaP cells were examined using real-time
PCR and Western blot. Changes in prostate-specific antigen (PSA) protein levels, PSA promoter activity, and androgen response ele-
ment (ARE)-mediated reporter gene activity were examined using enzyme-linked immunoabsorbent assay (ELISA) and transient trans-
fection assays. Co-immunoprecipitation was performed to analyze the interaction between AR and the AR coactivators in ST1- and

ST2-treated cells.

Results: In LNCaP cells, ST1 and ST2 (40 umol/L) led to a significant decrease in the expression of AR as well as a reduction of AR
translocation into the nucleus, but had no effect on AR protein translation. ST1 and ST2 treatment also resulted in a significant
decrease in the level of PSA protein secreted into the medium and was able to suppress PSA promoter-dependent and ARE-dependent
luciferase activity. Furthermore, decreased expression of ARA70 and SRC-1 was observed when LNCaP cells were exposed to ST1 and

ST2, which interfered with their ability to interact with AR.

Conclusion: The observations suggest that suppression of AR transactivation by ST1 and ST2 may be mediated, in part, by inhibiting
AR nuclear translocation and/or interfering with the interaction between AR and its coactivators ARA70 and SRC-1. Therefore, sesquit-
erpenoids could be developed as novel therapeutic agents for treating prostate cancer.

Keywords: myrrh; germacrane sesquiterpenoids; androgen receptor; prostate carcinoma cell lines
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Introduction

The biological roles of androgens in the prostate are mediated
through the androgen receptor (AR), which is a ligand-acti-
vated transcription factor in the nuclear receptor superfamily
that is required for normal development and maintenance of
male sexual behavior". Additionally, there is strong evidence
demonstrating that androgen/ AR signaling is involved in the
development and progression of prostate cancer (PCa). The
importance of AR in PCa is supported by numerous observa-
tions showing that AR has been detected and remains active
during all stages of PCa, including in most hormone refrac-
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tory prostate cancer (HRPC), suggesting that AR is improp-
erly activated in the absence of or at post-castration levels of
androgens”™. Therefore, inhibition or reduction of aberrant
AR activity is a major therapeutic goal for the management of
metastatic disease”.

Myrrh is a resinous substance obtained from Commiphora
trees, which is believed to act as an anti-tumor agent and is
also capable of relieving pain. It has been combined with gum
resins in the anti-tumor prescription drug Xihuang wan (or
Xihuang pill) for the treatment of cancer in China!®”. Sesqui-
terpenoids, nonsteroidal compounds found in myrrh, possess
diverse biological functions, including antibacterial, anesthetic,

B-101 " Recent studies have

shown that sesquiterpenoids may be anti-tumorigenic™",

and anti-hyperglycemic activity

but the molecular mode of action remains unknown. We
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have previously reported that two sesquiterpenoids isolated
from myrrh, 1(10)E,2R,4R-2-methoxy-8,12-epoxygermacra-
1(10),7,11-trien-6-one (ST1) and 2-methoxy-5-acetoxy-fura-
nogermacr-1(10)-en-6-one (ST2), inhibited the proliferation
of LNCaP cells ™. In this study, we examined whether the
anti-tumorigenic function of ST1 and ST2 occurred targeting
the AR. Our results showed that ST1 and ST2 blocked AR
expression and transcriptional activity and that this inhibi-
tion interfered with the interaction of AR and its coactivators
ARA70 and SRC-1.

Materials and methods

Cell culture and treatments

Human prostate cancer cell lines LNCaP (obtained from the
American Type Culture Collection, Rockville, MD, USA) and
PC3 (purchased from the Cell Bank of Chinese Academy of
Sciences, Shanghai) were seeded in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS; JRH, St Louis,
MO, USA) and were kept in 5% carbon dioxide at 37 °C until
they reached approximately 50% to 70% confluency. Cells
were maintained in serum-free RPMI-1640 medium for 24 h
to deplete endogenous steroid hormones and then treated
with sesquiterpenoids (40 pmol/L) dissolved in RPMI-1640
medium containing 1% charcoal stripped FBS with or without
1 nmol/L synthetic androgen mibolerone (Mib). The sesqui-
terpenoids were dissolved in dimethyl sulfoxide (DMSO),
which was also used as the control vehicle. The control group
received the same volume of DMSO.

Western blot analysis

LNCaP cells were grown in 75-mL culture flasks using the
same treatment described above. To test whether ST1 and
ST2 affected AR protein translation, cells were pretreated
simultaneously with cycloheximide (CHX, 20 pg/mL) and
sesquiterpenoids (40 pmol/L) for 24 h. Removal of the media
was followed by a brief rinse with cold PBS, and whole cell
extracts were prepared as described previously'®. Freshly
prepared protease inhibitors [0.5 mmol/L phenylmethane-
sulfonyl fluoride (PMSF), 50 pg/mL aprotinin, 1 mmol/L
sodium orthovanada te, 10 mmol/L sodium fluoride, and 10
mmol/L B-glycerolphosphate] were also added. The Bradford
protein assay (Bio-Rad, Hercules, CA, USA) was employed for
quantifying the protein content. Proteins were loaded onto
an SDS polyacrylamide gel (8%) and electrotransferred onto a
nitrocellulose membrane (PALL, Port Washington, NY, USA).
The blots were blocked with 5% non-fat milk in TBST buffer
(20 mmol/L Tris-HCl, 137 mmol/L NaCl, and 0.1% Tween
20, pH 8.0) prior to incubation with specific antibodies to AR
(BD, Franklin Lakes NJ, USA), B-actin (Santa Cruz, CA, USA),
ARA70 (Santa Cruz, CA, USA), and SRC-1 (Thermo, Rock-
ford, IL, USA) for 1 h at room temperature. After three times
of washing with TBST buffer, the membranes were incubated
with an anti-rabbit or anti-mouse IgG secondary antibody con-
jugated to horseradish peroxidase (Santa Cruz, CA, USA) at
room temperature and visualized using enhanced chemilumi-
nescence substrate (ECL, Amersham Corporation, Piscataway,

NJ, USA).

Nuclear extracts

After treatments with sesquiterpenoids for 24 h, the LNCaP
cells were pelleted, and the nuclear extracts, with or without
STs treatment, were prepared as described previously™. The
protein concentrations of the nuclear extracts were determined
using the Bradford protein assay and stored at -80 °C in small
aliquots.

Quantitative PCR

After exposure to ST1 and ST2 for 24 h in 6-well plates,
LNCaP cells were collected, and the total RNA was extracted
using Trizol (Invitrogen, Carlsbad, CA, USA). Changes in the
mRNA levels of AR following ST1 and ST2 treatment were
quantified using real-time RT-PCR on the ABI 7000 Sequence
Detection System (Applied BioSystems, Carlsbad, CA, USA).
The AR transcript was detected from M-MLYV reverse tran-
scriptase-amplified cDNA, with one aliquot designated to
receive no enzyme. Quantitative PCR (TagMan PCR) was per-
formed using Premix Ex Taq™ reagent, according to the man-
ufacturer’s recommended protocols (Takara Biotechnology,
Dalian, China). For each 25-pL TagMan PCR reaction, synthe-
sized cDNA, corresponding to 100 ng total RNA as a template,
a final concentration of 400 nmol/L primers, 120 nmol/L of
probe, 2xTagMan PCR Mix and PCR-grade water were mixed
together. Sequence-specific primers for AR were 5-AAGGC-
TATGAATGTCAGCCCA-3 (sense) and 5-CATTGAGGCTA-
GAGAGCAAGGC-3’ (antisense). Probes contained the fluo-
rescence reporter FAM at the 5-end and TAMRA at the 3’-end,
FAMS -TGTGTGCTGGACACGACAACAACC-3’'TAMRA.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
included as an internal control and ran in the same PCR reac-
tion. The probe and primer combinations were as follows:
FAM5 -AACAGCGACACCCACTCCTCCACC-3'TAMRA,
5-CCAGGTGGTCTCCTCTGACTT-3" (sense) and 5-GTT-
GCTGTAGCCAAATTCGTTGT-3’ (antisense). All of the prim-
ers and probes were synthesized by Takara Biotech (Dalian,
China). All of the PCR assays were performed in triplicate.
The quality of each reaction was confirmed by comparing the
triplicate RT versus the no-enzyme control. The amount of
each target gene relative to GAPDH for each sample was ana-
lyzed using the 2" method!"”. The values were indicated as
the percentage of untreated control and set to 100%.

Transient transfection and reporter gene activity assays

The PC-3 and LNCaP cells were seeded in 24-well plates and
grown under the conditions described above. A plasmid con-
taining the AR promoter (-1380/+577) (AR 2 kb promoter, 0.8
ng/well), pGL3 basic vector with 6 kb of the PSA promoter
(pGL3-PSA promoter, 0.8 ng/well), or pGL3-SV40 with three
copies of the androgen response element (ARE) of the hk2
gene (hk2-3ARE, 0.8 pg/well) were transfected into LNCaP
cells using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA,
USA). For transfection of DNA into PC3 cells, the human AR
expression vector pSG5-AR (hAR, 0.2 pg/well) was included
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for cotransfection with the plasmids described above. The
parental vectors pGL3 basic (0.8 ng/well) and pGL3-5V40
(0.8 ng/well) were used as controls. The phRL-TK vector
(0.1 pg/well, Renilla luciferase, Promega, Madison, W1, USA)
served as an internal control to normalize the transfection effi-
ciency. After 24 h post-transfection, cells were either treated
with sesquiterpenoids (40 pmol/L) or remained untreated in
the presence or absence of 1 nmol/L Mib for an additional 24
h in medium containing 1% charcoal stripped serum. The cell
extracts were prepared and used for luciferase assays (Dual-
Luciferase Reporter Assay System, Promega, Madison, WI,
USA). At least three independent transfection experiments
were performed. Statistical analysis was done using two-
tailed Student’s f-test. P<0.05 was accepted as the level of sig-
nificance.

Immunofluorescence staining

The LNCaP cells were cultured on slides. After sesquiterpe-
noid (40 pumol/L) treatment, LNCaP cells were fixed with 4%
paraformaldehyde for 20 min. After washing with PBS, the
cells were treated with 0.3% Triton X-100 in PBS for 15 min
at room temperature to increase cellular permeability. Fixed
cells were blocked with 10% normal goat serum in PBS at
room temperature for 60 min, and then anti-AR antibody was
applied at a dilution of 1:2 and incubated at 4°C in a moist
chamber overnight. The slides were then incubated with the
FITC-conjugated goat anti-rabbit IgG (Zhongshan, China) for
60 min and examined under a fluorescence microscope (IX-71,
Olympus, Tokyo, Japan). Negative control cells were incu-
bated with preimmune rabbit serum instead of primary anti-
bodies. The assays were repeated three times.

Measurement of secreted PSA protein

The LNCaP cells were cultured as described above and
exposed to sesquiterpenoids in the absence or presence of Mib.
After 24 h of incubation, the depleted media was harvested,
and the levels of PSA in the depleted media were quantified
with ELISA (Alpha Diagnostic, San Antonio, TX, USA). The
cell density was measured using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-2Htetrazolium bromide (MTT; Sigma, St
Louis, MO, USA) assay. The levels of PSA protein were nor-
malized based on the cell density measurements.

Co-immunoprecipitation

The LNCaP cells were plated in 75-mL culture dishes and
treated with sesquiterpenoids in the absence or presence Mib
for 24 h. Whole cell lysates were prepared as described pre-
viously™ and precleared with anti-mouse IgG and protein
A-agarose (Santa Cruz ,CA, USA). Protein aliquots of 500 pg
were incubated with 2 pg of antibody directed against AR
(BD, Franklin Lakes, NJ, USA) in binding buffer (20 mmol/L
HEPES, pH 7.9, 20% glycerol, 150 mmol/L KClI, 0.2 mmol/L
EDTA, 0.5 mmol/L DTT, 0.5 mmol/L PMSF, 50 mg/mL apro-
tinin, 1 mmol/L sodium orthovanadate, 10 mmol/L sodium
fluoride, and 10 mmol/L B-glycerolphosphate) at 4 °C over-
night. The protein A-agarose beads were added and incu-
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bated for 6 h at 4°C. The immunoprecipitates were washed
four times with buffer containing 50 mmol/L Tris-HCl, pH 7.5,
0.5% IGEPAL CA-630, 150 mmol/L NaCl, 0.2 mmol/L EDTA,
0.5 mmol/L PMSF, 50 mg/mL aprotinin, 1 mmol/L sodium
orthovanadate, 10 mmol/L sodium fluoride, and 10 mmol/L
B-glycerolphosphate. Immunocomplexes were recovered by
heating at 75°C for 10 min in SDS sample buffer and analyzed
by Western blot.

Results

ST1 and ST2 inhibit the expression of AR in LNCaP cells

We previously reported that ST1 and ST2 inhibited LNCaP
cell proliferation by causing cell cycle arrest in the G, phase!.
Because downregulation of AR resulted in significant sup-
pression of prostate tumor cell growth™ ™, we used West-
ern blot analysis to determine whether the inhibition of cell
growth by STs was due to a reduction in AR expression in
LNCaP cells. As shown in Figure 1A, treatment of LNCaP
cells with Mib led to a significant increase in the expression
of AR, while Mib-mediated stimulation of AR protein levels
was decreased by ST1 and ST2. Activated AR typically trans-
locates to the nucleus to regulate transcription of target gene
expression. The effect of ST1 and ST2 on AR nuclear translo-
cation was further analyzed by Western blot analysis of the
nuclear extracts. As shown in Figure 1A, Mib treatment also
increased the level of AR protein expression in the nucleus.
This increase was drastically reduced by treating LNCaP
cells with ST1 and ST2. These results indicate that the inhibi-
tion of androgen-stimulated AR nuclear translocation by ST1
and ST2 treatments might attribute to the suppression of AR
protein expression. In addition, immunocytochemistry was
performed to determine the change in AR protein levels in
LNCaP cells. Similarly, in the absence of Mib, AR protein lev-
els were reduced (Figure 1B), whereas Mib treatment caused
a significant increase in the expression of AR in these cells.
Furthermore, most of the AR was located in the nucleus. Con-
sistent with the Western blot results, the AR protein level was
greatly reduced in cells exposed to ST1 and ST2.

To determine whether STs affect AR expression at the
transcriptional level, we performed real-time PCR to moni-
tor changes in the AR mRNA levels. Figure 1C showed that
androgen-induced expression of the AR transcript was greatly
reduced in cells exposed to STs compared with those treated
with Mib alone. The inhibitory effect of STs on AR gene
expression was further confirmed in LNCaP cells transfected
with an AR promoter-luciferase construct. As shown in Fig-
ure 1D, increased AR promoter reporter activity was evident
in response to Mib, and the luciferase activity was significantly
inhibited by ST1 and ST2 in the presence of Mib, which is con-
sistent with the data in Figures 1A, 1B, and 1C.

We next examined the effect of STs on AR protein synthesis
using CHX, an inhibitor of protein synthesis. As shown in
Figure 2, AR protein levels were decreased in the presence of
CHX, whereas treatment with both CHX and STs caused no
detectable changes in the AR protein expression, suggesting
that STs may not regulate translation of the AR protein. These
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Figure 1. Effects of ST1 and ST2 on AR expression in LNCaP cells. (A) Western blot analysis of AR protein expression in whole cell lysates (WE) and
nuclear extracts (NE) from LNCaP cells treated with or without STs was performed. Beta-actin and H1 bands represent protein loading and transferring
efficiency controls. Histograms represent the densitometry analysis of Western blot. (B) Immunofluorescent staining of AR. (C) Changes in AR mRNA
expression were determined by quantitative PCR. RNA from ST-treated and control cells were subjected to real-time PCR analysis using primers specific
for AR or GAPDH, respectively. The data are shown as the mean+SD of three independent experiments, each performed in triplicate. °P<0.05 vs
Mib treatment. (D) Effect of ST1 and ST2 on AR promoter activity. Cell extracts from transfections were used for dual luciferase activity assays. The
resulting luciferase activity was normalized to the activity of phRL-TK to show the equal transfection efficiency. The normalized relative luciferase
activities (mean+SD) of at least three independent experiments are shown. °P<0.05 vs Mib treatment.

results indicate that the suppression of AR protein levels by
ST1 and ST2 is mediated by a reduction of the AR mRNA tran-
scripts in the presence of androgen.

ST1 and ST2 repress AR transcriptional activity

PSA and hk2 are androgen-inducible genes that contain AREs,
which are AR-binding regions. The expression of the PSA and
hk2 genes are highly dependent upon the regulation of andro-
gens through AR® ?. To clarify whether the ST-mediated
reduction in cellular AR protein levels was accompanied a
decrease in the transcriptional activity of the AR, the secreted
PSA protein level was examined in ST-treated LNCaP cells.
As shown in Figure 3, the secreted PSA level was enhanced in

the presence of Mib compared to the untreated control, while
exposure of LNCaP cells to ST1 and ST2 for 24 h decreased
the PSA protein levels in the presence of androgens. The
inhibition of ST1 and ST2 on AR transactivity was further
investigated using co-transfection experiments. A construct
containing the PSA promoter linked to a luciferase gene was
transfected into LNCaP cells to examine the AR transactivity
following ST treatment. As shown in Figure 4A, Mib stimu-
lated the induction of the reporter gene, which was detected
by examining the activity of luciferase, while ST1 and ST2
suppressed the androgen induction of the PSA promoter. We
next transfected the PSA promoter-luciferase reporter, with
an AR expression vector, into PC-3 cells lacking AR protein
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Figure 2. Effects of ST1 and ST2 on AR protein synthesis in LNCaP cells.
AR in LNCaP cells exposed to ST1 and ST2 in the presence or absence of
CHX was analyzed using Western blot. Beta-actin is the protein loading
and transferring efficiency control. Histograms show the densitometry
analysis of Western blot.

expression to confirm the ST-mediated inhibitory effect on
AR transcriptional function. As shown in Figure 4B, the PSA
promoter caused a strong androgenic induction of luciferase
activity in Mib-treated cells. However, ST1 and ST2 treat-
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Figure 3. Effects of ST1 and ST2 on PSA expression in LNCaP cells. The
PSA protein levels were normalized to cell density using the MTT assay.
Error bars indicate the standard error of three separate experiments.
°P<0.05 vs Mib treatment.

ments abolished the androgenic-mediated induction of the
PSA promoter. Because ARE is necessary for AR-mediated
gene transactivation, we used the luciferase reporter linked to
three repeats of ARE from the k2 gene to test whether specific
DNA sequence dependent AR transcriptional activity could be
affected by ST treatments. The luciferase activity of hk2-3ARE
was reduced by ST1 and ST2 in the presence of Mib (Figure
4B). Additionally, the results in Figure 4D further established
the efficacy of ST1 and ST2 by specifically blocking AR actions
in PC3 cells. Thus, ST1 and ST2 treatments significantly sup-
pressed AR expression and the androgen-stimulated AR tran-
scriptional activity.

PC-3
Figure 4. Effects of ST1 and ST2 on the AR
transcriptional activity in LNCaP cells (A)
Luciferase activity in LNCaP cells transfected
with the pGL3-PSA 6 kb promoter luciferase
reporter following treatment with STs for
¢ 24 h. (B) Luciferase activity in PC3 cells co-
transfected with the pGL3-PSA 6 kb promoter
reporter and a human AR expression construct
following exposure to STs as indicated for

O pGL3 basic
m PSA promoter

: : 24 h. (C) Luciferase activity in LNCaP cells

+ - transfected with the pGL3-SV40-hk2-3ARE

- + reporter following treatment with STs for

24 h. (D) Luciferase activity in PC3 cells co-

transfected with the pGL3-SV40-hk2-3ARE

- O pGL3-5v40 reporter and a human AR expression construct
m hk2-3ARE

following treatment with STs as indicated for
24 h. "P<0.05, °P<0.01 vs Mib treatment.
The parental vectors pGL3 basic vector and
pGL3-SV40 were included as controls. The
phRL-TK, co-transfected in each transfection,
was the internal control for normalization.
The normalized relative luciferase activity
(meantSD) of at least three independent
experiments is shown.

+ + +
+ 1+ +
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ST1 and ST2 weaken the interaction between AR and its
coactivators SRC-1 and ARA70 in LNCaP cells

It is well documented that the AR intrinsic ligand-dependent
activity is potentiated through its interaction with coactiva-
tors, including SRC-1 and ARA70®?. Because ST1 and ST2
repressed the AR transcriptional activity and subsequently led
to a reduction in the expression of PSA protein and promoter
activity, it is likely that ST1 and ST2 suppressed AR transacti-
vation by interrupting the function of AR coactivators. Altera-
tions in the expression of ARA70 and SRC-1 were analyzed in
response to ST1 and ST2 by Western blot. As shown in Fig-
ure 5, Mib treatment resulted in elevated expression of both
ARA70 and SRC-1; however, protein abundance of these two
coactivators was greatly reduced in LNCaP cells treated with
ST1 and ST2. Co-immunoprecipitation was performed to fur-
ther analyze the interaction between AR and its coactivators.
Proteins potentially associated with AR were first precipitated
with anti-AR antibody and subsequently detected using AR
antibody, ARA70 antibody or SRC-1 antibody. As indicated in
Figure 6, endogenous ARA70 and SRC-1 bands were detected
in anti-AR-precipitated complexes from cells treated with Mib

ARA7Q | " - -

SRC-1 | mey M o

B-actin | WG SN S S
Mib - + + +
sT1 - - + -
ST2 - - - +

Figure 5. Effects of ST1 and ST2 on AR coactivators SRC-1 and ARA70.
The AR coactivators ARA70 and SRC-1 in LNCaP cells exposed to ST1 and
ST2 were analyzed using Western blot.
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Figure 6. Effects of ST1 and ST2 on the interactions between AR and AR
coactivators SRC-1 and ARA70. The association of AR and AR coactivators
SRC-1 and ARA70 was analyzed using co-immunoprecipitation. Normal
1gG was used as the negative control. Input represents 10% of the whole
cell extracts used in the above experiments.

(line 2), and very weak signals were observed in ST1- and
ST2-treated cells (lines 3 and 4). No detectable proteins were
shown in immunocomplexes precipitated with normal IgG.
Together, these data indicate that the ST1- and ST2-mediated
reduction in the levels of AR coactivators ARA70 and SRC-1
also plays a role in the ST-induced suppression of AR transac-
tivity, mainly through their inhibition of expressions of these
two coactivators, and leading to interference with the interac-
tions with the AR.

Discussion

The present work is an initial study aimed at identifying novel,
natural nonsteroidal modulators targeting androgen/AR sig-
naling from traditional oriental medicines. Based on previous
studies using petroleum extract from myrrh, we discovered
two sesquiterpenoids, ST1 and ST2, that inhibited prostate
cancer cell proliferation. In this study, we demonstrated that
the sesquiterpenoids suppressed AR promoter transcription,
mRNA and protein expression levels and decreased androgen-
stimulated PSA promoter activity and protein secretion. These
observations indicated that ST-mediated suppression of AR
function was at least partly due to a reduction of AR expres-
sion in the nucleus.

To regulate the transcription of target genes, AR must
recruit a series of coactivator proteins that generally do not
directly bind to DNA. These proteins are recruited to gene-
promoter regions through protein-protein interactions with
AR, and this interaction occurs usually in a ligand-dependent
manner. Therefore, a decrease in the expression levels of AR
coactivators or the interruption of their interaction with AR in
prostate cancer cells could contribute to AR signaling inhibi-
tion. The first identified member of the coactivator family that
regulated steroid receptor action was SRC-1®!, which is func-
tional in many different tissue types, enhances transcriptional
activity of the AR in a ligand-dependent manner™, and is
involved in the negative regulation of AR activity by sesquiter-
penoids. Sesquiterpenoids significantly decreased the expres-
sion of SRC-1 and interfered with the interaction between
the AR and SRC-1 in the presence of androgens. In addition,
ARA70 has been reported to be a relatively AR-specific coacti-
vator®?; however, other studies contradict this idea. The
expression of ARA70 is increased in high-grade prostate can-
cer tissues as well as in hormone-refractory LNCaP xenografts
and other prostate cancer cell lines. High levels of ARA70
may induce agonist activity of anti-androgens in LNCaP
and other hormone-refractory prostate cancer cells® *!. The
molecular mechanisms by which ARA70 enhances AR trans-
activation involve increasing AR expression, protein stabil-
ity, and nuclear translocation. In this study, when cells were
exposed to the sesquiterpenoids, ARA70 protein expression
was inhibited, and the interaction between AR and ARA70
was also interfered. Further studies are necessary to test if the
sesquiterpenoids, by inhibiting ARA70, can enhance the anti-
androgen treatment of the advanced stages of prostate cancer.

As sesquiterpenoids can decrease ARA70 and SRC-1 levels
and interfere with the interaction between AR and its coactiva-
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tors, our data support the idea that the inhibition of AR tran-
scriptional activity by these two compounds occurred in an
androgen-dependent manner. However, it remains to be clari-
fied whether sesquiterpenoids can block androgen binding to
AR and inhibit AR translocation into the nucleus, preventing
the transcription of AR-responsive target genes.

Our results suggest that the anti-androgen/ AR effects of ses-
quiterpenoids are mediated through a reduction of AR expres-
sion, inhibition of AR translocation into the nucleus, reduction
of the expression of ARA70 and SRC-1, and interference with
the interaction between AR and ARA70 and SRC-1, leading
to the inhibition of AR transactivity. Additional studies in
animals as well as clinical trials will be necessary to evaluate
the potential benefit of utilizing these sesquiterpenoids in the
treatment of prostate cancer.
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Ginsenoside Rh2 inhibits glioma cell proliferation by

targeting microRNA-128
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Aim: To examine the influence of ginsenoside Rh2 (Rh2), a triterpene saponin extracted from the traditional medicinal plant ginseng,

on the expression of mMiRNAs in human glioma cells.

Methods: The expression profile of miRNA (miR) was analyzed in human U251, T98MG and A172 glioma cells using a miRNA array
and quantitative real-time PCR. Cell viability was assessed using a colorimetric assay (cell counting kit-8). Transfection of miR-128
was performed using Lipofectamine 2000. Caspase 3 activity was determined using a caspase colorimetric assay kit. Apoptosis was
assessed using annexin V and propidium iodide staining. Protein expression was determined with Western blot analysis. miRNA-128

targeting activity was measured using a luciferase reporter assay.

Results: In U251 cells treated with Rh2 (12 uyg/mL), 14 of 452 human miRNAs were up-regulated and 12 were down-regulated as
detected with the miRNA array assay. The up-regulation of miR-128 by Rh2 was further verified in human U251, T98MG and A172 cells
using quantitative real-time PCR. In U251 cells, transfection of a miR-128 inhibitor (50 nmol/L) prevented the overexpression of miR-
128 by Rh2, and significantly blunted Rh2-induced cytotoxicity, apoptosis, caspase 3 activation, transcriptional activation of E2F3a, a

miR-128 target gene, as well as E2F3a protein expression.

Conclusion: The anti-proliferative effect of Rh2 in human glioma cells was mediated in part through up-regulation of miRNA-128

expression.

Keywords: ginsenoside Rh2; triterpene saponin; glioma cell; microRNA; miR-128; apoptosis; apoptosis cell proliferation; caspase 3;

E2F3a
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Introduction
Gliomas are the most common brain tumors in humans. Even
when treated with surgery, radiotherapy, chemotherapy, and
other intensive regimens, malignant gliomas are incurable!.
The tumors are characterized by rapid cell growth and diffuse
cellular infiltration into adjacent normal tissues™. Although a
number of genetic and molecular lesions have been correlated
with glioma progression, a complete understanding of the
molecular basis and therapy of these tumors remains elusive.
One novel approach to characterizing the molecular and
therapeutic targets of gliomas is based on the expression pro-
filing of miRNAsP.. These small RNA molecules are a class of
endogenously expressed small noncoding RNA, 18-25 nucle-
otides in length[4]. To date, more than 700 miRNAs have been
identified in humans®. miRNAs are known to be important
in the regulation of many fundamental cellular processes, such
as cell proliferation, differentiation and apoptosis'®”. Follow-
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ing binding to the 3’-untranslated regions (UTRs) of specific
mRNAs, miRNAs regulate target gene expression by inducing
translational repression or mRNA degradation®®. It is esti-
mated that up to 30% of human genes may be regulated by
miRNAs"®. Moreover, approximately 50% of the known miR-
NAs were reported to be located in cancer-associated genomic
regions” " and miRNA dysregulation has been detected
in various cancer cells™. Therefore, aberrations in miRNA
expression patterns are thought to be involved in the progres-
sion of human cancers!™”. Since the first report of abnormal
miRNA expression in glioblastomas in 2005, there has been
an increasing number of reports each year describing miRNA
dysregulation and function in various brain tumors!*"7.
These findings not only provide new insights into the molecu-
lar pathogenesis of gliomas, but also are useful in identifying
miRNAs as potential targets in therapeutic intervention.
Ginsenoside Rh2 is a biologically active phytochemi-
cal extracted from Ginseng, a commonly used alternative
drug taken orally in traditional herbal medicines in China,
Korea, Japan and some Western countries™. Itisa triterpene
saponin, consisting of a steroid nucleus and a sugar moiety™.
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Rh2 has been reported to have a variety of biological effects,
such as reducing blood glucose!"” and ameliorating ischemic
brain injury™ in addition, it has antiallergic activity”! and
antiproliferative effects™. The ability of Rh2 to suppress cell
growth has also been observed in glioma cells™ *!. Because
Rh2 promotes neoplastic cells to return to a normal cell phe-
notype, it is expected to be a new type of anticancer agent™.
It displays low toxicity, is associated with only a few side
effects and is generally regarded as an anticancer nutrient™.
Although extensive investigations have shown that Rh2 exerts
its antiproliferative effects through induction of an apoptotic
pathway™, the role of miRNAs in this process has not yet
been explored.

Using an miRNA array to examine miRNA expression in
Rh2-treated human glioma cells, we found that Rh2 altered the
miRNA expression in human glioma U251 cells. We verified
the observed up-regulation of the brain-enriched miR-128 by
quantitative real-time PCR in human U251, T98MG and A172
glioma cells. To further investigate the role of miR-128 in Rh2-
mediated antiproliferation, we transfected miR-128 inhibitor
into glioma cells and observed an abrogation of Rh2-induced
miR-128 overexpression, causing significant inhibition of Rh2-
induced cytotoxicity, apoptosis, caspase-3 activation, tran-
scriptional activation of E2F3a, a miR-128 target gene, and the
expression of E2F3a protein.

Materials and methods

Reagents

Ginsenoside Rh2 (20R-form, >99% purity, HPLC pure) was
purchased from the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China). The
chemical structure of ginsenoside Rh2 is shown in Figure 1.

Figure 1. Chemical structure of ginsenoside Rh2 (20R-form).

Cell lines and culture conditions

Human U251, T98MG and A172 glioma cells were purchased
from the Cell Bank of Shanghai Institutes for Biological Sci-
ences, Chinese Academy of Sciences (Shanghai, China). The
cells were maintained in RPMI-1640 medium (Gibco Life Tech-
nologies, Grand Island, NY, USA), supplemented with 10%
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fetal bovine serum (Sijiging, Hangzhou, China), 100 U/mL
penicillin and 100 mg/mL streptomycin. All cells were rou-
tinely passaged and maintained in a humidified incubator of
5% CO, at 37 °C.

Cell proliferation assay

Cell viability was assessed colorimetrically using the cell
counting kit-8 (CCK-8, Dojindo Laboratories, Tokyo, Japan)™.
Human glioma U251 cells (1x10°) were seeded in each well of
a 96-well plate and incubated for 24 h prior to treatment with
different dosages of Rh2 or vehicle. After treatment, 10 uL of
the CCK-8 solution was added into each well, and the cells
were incubated for an additional 2 h. The absorbance value
(A) at 470 nm was read using a microplate reader (Bio-Rad,
CA, USA) with a reference wavelength of 630 nm.

miRNA microarray analysis

The U251 cells were cultured for 24 h and then incubated
with 12 pg/mL Rh2 for 24 h. Total cellular RNA was isolated
from Rh2-treated and -untreated cells using TRIzol reagent
(InVitrogenTM, Carlsbad, CA, USA) according to the manufac-
turer’s protocol. Five micrograms of total RNA was labeled
at the 3’-end with Hy3™ using miRCURY Array Labeling kit
(Exiqon, Vedback, Denmark) for 1 h at 0 °C.

The labeled RNA was purified using a Miniprep Kit (QIA-
gen, Valencia, CA, USA). The resulting sample was diluted
with hybridization buffer, and 20 pL of the diluted sample was
loaded onto the spotted area of the array and covered with a
Bioarray LifterSlip coverslip. The chamber was rotated in a
60 °C water bath for 14 h. The miRCURY LNA miRNA Array
8.1 contained probes for 452 mature human miRNAs printed
in quadruplicate. Next, the slides were washed in wash buf-
fer A (2x55C/0.2% SDS) at 60 °C until the Bioarray LifterSlip
coverslip fell off. Then the slides were washed with wash
buffer B (1xSSC) twice and wash buffer C (0.2xSSC) once.
After drying by centrifugation for 5 min at 1000 round per
minute, the slides were scanned with a Genepix 4000B laser
scanner (Molecular Devices) and digitized by Genepix Pro
6.0. The resulting ratios of miRNA spots to background were
calculated. The data were analyzed by subtracting out the
background and normalizing the signals using global Lowess
(locally weighted scatter plot smoothing) regression algorithm.
All miRNAs having a ratio of 2.0 or greater were included.

Quantitative real-time PCR for miRNA expression

To confirm the miRNA levels obtained from the microar-
ray results, miRNA expression was assessed using quan-
titative real-time PCR (qRT-PCR). Total cellular RNA was
extracted from each of the experimental groups. Reverse
transcription was performed using gene specific primers.
The sequences of the primer pairs were as follows: miR-
128: forward 5-CGCGCTCACAGTGAACCG-3" and reverse
5-GTGCAGGGTCCGAGGT-3’; miR-15b: forward 5-TAG-
CAGCACATCATGGTTTACA-3" and reverse 5-TCGTGCCA-
GCGGCTCG-3’; miR-21: forward 5-CGGGATCCTGGGGT-
TCGATCTTAACAGGC-3" and reverse 5-CGGAATCCCCA-
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CAATGCAGCTTAGTTTTCC-3’; miR-25: forward 5'-GTGT-
TGAGAGGGCGGAGACTT-3" and reverse 5'-TCAGAC-
CGAGACAAGTGCAA-3""1. U6 was taken as an internal
control (forward 5-GCTTCGGCAGCACATATACTAAAAT-3
and reverse 5'-CGCTTCACGAATTTGCGTGTCAT-3"). qRT-
PCR was performed using a Rotor-Gene 3000 real-time SYBR-
green PCR system. The reactions were carried out in a 96-well
optical plate at 95 °C for 10 min and then amplified for 10 s at
90 °C, followed by 1 min at 60 °C for 40 cycles. The relative
value of each miRNA to U6 RNA was calculated using the
245% method, where Ct is the number of cycles at which the
application reaches a threshold, as determined by SDS soft-
ware v1.2 (Applied Biosystems Inc). Thermal denaturation
was administered at the conclusion of the PCR to determine
the number of the products that were present in the reaction.
Each reverse transcription and PCR assay were performed in
triplicate.

miR-128 inhibitor transfection

The miR-128 inhibitor 5'-AAAGAGACCGGUUCACU-
GUGA-3" and miR-128 inhibitor control 5-CAGUACUUUU-
GUGUAGUACAAA-3" were purchased from RiboBio Co Ltd,
China. U251 cells in a volume of 100 pL DMEM medium were
plated in each well of a 96-well plate. After 24 h of culture,
the cells were transfected with 50 nmol/L miR-128 inhibitor
or inhibitor control for 48 h using Lipofectamine 2000 (Invit-
rogen). After transfection, the wells were treated with Rh2 for
different lengths of time in order to study cell proliferation,
apoptosis, as well as caspase 3 and E2F3a expression.

Luciferase assay

A E2F3a 3’-untranslated region (UTR) reporter plasmid (pmiR-
RB-REPORT™ 3’-UTR) was purchased from RiboBio Co Ltd,
China. This vector was constructed by ligating a 1127-bp frag-
ment to the type E2F3a 3’-UTR, which encompassed the target
sequence for miR-128. The E2F3a 3’-UTR (accession number:
NMO0019490) was amplified from the genomic DNA using
the following primers: forward 5-AAACAATGCCAGGGT-
GTCTC-3, reverse 5'-GCTCACACACGAAATGGCTA-3'. The
empty plasmid containing only the E2F3a 3’-UTR was used
as a control. The U251 cells were transfected with 50 nmol/L
E2F3a 3’-UTR plasmid or empty E2F3a 3’-UTR plasmid for
48 h using Lipofectamine 2000 (Invitrogen). After transfection,
the cells were treated with Rh2 for 24 h, and the luciferase
assay was performed using TECAN Genios multifunctional
microplate reader.

Western blotting

Cells were harvested and lysed in a buffer containing 50
mmol/L Tris-HCI, pH 8.0, 150 mmol/L NaCl, 1% NP40 and
protease inhibitors (2 pg/mL leupeptin, 2 pg/mL pepstatin,
2 pg/mL aprotinin and 2 pg/mL PMSF, Sigma) for 30 min
on ice. Lysates were centrifuged at 12 000 round per minute
at 4 °C for 20 min, and the supernatants were collected. The
protein concentrations were determined using the Bradford
method. The proteins were separated using SDS-PAGE and

transferred to a nitrocellulose membrane. The membranes
were incubated with rabbit anti-human E2F3a (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or mouse anti-human
B-actin antibody (Sigma, USA).

Apoptosis assay

Apoptosis was determined by annexin V and propidium
iodide (PI) staining using the apoptosis detection kit (Beyo-
time, China ) according to the manufacturer’s instructions.
Briefly, U251 cells were transfected with 50 nmol/L miR-
128 inhibitor or miR-128 inhibitor control for 48 h, and then
with 12 pg/mL Rh2 for 48 h. After treatment, the cells were
washed with 50 mmol/L cold phosphate buffer (pH 7.5), cen-
trifuged at 1200xg for 5 min, and suspended in binding buffer.
The treated cells were incubated with annexin V and pro-
pidium iodide for 15 min at room temperature, after which the
samples were analyzed for annexin V binding affinity within

1 h by flow cytometry™..

Caspase 3 activity assay

Caspase 3 activity was determined using a caspase colorimet-
ric assay kit (BioVision Research Products, USA) according to
manufacturer’s protocol. The assay is based on spectropho-
tometric detection of the chromophore p-nitroanilide (pNA)
after cleavage from the labeled substrate DEVD-pNA. Briefly,
1x10° cells were first treated with 50 nmol/L miR-128 inhibitor
or miR-128 inhibitor control for 48 h and then with a differ-
ent dosage of Rh2 for various time. The cells were collected,
washed with ice-cold PBS, and lysed in a lysis buffer. Cell
lysates were measured for protease activity using a caspase-
specific peptide conjugated with the color molecule pNA. The
caspase-cleaved chromophore pNA was quantitated with a

spectrophotometer at a wavelength of 405 nm'™.

Statistical analysis

The results were analyzed by one-way ANOVA or Student’s ¢
test. Both analyses were performed using SPSS 13.0 statistical
software. A value of P<0.05 was considered statistically sig-
nificant. All values were expressed in terms of mean+SEM or
meanSD.

Results

Effects of ginsenoside Rh2 on miRNA expression in human
glioma U251 cells

To identify the miRNAs involved in Rh2-induced cytotoxic-
ity, total RNA was extracted from U251 cells treated with 12
pg/mL Rh2 for 24 h for miRNA microarray analysis. The
Exiqon microarray (Exiqon, Vedback, Denmark) containing
452 mature human miRNA probes was used to identify the
cellular miRNA expression profile. miRNAs up-regulated
more than 2-fold or down-regulated by 2-fold by Rh2 treat-
ment were classified as being up-regulated or down-regulated
miRNAs, respectively. Table 1 summarizes the results of Rh2-
regulated miRNAs and their chromosomal locations are sum-
marized. Of the 452 human miRNAs tested the microarray,
14 miRNAs were up-regulated and 12 miRNAs were down-

Acta Pharmacologica Sinica



www.nature.com/aps
Wu N et al

®

348

Table 1. Microarray analysis of miRNA expression in human gliomas U251
cells treated with ginsenoside Rh2.

. o Up-down
miRNA Fold (Mean+SEM) P value Localization .
regulation

miR-15b 3.15+0.18 0.015 17923.1 up
let-7¢c 2.03+0.15 0.010 21q11.2 up
let-7d 2.97+0.25 0.024 79q22.1 up
miR-29b 2.32+0.21 0.017 6023.31 up
miR-106b 2.26+0.17 0.005 7922.1 up
miR-125b 2.88+0.30 0.020 11g24.1 up
miR-128 3.04+0.19 0.013 2021.3 up
miR-129 2.54+0.24 0.014 7932.1 up
miR-137 2.13+0.14 0.008 1921.3 up
miR-138 2.29+0.11 0.009 3021.33 up
miR-181a 2.41+0.22 0.011 1g32.1 up
miR-181b 2.62+0.26 0.021 1g32.1 up
miR-181c 2.35+0.23 0.017 19p13.3 up
miR-323 2.5740.18 0.013 14932.31 up
miR-16 0.41+0.07 0.001 21q11.2 down
miR-18 0.37+0.10 0.007 9¢22.2 down
miR-21 0.17+0.04 0.000 17923.1 down
miR-25 0.23+0.09 0.003 7922.1 down
miR-32 0.43+0.18 0.009 11g24.1 down
miR-92 0.39+0.11 0.005 21q11.2 down
miR-107 0.37+0.13 0.006 7932.1 down
miR-155 0.28+0.09 0.002 3p21.33 down
miR-210 0.45+0.11 0.005 11p15.5 down
miR-218 0.37+0.21 0.012 4p15.31 down
miR-328 0.42+0.12 0.007 16¢g22.1 down
miR-370 0.38+0.07 0.003 14932.2 down

1. The results presented fold change of signal ratio of 12 yg/mL Rh2-
treated cells to untreated control cells.

2. The raw data were normalized and analyzed with software of MatLab
version7.4, which produced an average value of the four spot replications
of each miRNAs.

3. Chromosome localization of microRNAs as refered in miRBase
sequences (http://microrna.sanger.ac.uk).

regulated in the Rh2-treated U251 cells. To further confirm the
miRNA array results, we randomly selected the following four
miRNAs: the up-regulated miR-128 and miR-15b as well as
the down-regulated miR-21 and miR-25, and measured their
expression levels by quantitative RT-PCR. As shown in Figure
2A, the results of quantitative RT-PCR for the four selected
miRNAs were consistent with the miRNA array results, indi-
cating that the results of miRNA array are reliable. To deter-
mine whether Rh2-induced miRNA expression occurred in
other glioma cells, we measured the expression of miR-128
and miR-21 in human glioma cell lines, T98MG and A172. We
observed consistent results in these two glioma cells as com-
pared to U251 cells (Figure 2B).

miRNA-128 mediated Rh2-induced growth inhibition in glioma
cells
Given that miR-128 has been reported to inhibit glioma cell

Acta Pharmacologica Sinica

A 1.0-
U251 U251 U251 U251

- 0.5+ -

S

[

8

% 00 , .

[o]

=

©

€ 05 T i
miR-128  miR-15b  miR-21 miR-25

-1.0-

B 1.04
TO8MG A172 TO8MG A172

c 05] [ T

S

[

&

s

3 00 ' .

[

=

©

jol

o -0.54 - T
miR-128 miR-128 miR-21 miR-21

-1.04

Figure 2. Validation of miRNA expression by quantitative real-time PCR.
(A) The expressions of up-regulated miR-128 and miR-15b, as well as
the down-regulated miR-21 and miR-25 in U251 cells were verified.
The results of quantitative RT-PCR for the four selected miRNAs were
consistent with the miRNA array results. (B) The expressions of miR-128
and miR-21 in human T98MG and A172 glioma cells were determined.
The consistent results in these two giloma cells were observed as
compared to U251 cells. The cells were treated with 12 ug/mL Rh2 for 24
h. Data were expressed as means+SEM of 3 independent experiments.
Fold change of miRNA expression was presented in log 2 scale.

proliferation!"”!

, we sought to further investigated its role in
Rh2-induced cytotoxicity. We first investigated the effect of
miR-128 inhibitor on miR-128 overexpression induced by Rh2
in human U251, T98MG and A172 glioma cells with qRT-PCR.
As shown in Figure 3, inhibition of miR-128 significantly sup-
pressed Rh2-induced miR-128 overexpression, as compared
with miR-128 inhibitor control. These results demonstrate that
anti-miR-128 treatment was effective for inhibition of miR-128
overexpression.

We next examined the antiproliferative effect of Rh2 in
human glioma U251 cells. As shown in Figure 4, Rh2 treat-
ment (6, 12, and 25 pg/mL) of U251 cells resulted in a dose-
dependent inhibition of cell growth. In a time course study,
12 pg/mL Rh2 resulted in increasing levels of inhibition of
cell growth up to 72 h, as measured by the cell counting kit-8
assay.

To investigate whether miR-128 could be involved in Rh2-
induced growth inhibition, we transfected U251 cells with 50
nmol/L miR-128 inhibitor or inhibitor control for 48 h and
then examined the alteration of Rh2-induced cell growth inhi-
bition. Knockdown of miR-128 following transfection of miR-
128 inhibitor significantly increased the proliferation of U251
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Figure 3. Transfection of miR-128 inhibitor significantly suppressed Rh2-induced miR-128 over-expression in U281 cells (A), T98MG cells (B), and A172

cells (C).

The effects of miR-128 inhibitor transfection on Rh2-induced miR-128 overexpression in human U251, T98MG and A172 glioma cells were

determined using qRT-PCR. The cells were transfected with 50 nmol/L miR-128 inhibitor or inhibitor control for 48 h, and then with Rh2 (12 pg/mL) for
24 h. The experiment was performed three times, each in triplicate. Data were expressed as means+SEM. °P<0.05 compared with control. °P<0.05

compared with Rh2 alone or miR-128 inhibitor control+Rh2.

cells treated with Rh2, as compared with the cells transfected
with a miR-128 inhibitor control (Figure 5).

miRNA-128 mediated Rh2 induction of apoptosis in glioma
U251 cells

Rh2 is known to exert its tumor growth inhibitory effect
through the induction of apoptosis™ *). We further exam-
ined whether Rh2-induced overexpression of miR-128 was
able to inhibit apoptosis induced by this compound. The rate
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Figure 4. Rh2 inhibited viability of human glioma U251 cells determined
using a CCK-8 assay. (A) Dose-dependent response. U251 cells were
treated with Rh2 (3, 6, 12 and 25 ug/mL) for 48 h. (B) Time-dependent
response. U251 cells were treated with Rh2 (12 pg/mL) for 12, 24, 48
and 72 h. The results represented three independent experiments. Data
were expressed as means+SEM. °P<0.05 compared with control.

of apoptosis was measured by flow cytometry with annexin
V and PI staining following Rh2 treatment. U251 cells were
treated with 50 nmol/L miR-128 inhibitor or miRNA-128
inhibitor control for 48 h prior to treatment with 12 pg/
mL Rh2 for 48 h. Transfection of the miR-128 inhibitor sig-
nificantly prevented Rh2-induced apoptosis in U251 cells.
The percentages of early apoptosis cells were 6.78%+2.11%,
25.77%+4.10%, 27.36%+5.33% and 11.25%+2.89% in the control,
Rh2 alone, Rh2+miR-128 inhibitor control, and Rh2+miR-128
inhibitor group, respectively (Figure 6 A-D, the lower right
quadrant). The percentages of late apoptotic cells were
7.62%+2.34%, 27.84%%3.56%, 28.07%+5.92% and 14.77 %+3.62%
in the control, Rh2 alone, Rh2+miR-128 inhibitor control, and
Rh2+miR-128 inhibitor group, respectively (Figure 6 A-D, the
upper right quadrant).
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Figure 5. Transfection of miR-128 inhibitor prevented Rh2-induced
cytotoxicity in glioma U251 cells. U251 cells were transfected with 50
nmol/L miR-128 inhibitor to knockdown miR-128. A miR-128 inhibitor
control was used as negative control. At 48 h after transfection, the cells
were treated with 12 pg/mL Rh2 for 24 or 48 h. Cell proliferation was
determined using CCK-8 assay. "P<0.05 compared with Rh2+miR-128
inhibitor. The experiment was performed three times, each in triplicate.
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Figure 6. Transfection of miR-128 inhibitor inhibited Rh2-induced
apoptosis in U251 cells. The cells were transfected with 50 nmol/L
miR-128 inhibitor or inhibitor control for 48 h and then with Rh2 (12
ug/mL) for 48 h. Apoptosis was evaluated by annexin V and propidium
iodide staining. The LR and UR quadrants indicated the percentage of
early and late apoptotic cells, respectively, in control (A), Rh2 alone (B),
Rh2+miR-128 inhibitor control (C) and Rh2+miR-128 inhibitor group (D).
The experiment was performed three times, each in triplicate. Each point
represented the meanstSEM. There were significant differences between
Rh2 alone or Rh2+miR-128 inhibitor control and control group, as well as
between Rh2 alone and Rh2+miR-128 inhibitor group (P<0.05).

miRNA-128 mediated Rh2 induction of caspase 3 activity in
glioma U251 cells

The previous studies have shown that the process of Rh2-
induced apoptosis requires the activation of caspase 3
protease™. To assess whether miR-128 overexpression is
involved in Rh2-induced caspase 3 activation in U251 cells,
we measured caspase 3 activities after the cells were treated
with Rh2 alone or Rh2 plus miR-128 inhibitor. Results from
the colorimetric assay demonstrated that caspase 3 activity
increased significantly in a dose- and time-dependent manner
in Rh2-treated U251 cells (Figure 7). We also found that the
knockdown of miR-128 by transfection of a miR-128 inhibitor
significantly inhibited Rh2-induced caspase 3 activation, as
compared to cells treated with miR-128 inhibitor control (Fig-
ure 7).

Rh2 suppressed the activity of luciferase reporter containing
the E2F3a-3’-UTR and the level of E2F3a protein in glioma U251
cells

E2F3a is a validated target of miR-128, and has been reported
to mediate miR-128-induced glioma cell growth inhibition’.
To investigate whether overexpression of miR-128 induced
by Rh2 affects E2F3a expression, the activity of a luciferase

Acta Pharmacologica Sinica

A I Control
[ Rh2
0.8 4 [ Rh2+miR-128 inhibitor control
V2ZZ) Rh2+miR-128 inhibitor b D
p b
0.6 4
[0}
3
©
>
£ 044
S b b
Q
s}
0.2 4
0.0 4
6 12 25
Rh2 (ug/mL)
B 0.8 -
b

b

OD 05 nm Value

h

Figure 7. Transfection of miR-128 inhibitor inhibited Rh2-induced
caspase 3 activation in U251 cells. (A) Transfection of miR-128 inhibitor
inhibited the caspase 3 activation induced by treatment with 6, 12, and
25 pg/mL Rh2 for 48 h. The cells were transfected with 50 nmol/L miR-
128 inhibitor or inhibitor control for 48 h, and then with Rh2 for 48 h.
(B) Transfection of miR-128 inhibitor inhibited the caspase 3 activation
induced by treatment with 12 yg/mL Rh2. The cells were transfected
with 50 nmol/L miR-128 inhibitor or inhibitor control for 48 h, and then
with Rh2 for 24, 48, and 72 h. Caspase 3 avtivity was determined using
colorimetric assay. The experiment was performed three times each
in triplicate. Mean+SEM. °P<0.05 compared with control or miR-128
inhibitor+Rh2.
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reporter containing the E2F3a-3’-UTR sequence was deter-
mined in U251 cells. The protein level of E2F3a was also
assessed in U251 cells. We found that cells treated with 12 and
25 pg/mL Rh2 had suppressed luciferase activity (Figure 8A),
indicative of transcriptional inhibition, as well as decreased
the E2F3 protein expression in U251 cells (Figure 8B). To fur-
ther explore whether miR-128 inhibitor prevents Rh2-induced
inhibition of E2F3a expression, cells were transfected with
50 nmol/L miR-128 inhibitor for 48 h prior to 12 pg/mL Rh2
for 24 h. We also found that transfection of miR-128 inhibi-
tor prevented Rh2-induced inhibition of E2F3a expression, as
compared with cells transfected with miR-128 inhibitor control
(Figure 8B).

Discussion
Many miRNAs have been reported to have an oncogenic or a
tumor suppressor function and to be involved in cell prolif-
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Figure 8. Rh2 suppressed the activity of luciferase reporter containing
the E2F3a-3’-UTR and the level of E2F3a protein in U251 cells. (A) Rh2
inhibited the luciferase activity of E2F3a-3-UTR. The activity of luciferase
reporter containing the E2F3a-3"-UTR sequence was measured by TECAN
Genios multifunctional microplate reader. The cells were transfected
with 50 nmol/L E2F3a 3"-UTR plasmid or empty E2F3a 3"-UTR plasmid
for 48 h using Lipofectamine 2000 (Invitrogen). After transfection,
the cells were treated with Rh2 for 24 h, and the luciferase assay was
performed. The experiment was performed three times, each in triplicate.
Mean+SEM. °P<0.05, °P<0.01 compared to E2F3a 3-UTR plasmid alone.
(B) Transfection of miR-128 inhibitor prevented Rh2-induced inhibition of
E2F3a protein expression in U251 cells, as compared with Rh2+miR-128
inhibitor control. The cells were transfected with 50 nmol/L miR-128
inhibitor for 48 h and then with 12 pg/mL Rh2 for 24 h. B-actin was used
as a loading control in Western blot. °P<0.05 as compared to control or
Rh2+miR-128 inhibitor.

eration, growth and apoptosis™" *. However, little is known

about the ralationship between miRNA expression and Rh2-
induced anti-proliferation. The present study demonstrated
that Rh2, a natural glycoside from the Ginseng, altered
miRNA expression in human glioma U251 cells, including 14
up-regulated and 12 down-regulated miRNAs. We verified
that miR-128 was up-regulated in human U251, T98MG and
A172 glioma cells by quantitative real-time PCR. Among the
miRNAs regulated by Rh2, some have been reported to be
tumor suppressors. For instance, miR-128 and miR-181 func-
tion as tumor suppressors and trigger growth inhibition in
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human glioma cells. In addition, knockdown or reduction of
miR-21 led to glioma cell apoptosis and cell growth inhibition,
reduced invasiveness and suppressed tumorigenicity®™. Our
findings indicate that miRNAs play important roles in Rh2-
induced antiproliferation in glioma cells.

miR-128 is a brain-enriched miRNA whose overexpression
inhibits glioma cell proliferation”. In our study, miR-128
was up-regulated by Rh2. To further investigate miR-128’s
role in Rh2-induced cytotoxicity, a miR-128 inhibitor was used
to diminish miR-128 overexpression induced by Rh2 and led
to an increase in U251 cell proliferation. Our study demon-
strated that Rh2 could inhibit the proliferation of glioma U251
cells in a dose- and time-dependent manner. Moreover, we
found that miR-128 inhibitor significantly inhibited miR-128
up-regulation and restored cell viability in Rh2-treated cells,
implying that miR-128 overexpression is one of the principal
mechanisms by which Rh2 mediates anti-proliferation in U251
cells.

Activation of apoptotic pathways is a key mechanism by
which chemotherapeutic drugs kill cancer cells. Rh2 has been
reported to induce apoptosis in glioma cells®™. Here, we dem-
onstrated that Rh2 could induce apoptosis of glioma U251 cells
in a dose- and time-dependent manner, illustrated by annexin
V and propidium iodide staining. Moreover, we found that
treatment with a miR-128 inhibitor markedly inhibited Rh2-
induced apoptosis in these cells. Previous studies have shown
that Rh2 could induce apoptosis through activation of the
caspase pathway in human neuroblastoma™. Consistent with
the previous finding, our results showed that Rh2 significantly
increased caspase 3 activity in U251 cells. We also found that
knockdown of miR-128 expression prevented Rh2-induced
caspase 3 activation. These results suggest that miR-128-medi-
ated apoptosis is a key mechanism in Rh2-induced cytotoxicity
in U251 cells.

In addition, our results showed that knockdown of Rh2-
induced miR-128 overexpression by transfection of miR-128
inhibitor only partially prevented Rh2-induced anti-prolifera-
tion in glioma U251 cells. However, in our initial experiments,
we transfected a miR-128 mimic into U251 cells and observed
a reduced proliferation of the cells. In cells treated with a miR-
128 mimic in addition to Rh2, the compound did have an anti-
proliferation effect, although there was no significant differ-
ence compared with miR-128 mimic control (data not shown).
These results suggest that there may be additional miRNAs
that also mediate Rh2-induced cytotoxicity in glioma cells.
For instance, miR-21 has been found to function as an onco-
gene and to be abundant and up-regulated in glioma cells®
¥l Taken together with our findings, these results suggest
that the fold change values of miR-21 was larger than those
of miR-128. In fact, the expression levels of miR-128 were
lower than those of miR-21 in our microarray results. There-
fore, miR-21 appears to be a better candidate for study. In the
present study, we focused on miR-128 because it is a brain-
enriched miRNA and has strong anti-proliferative roles in
glioma development. However, our results do not exclude the
involvement of miR-21 in Rh2-induced cytotoxicity. Further
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studies are needed to investigate the molecular mechanism of
miR-21 in Rh2-induced anti-proliferative effects.

Computational algorithms showed several hundreds of
putative targets of miR-128 (http://www.microrna.org). A
recent study also showed that the transcription factor E2F3a is
a direct target of miR-128""). Considering that overexpression
of miR-128 can inhibit proliferation of glioma cells by target-
ing E2F3a, we wondered whether Rh2 could affect E2F3a via
induction of miR-128 overexpression. We found that Rh2
inhibited E2F3a protein expression using Western blotting, an
effect that was reversed following treatment with an miR-128
inhibitor. These results suggest that Rh2-induced inhibition of
glioma cell proliferation may be mediated by negatively regu-
lating the expression of E2F3a, a miR-128 target gene. E2F3a
has been found to stimulate cell proliferation, apoptosis and
carcinogenesis in a transgenic mouse model™. E2F3a protein
expression negatively correlated with the expression level of
miR-128 in glioma cells!"”. The sequence of miR-128 and its
target site in the 3’-UTR of E2F3a is shown in Figure 9, as pre-
dicted by Miranda software (http://www.microrna.org). The
5-end of miR-128 is complementary to the 3’-UTR of E2F3a,
which mediates post-transcriptional negative regulation of
E2F3a via RNA duplex formation.

human E2F3a 3-UTR 2018: 5-UUAAGUGCCUACUGGAAAUGCACUGUG-3’

L1 T

miR-128: 3-UUUUCUC ......UGGCC....... AAGUGACAC-5'

Figure 9. Sequence of miR-128 and its target site in the 3’-UTR of E2F3a.

Except for E2F3a, miR-128 has been reported to exert its
anti-proliferative and stem cell self-renewal effects in glioma
cells through targeting Bmi-1, a stem cell renewal factor™. In
our study, we could not investigate the effect of Rh2 on Bmi-1
and stem cell self-renewal effects in glioma cells. Therefore, it
would be interesting to examine the effects of Rh2 has on stem
cell self-renewal through miR-128-mediated Bmi-1 pathway in
human glioma neurosphere cultures that possess features of
glioma “stem-like” cells.

In conclusion, the present study shows that ginsenoside
Rh2 exerts its anti-proliferative effect in U251 glioma cells in
part by up-regulation of miRNA-128 expression. This finding
provides new insight into the understanding of the molecular
mechanism of Rh2-mediated cytotoxicity.
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Original Article

The role of Med19 in the proliferation and
tumorigenesis of human hepatocellular carcinoma
cells

Shao-wu ZOU, Kai-xing Al, Zhi-gang WANG, Zhou YUAN, Jun YAN, Qi ZHENG™

General Surgery Department, Shanghai Jiao Tong University Sixth People’s Hospital, Shanghai 200233, China

Aim: To explore the role of Med19, a component of the Mediator complex that coactivates DNA-binding transcription factors, in the
proliferation and tumorigenesis of human hepatocellular carcinoma cells.

Methods: The human hepatocellular carcinoma cell lines HepG2 and Hep3B were infected with lentiviral vectors encoding interfering
RNA (RNAI) targeting the Med19 gene. To further confirm the inhibitory effects of RNAi vectors on Med19 gene expression, quantita-
tive real-time RT-PCR and Western blotting assays were used. The proliferation of HepG2 and Hep3B cells after transduction with the
Med19-RNAi-Lentivirus vector was evaluated by MTT conversion, BrdU incorporation, colony formation, and cell-cycle assays in vitro.
In addition, the ability of the Med19-RNAi-Lentivirus vector-infected Hep3B cells to form tumors after inoculation into nude mice was
determined.

Results: Recombinant lentiviral vectors expressing small interfering RNA (siRNA) against Med19 were constructed and were found
to efficiently downregulate Med19 mRNA and protein levels in HepG2 and Hep3B cells. Furthermore, the inhibition of Med19 by RNAI
dramatically reduced hepatocellular carcinoma cell proliferation, induced cell-cycle arrest in the G,/G; phase, and suppressed tumor
formation.

Conclusion: These results provide new evidence of an important role for Med19 in the development of hepatocellular carcinomas, sug-

gesting that lentivirus-mediated RNAI to target Med19 is a potential tool for inhibiting cancer cell proliferation and tumorigenesis.

Keywords: hepatocellular carcinoma; Med19; RNAi; lentivirus vector; proliferation; tumorigenesis
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Introduction
Hepatocellular carcinoma (HCC) is a malignant tumor type
with a high rate of relapse and metastasis; it is the third lead-
ing cause of cancer-related deaths worldwide. The incidence
of HCC has been increasing at an alarming rate on a global
scale over the past two decades'™. Despite a recent improve-
ment in long-term survival rates, the prognosis of HCC is still
poor. Therefore, it is necessary to find new therapeutic molec-
ular targets and therapeutic strategies for the prevention and
treatment of HCC. The recent discovery of RNA interference
(RNAI), a powerful tool to induce loss-of-function phenotypes
through the posttranscriptional silencing of gene expression,
has provided new possibilities for cancer therapy™®®.

As a multi-protein coactivator, the Mediator (Med) complex
is an essential component of the RNA polymerase II (pol II)-
mediated transcription complex and is required for the tran-
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Received 2010-06-21 Accepted 2010-12-08

scriptional activation of pol II-transcribed genes by transcrip-
tion factors” . In addition to stimulating basal transcription,
the Mediator complex plays a crucial role in the activation and
repression of eukaryotic mRNA synthesis'"" . The Mediator
complex, which consists of at least 20 subunits with multiple
activities, including Rox3 (Med19), was first characterized
through biochemical and genetic studies in Saccharomyces cer-
evisiae in the early 1990s!™ ',

In the human genome, the Mediator complex subunit 19
(Med19) gene, also known as lung cancer metastasis-related
protein 1 (LCMR1), is located at chr11q12.1. The Med19 pro-
tein can modulate both basal and heat-shock gene transcrip-
tion, which are capabilities of a distinct functional module
(head) within the Mediator complex. The Med19 gene was
first cloned from a human lung large-cell carcinoma cell line
through differential display reverse-transcription PCR by
researchers at the Chinese General Hospital of the People’s
Liberation Army, Beijing, China, in 2003. However, the func-
tion of Med19 in the progression of hepatocellular carcinomas
has not been investigated.



To study the role of Med19 in HCC cells, Med19 was silenced
in HepG2 and Hep3B cells by small interfering RNA (siRNA),
expressed by recombinant lentiviral vectors!"”. The effect
of Med19 knockdown on cancer cell proliferation, cell-cycle
arrest, and tumorigenesis was investigated. In addition, the
expression of cell-cycle-related proteins in Med19-RNAi-
Lentivirus vector-infected cells was analyzed to elucidate the
possible mechanism of HCC cell proliferation.

Materials and methods

Lentiviral vectors encoding small interfering RNAs targeting
Med19

The small interfering RNA (siRNA) sequences targeting the
human Med19 gene (GenBank accession number NM_153450)
were designed by Genechem Co, Ltd, Shanghai, China.
Lentiviral vectors encoding Med19 siRNA and green fluo-
rescent protein (GFP) (Genechem Co, Ltd, Shanghai, China)
were constructed. After screening to validate potential siR-
NAs, the Med19 siRNA target sequence (5-GGTGAAGGA-
GAAGCTAAGT-3") was selected. The recombinant lentivirus
particles encoding siRNA targeting Med19 (Med19-RNAi-
Lentivirus) and the negative-control lentivirus (pGC-SIL-
GFP) were packaged. To confirm the specificity of the RNAi
experiment, Med19 gene expression was rescued with a cDNA
containing silent third-codon point mutations in the targeted
region, which made the cDNA resistant to silencing by the
siRNA targeting Med19.

Cell culture and lentivirus infection

The human hepatocellular carcinoma cell lines HepG2 and
Hep3B were purchased from the Cell Bank Type Culture Col-
lection of the Chinese Academy of Sciences (Shanghai, China)
and maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco BRL, Grand Island, NY, USA) with 10% fetal
bovine serum (FBS, Gibco BRL, Grand Island, NY, USA) at 37
°C in a humidified atmosphere of 5% CO,. HepG2 and Hep3B
cells were seeded in 6-well plates (at a density of 5x10*cells/
well) and infected with lentivirus at an MOI (multiplicity of
infection) of 20 when the cells reached 30% confluency. After
24 h of infection at 37 °C, the medium was replaced by fresh
DMEM and incubated for another 48 h.

Real-time RT-PCR

Total RNA was extracted from naive cells and lentivirus-
infected cells with Trizol (Life Technologies, Inc, Grand Island,
NY, USA) according to the manufacturer’s instructions. The
first-strand cDNA was synthesized using 2 pg of total RNA, 10
units of M-MLV reverse transcriptase (Promega, Madison, WI,
USA), and 0.5 pg of oligo (dT) primer in a reaction volume of
20 pL.

Next, 1 pL of the cDNA reaction product was used for quan-
titative real-time PCR with SYBR Master Mixture (Takara,
Otsu, Japan) on IQ5 (BioRad, Hercules, CA, USA), with reac-
tion conditions consisting of an initial denaturation at 95 °C
for 15 s, followed by 45 cycles at 95 °C for 5 s and 60 °C for
30 s. The PCR primer sequences for the Med19 target gene and

www.chinaphar.com
Zou SW et al

the beta-actin internal control gene are listed in Table 1. The
relative quantity of Med19 mRNA, normalized to beta-actin
and relative to a calibrator, was calculated as 27227, where
AACT=(CTprea19 = CTpeta-actin) sSample = (CTyrear9 = Clheacactin) cali-
brator®l.

Table 1. Base sequence of primers for quantitative real-time RT-PCR.

Primers Base sequence
Med19 Forward 5 -TGACAGGCAGCACGAATC-3'
Reverse 5-CAGGTCAGGCAGGAAGTTAC-3'
Beta-actin Forward 5-GGCGGCACCACCATGTACCCT-3'
Reverse 5-AGGGGCCGGACTCGTCATACT-3’

Western blotting

Cells from each group were lysed on d 7 after infection by
using pre-cooled lysis buffer. Next, 30 pg of lysates were
loaded into each well and run on a 10% polyacrylamide gel at
30 mA for 2 h, followed by semidry transfer for a further 2 h.
After being blocked with 5% non-fat dry milk for 1 h at room
temperature, the membrane was probed with protein-specific
antibodies overnight at 4 °C. Next, the membrane was washed
with TBST three times and incubated for 2 h with the second-
ary antibody at room temperature. Following another round
of washing with TBST, the membrane was developed using
enhanced chemiluminescence (ECL) (Amersham Life Sciences,
Amersham, UK). The primary antibodies for Med19 (Abcam,
Cambridge, UK) and GAPDH (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) were employed at dilutions of 1:200 and
1:6000, and the secondary antibodies were utilized at working
concentrations of 1:5000 and 1:6000 for anti-goat IgG and anti-
mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
respectively.

Cell proliferation assay

Cell viability was assessed by methyl thiazol tetrazolium
(MTT) assay, as in a previous report!"”), and the absorbance
was measured at 570 nm (Sigma-Aldrich Corp, St Louis, MO,
USA). Analysis of DNA synthesis, as measured by 5-bro-
modeoxyuridine (BrdU, Sigma-Aldrich Corp, St Louis, MO,
USA) incorporation, was performed according to a previous
report™. Results of the BrdU assay were recorded at 490 nm
at 24 and 48 h after the seeding of cells.

Colony-forming assay

Cells from the normal control, infected with Med19-RNAi-
Lentivirus vector and negative-control lentivirus vector, were
collected by trypsinization and suspended in complete growth
medium, and 200 cells from each group were then seeded onto
6-well plates for each well. After being cultured at 37 °C for
2 weeks, visible colonies were detected with a fluorescence
microscope. After fixation in paraformaldehyde, the colonies
were stained with Giemsa for 10 min and photographed with
a digital camera. Finally, the number of colonies formed by
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each group of cells was counted.

Cell-cycle assay and analysis of cell-cycle-related proteins
Hep3B cells were cultured on 6-well plates and infected with
the Med19-RNAi-Lentivirus vector and the negative-control
lentivirus vector. After reaching 90% confluency, cells were
harvested for cell-cycle detection by propidium-iodide stain-
ing and were subsequently analyzed by flow cytometry.

The expression of the cell-cycle-related proteins CDKN1A
(cyclin-dependent kinase inhibitor 1A, p21), CDC25A (cell
division cycle 25A), CDC25B (M-phase inducer phosphatase
2), and CDC45L (cell division control protein 45 homolog) in
Med19-RNAi-Lentivirus-infected Hep3B cells was detected
by Western blotting analysis. The following antibodies were
used: rabbit polyclonal to p21 (Abcam, Cambridge, UK;
ab7960), rabbit polyclonal to CDC25A (Novus Biologicals,
Littleton, CO, USA; NB100-213), rabbit polyclonal to CDC25B
(Novus Biologicals, Littleton, CO, USA; NB100-91690), and
mouse monoclonal to CDC45L (Abcam, Cambridge, UK;
ab56476).

Tumor formation in nude mice

To assay tumor formation in nude mice, parental cells and
Hep3B cells infected with the Med19-RNAi-Lentivirus vector
and the negative-control lentivirus vector were trypsinized,
counted, and resuspended in PBS. One hundred microliters of
PBS containing 1x10° cells were then injected into 4- to 5-week-
old female nude mice (1=8 per group). Tumor volumes were
assessed every other day by measuring two perpendicular
diameters with vernier calipers and was calculated using the
formula (LxW?)/2, where L is the long diameter and W is the
short diameter. The mice were sacrificed 30 d after injection
and were examined for subcutaneous tumor growth.

Statistical analysis
The expression of Med19 was considered reduced if its rela-
tive mRNA level (2*“") was less than 1.0; otherwise, Med19

Relative mRNA level

C CON NC KD CON NC KD
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expression was determined to be preserved. When the 95%
confidence interval (CI) of the sample did not overlap that of
its calibrator, we considered the result statistically significant.
When the P-value was less than 0.05, we considered the differ-
ence statistically significant.

Results

GFP expression of cells infected with recombinant lentivirus

We constructed a lentiviral vector system to express siRNA
targeting Med19 and to express GFP as a reporter gene. To
determine whether the recombinant lentiviruses were able to
infect human HCC cell lines, cells infected with the Med19-
RNAi-Lentivirus (pKD) vector and the negative-control
lentivirus (pNC) vector were observed under a fluorescence
microscope. Seventy-two hours postinfection, more than 80%
of the cells expressed GFP (Figure 1A), which indicated high-
efficiency infection by the Med19-RNAi-Lentivirus vector.

Silencing of the Med19 gene by RNAI

To verify that the Med19 gene was silenced by the pKD vec-
tor’s siRNA, we determined the mRNA levels in uninfected,
pNC-infected, and pKD-infected cells through real-time RT-
PCR. Cells infected with pKD exhibited significantly reduced
levels of Med19 mRNA compared with pNC-infected cells and
uninfected cells (P<0.05, Figure 1B).

Inhibition of Med19 protein levels by RNAi

After verifying the reduction in Med19 mRNA levels in pKD-
infected cells, we detected Med19 protein levels in cell lysates
using Western blot analysis with GAPDH as an internal con-
trol. Compared with that of uninfected and pNC-infected
cells, the Med19 protein levels in cells infected with the pKD
vector decreased greatly (Figure 1C).

Effects of Med19 knockdown on cell proliferation
To investigate the effect of Med19 knockdown on cell prolif-
eration, MTT and BrdU assays were performed. The growth

HepG2
1.2 b
1.0
0.8 ) ) ) )
- Figure 1. Determination of infection
0'4 efficiency in the human hepatocellular
’ carcinoma cell lines HepG2 and Hep3B.
0.2
i ’_‘ (A) Images recorded under a fluorescence
CON NC KD microscope. Expression analyses of
Med19 mRNA (B) and protein (C) levels by
Hep3B quantitative real-time RT-PCR and Western
1.4 b blot analysis in uninfected HepG2 and
12 — Hep3B cells (CON), cells infected with the
1.0 pNC vector (NC), and cells infected with
0.8 the pKD vector (KD). The beta-actin gene
8?1 and the GAPDH protein are the internal
0'2 I_L‘ controls for quantitative real-time RT-PCR
0. and Western blot analysis, respectively.
CON NC KD Significant difference from NC (°P<0.05).



curve obtained from the MTT assay indicated that the prolifer-
ative ability of pKD-infected cells was significantly decreased
when compared with that of pNC-infected cells (P<0.05, Fig-
ure 2A and 2B). In the BrdU incorporation assay, the DNA
synthesis capacity of pKD-infected HepG2 and Hep3B cells
was significantly reduced (P<0.05 vs pKD infected, Figure 2C
and 2D). The results of these experiments suggest that the
depletion of endogenous Med19 expression in HCC cells cor-
relates with impaired cell growth and DNA synthesis and
demonstrate that Med19 is a key factor in cancer cell prolifera-
tion. More importantly, when Hep3B cells was treated with
a vector encoding a Med19 wobble mutant (Rescue-Med19),
which preserves the same amino acid sequence as pKD
but contains three point mutations in the target nucleotide
sequence, cell proliferation was substantially rescued (P<0.05
vs pKD infected, Figure 2E). The above results indicate that
the knockdown of endogenous Med19 by RNAI inhibited the
proliferation in HCC cells, and the rescued Med19 expression
validated the specificity of the siRNA targeting.

Effect of Med19-RNAi on the colony-forming ability of HCC cells
To detect whether Med19 has a significant effect on the colony-
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forming capacity of human HCC cells, a colony-forming
experiment was performed on HepG2 and Hep3B cells. Our
data indicated that the number and size of colonies formed
from pKD-infected cells were strongly decreased when com-
pared with those of uninfected and pNC-infected cells (Figure
3A and 3B), suggesting that the reduced expression of Med19
could significantly inhibit colony formation in human HCC
cells.

Effect of Med19 knockdown on cell-cycle distribution

To elucidate whether the pKD-mediated knockdown of Med19
has any impact on the cell-cycle status of HCC cells, all three
groups of Hep3B cells were subjected to a flow cytometry
assay 7 d after infection. pKD-infected Hep3B cells exhibited a
greater proportion of cells in the G,/ G; phase when compared
with pNC-infected cells (P<0.05, Figure 4A). We next explored
the expression of cell cycle-related proteins to investigate the
possible role of Med19 in the control of mitotic cellular pro-
cess. As shown in Figure 4B, the expression of CDKN1A was
increased, whereas the expression of CDC25A, CDC25B, and
CDC45L was diminished, in pKD-infected Hep3B cells.

HepG2
A 19 ep B 14 - Hep3B
—— CON
1.0 - NC
—— KD
0.8
£
E os b
8 b
0.4
0.2
0.0 + T T T T ]
1 2 3 4 5 6
Time (d) Time (d)
C HepG2 D Hep3B
081 & con 067 m con o
B NC B NC
0.6 4 0 0
) - KD 04 KD
0.2 4 .
o 5‘
24 48
Time (h) Time (h)
E Hep3B
1.2 9 NG
104 —®KD
—&— Rescue-NC . A
084 —e—Rescue-Med19 Pid
£ Figure 2. In vitro proliferation assays of HepG2 and Hep3B cells without infection (CON),
QB e cells infected with the negative control lentivirus vector (NC), and cells infected with the
© Med19-RNAi-Lentivirus vector (KD). Cell proliferation in the KD groups was significantly
inhibited, as demonstrated by the MTT assay (A and B) and the BrdU incorporation assay (C

and D). Significant difference from NC (°P<0.05). (E) The proliferation of Med19 siRNA-
rescued cells (Rescue-KD) was enhanced significantly when compared with the KD group
(°P<0.05), as demonstrated by the MTT assay.
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CDC45L _ Increased expression of CDKN1A (cyclin-dependent kinase inhibitor 1A) and diminished
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Effects of Med19 knockdown on tumorigenesis

Tumor formation in Med19-silenced Hep3B cells was then
evaluated in vivo, and the results are shown in Figure 5. With
regard to changes in tumor volume and tumor weight, no
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infected Hep3B cells. Significant difference from NC (°P<0.05).

significant difference was found between the pNC-infected
cells and uninfected cells. However, pKD infection had a
significant inhibitory effect on tumor volume (P<0.05 vs pNC
infected) and tumor weight (P<0.05 vs pNC infected). Repre-
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Figure 5. In vitro tumorigenesis assay in mice inoculated with uninfected
Hep3B cells (CON), cells infected with the negative-control lentivirus vector
(NC), and cells infected with the Med19-RNAi-Lentivirus vector (KD). (A)
Tumor volume growth curve. (B) Picture of excised tumor in each group
and quantitative measurement of tumor weights. Significant difference
from NC (°P<0.05).

sentative pictures of tumors on d 30 can be seen in Figure 5B.
The tumors in the uninfected and pNC-infected groups were
large, whereas the tumors in the pKD-infected group exhibited
a reduced tumorigenic capacity.

Discussion
Conventional gene-suppression technologies, such as
chemical inhibitors, antisense technology, ribozymes, and
deoxyribozymes, often evoke nonspecific side effects and/
or offer only transient and partial suppression of the gene
of interest™ ?l. Recently emerging as an important tool for
silencing specific genes, RNAi is more potent in inhibiting
gene expression than other methods and carries less risk of
toxicity® !, More importantly, with the effectiveness and
relative ease with which dsRNA can be introduced into cells
and tissues, RNAi has a significant therapeutic potential for
targeting human carcinomas. Therefore, RNAi-mediated gene
silencing, as a novel tool to arrest tumor growth and kill can-
cer cells, may open new avenues in cancer therapy™ .
Malignant tumor cells have the ability to migrate into sur-
rounding tissue and/or distal organs — a phenomenon
known as metastasis. In the complex and multi-step process
of metastasis, cancer cells first detach from the primary tumor
position, then invade adjacent lymph nodes and tissue, enter
the circulatory system, migrate through the vasculature, and,
finally, proliferate from microscopic growths into macro-
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scopic secondary tumors in a distant tissue”’. To date, several
studies have revealed that many genes, such as oncogenes
and tumor-suppressor genes, could be involved in complex
metastatic processes, including tumor cell proliferation. For
example, a few transcription factors that program many bio-
logical cell changes are required for executing the initial steps
of the tumor invasion-metastasis cascade™ ™. Med19 is a
component of the Mediator complex, which is a coactivator for
DNA-binding factors that activate transcription via RNA poly-
merase I, Med19 is also known as “lung cancer metastasis-
related protein 17 (LCMR1) in the human genome. However,
there is no report on the effect of Med19 on proliferation and
tumorigenesis in HCC.

In our study, lentivirus-mediated RNAi was used to silence
Med19 in the human HCC cell lines HepG2 and Hep3B. The
siRNA targeting Med19, expressed from the recombinant len-
tivirus, induced efficient and specific inhibition of endogenous
Med19 mRNA and protein expression in both cell lines. Simul-
taneously, inhibition of Med19 expression led to decreased col-
ony formation and tumorigenic capacity in these cells. Thus,
this study is to observe and confirm a crucial role of Med19 in
the progression of HCC, showing that the Med19 gene may act
as an oncogene to promote HCC development.

Moreover, our results indicated that the downregulation of
Med19 expression significantly inhibits cell proliferation and
induces G;-phase delay in HCC cells, indicating that Med19
is a proliferation regulator in HCC and may be involved in
the control of mitotic cellular processes. Next, the detec-
tion of cycle-related proteins was performed on Med19-
silenced Hep3B cells. As shown in Figure 4B, the expression
of CDKN1A was increased, whereas the expression levels
of CDC25A, CDC25B, and CDC45L were diminished in
Med19-RNAi-Lentivirus vector-infected Hep3B cells. The
cyclin-dependant kinase inhibitors are well known to pre-
vent cyclin D/cdk4, 6, and cyclin E/cdk2-mediated phospho-
rylation of the retinoblastoma protein (Rb) and to block pro-
gression of the cell cycle in the G; phase. However, CDC25A
is required for progression from the G, to the S phase of the
cell cycle, whereas CDC25B activates the cyclin-dependent
kinase CDC2 and is required for entry into mitosis. In addi-
tion, CDC45L is required for the initiation of chromosomal
DNA replication (which occurs during the S phase). Taken as
a whole, the enhanced CDKN1A expression and suppressed
CDC25A, CDC25B, and CDC45L expression in Med19-silenced
HCC cells contributed to arrested cell cycling at Go/G; phase.
These data support the hypothesis that Med19 acts as an onco-
gene to promote human hepatocellular carcinoma growth by
regulating cell-cycle progression. However, further experi-
ments are needed to elucidate the detailed mechanism of cell
proliferation.

In conclusion, knockdown of human Med19 gene expres-
sion with RNAi successfully reduced tumor-cell proliferation
and suppressed tumor formation in HepG2 and Hep3B cells in
vitro and in vivo. These results provide new evidence for the
involvement of Med19 in carcinogenesis and the development
of HCC and suggest that RNAi-directed Med19 silencing may
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be a potent therapeutic tool for the treatment of HCC, espe-
cially in inhibiting or preventing cancer cell proliferation and
tumorigenesis.
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Expression of elongation factor-2 kinase contributes
to anoikis resistance and invasion of human glioma
cells
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Aim: To determine whether elongation factor-2 kinase (eEF-2 kinase) contributes to the malignant phenotype of glioblastoma
multiforme by promoting the migration and invasion of glioma cells. The mechanism involved was also explored.

Methods: Human glioma cell lines T98G and LN-229 were used. The expression of eEF-2 kinase was silenced using siRNA, and the
invasive potential of tumor cells was assessed using a wound-healing assay and a Matrigel invasion assay. Apoptosis was determined
using propidium iodide (PI) staining and Western blot analysis of cleaved caspase-3.

Results: Silencing the expression of eEF-2 kinase by siRNA significantly suppressed both the migration and invasion of human glioma
cells. Silencing eEF-2 kinase expression also sensitized glioma cells to anoikis, thereby decreasing tumor cell viability in the absence
of attachment. Treatment of tumor cells with the caspase inhibitor z-VAD-fmk down-regulated Bim accumulation and abolished glioma

cell sensitivity to anoikis.

Conclusion: The results suggest that the expression of eEF-2 kinase contributes to migration and invasion of human glioma cells by
protecting them from anoikis. eEF-2 kinase expression may serve as a prognostic marker and a novel target for cancer therapy.

Keywords: eEF-2 kinase; migration; invasion; anoikis; glioma
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Introduction
Elongation factor-2 kinase (eEF-2 kinase, also known as calm-
odulin-dependent protein kinase III) is a unique calmodulin/
calcium-dependent enzyme that inhibits protein synthesis.
Expression of eEF-2 kinase has been reported to be up-regu-
lated in several types of malignancies, including gliomas'™ .
eEF-2 kinase phosphorylates eEF-2, a 100-kDa protein that
promotes ribosomal translocation from the A to the P site in
eukaryotic tissues, which induces movement of mRNA along
the ribosome during translation”. Phosphorylation of eEF-2
at Thr56 by eEF-2 kinase decreases the affinity of eEF-2 for
ribosomes and terminates peptide elongation, thereby inhibit-
ing protein synthesis.

The role of protein synthesis in the growth and survival of
cancer cells has gained widespread attention. For example,
mitotic cells show a 20%-40% decrease in protein synthesis
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compared to cells in inter-phase. In addition, a transient
decrease in protein synthesis is characteristically observed
at the G,/S interfacel . Altered protein synthesis can trans-
form cells by interfering with the expression and activity of
translation factors such as elF2 alpha and its specific protein
kinase, PKR. There is also abundant evidence suggesting
that the downstream effects of growth factors require tran-
sient inhibition of protein synthesis”. In fact, a variety of
processes important to cell proliferation, such as polyamine

transport®; ATP turnover”; expression of early growth

response genes, such as c-fos and c-jun"”; and activation of the
ribosomal protein, S6 kinase", as well as specific signaling
molecules, such as MAP kinase™ and JNK/SAPK kinase!™,
are stimulated by inhibitors of protein synthesis"*. In addi-
tion, exposure of 3T3 cells to cycloheximide or puromycin
results in the induction of DNA synthesis and cell division"”.
Connolly et al" demonstrated that the protein expression
level of eEF-2 kinase in non-transformed cells is kept low by
proteasomal degradation. In contrast, as cells transform from
immortalized to highly malignant, the expression level of
eEF-2 kinase increases. These results are consistent with our
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original reports demonstrating that eEF-2 kinase is regulated
by ubiquitin-mediated proteasomal degradation’”), and that
eEF-2 kinase is constitutively up-regulated in cancer cell lines

and tumor specimens!® ",

Connolly et al also reported that
hypoxic breast epithelial cells down-regulate protein synthesis
by disrupting the proteasome-mediated degradation of eEF-2
kinase and activation of 4EBP-1"%,

cells have constitutively activated eEF-2 kinase. These studies

In contrast, breast cancer

suggest that eEF-2 kinase might have a role in promoting can-
cer cell survival by favoring their growth and dissemination.
Anchorage-independent growth and the capacity to invade
are characteristics of glioma cells. Migration and invasion
of glioma cells is a complex process that involves multiple
biological features such as tumor cell adhesion and motility,
secretion of proteases by tumor cells, and the ability to sur-
vive in the absence of anchorage™ . We report here that the
expression of eEF-2 kinase in glioma cells confers resistance to
anoikis, a form of apoptosis triggered by the loss of cell-to-cell
or cell-to-matrix anchorage, and favors migration and inva-
sion of human glioma cells. Our results provide new evidence
that eEF-2 kinase might be an effective target in brain cancer
therapy.

Materials and methods

Cell lines and culture

The human glioblastoma cell lines T98G and LN-229 were
obtained from the Shanghai Institutes for Biological Sciences.
The glioma cells were cultured in DMEM supplemented with
10% fetal bovine serum, 100 units/mL penicillin, and 100
pg/mL streptomycin. Cells were maintained at 37 °C in a
humidified atmosphere containing 5% CO,and 95% air.

Antibodies and reagents

The antibodies used in this study were as follows: monoclo-
nal anti-eEF-2 kinase antibody (NOVUS), polyclonal cleaved
caspase-3 antibody and polyclonal caspase-3 antibody recog-
nizing the full-length pro-enzyme (Sigma), polyclonal anti-
Bim antibody (H-191; Santa Cruz), monoclonal anti-p-actin
antibody (Santa Cruz), caspase inhibitor z-VAD-fmk (Sigma),
eEF-2 kinase-siRNA (Shanghai Gene-Pharma Co, China), and
poly-HEMA (Sigma).

siRNA preparation and transfection

The siRNA sequence used to target eEF-2 kinase mRNA cor-
responded to amino acids 144 to 164 (5'-AAGCTCGAACCA-
GAATGTC-3’) of the coding region relative to the start codon.
The siRNA duplex with the following sense and antisense
sequences was used, 5-AAGCUCGAACCAGAAUGUCTT-¥
(sense) and 5'-GACAUUCUGGUUCGAGCUUTT-3" (anti-
sense) (prepared by Shanghai Genepharma Research, Inc).
For transfection, cells in the exponential phase of growth were
plated in 60-mm tissue culture dishes at 5x10° cells per dish,
grown for 24 h, and then transfected with siRNA using oligo-
fectamine and Opti-MEMI-Reduced Serum medium following
the manufacturer’s protocol.
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Wound-healing assay

Cells (5x10° cells in 2 mL per well) were transfected with an
eEF-2 kinase-targeted siRNA or a non-targeting scrambled
siRNA and then plated onto standard 6-well tissue culture
plates cultured in medium containing 10% FBS to nearly con-
fluent cell monolayers. Cell monolayers were then carefully
wounded using a 200-uL sterile pipette tip, and any cellular
debris was removed by washing with PBS. The wounded
monolayers were then incubated in medium containing 10%
FBS for 24 h and photographed using a phase-contrast micro-
scope (Eclipse TE 200, Nikon Inc, Melville, NY, USA). The
experiments were performed in triplicate wells and repeated
at least three times.

Invasion assay

Invasion assays were carried out in modified Boyden cham-
bers with filter inserts with 8-pm pores in 24-well plates (Corn-
ing, NY, USA). The surfaces of the filters were coated with 50
mg/ L ice-cold Matrigel (Matrigel basement membrane matrix,
BD Bioscience, NJ, USA). The lower chamber was filled with
medium containing 10% serum. Cells were transfected with
an eEF-2 kinase-targeted siRNA or a non-targeting scrambled
siRNA. Sixty hours later, the cells were seeded into the upper
chamber of a 24-well chemotaxis chamber transwell. Cells
(1x10° cells/ well) were washed with PBS twice, re-suspended
in 200 pL of serum-free medium, and then transferred into the
upper chamber. After a 24-h incubation, the filters were gently
removed from the chambers, and the cells on the upper sur-
face were removed by wiping with a cotton swab. Cells that
had invaded to the lower surface areas were fixed with ice-
cold methanol, stained with crystal violet, and counted in 10
randomly selected fields under a microscope (100x). Results
shown are representative of three independent experiments.

Anoikis assay

Cells (5x10° cells in 2 mL per well) were transfected with an
eEF-2 kinase siRNA or a non-targeting scrambled siRNA.
Sixty hours later, cells were plated onto standard 6-well tissue
culture plates or poly-HEMA-coated plates to prevent attach-
ment. Following a 24-h incubation at 37 °C in a humidified
atmosphere containing 5% CO, and 95% air, viability of the
cells was determined using the trypan blue exclusion method.
Apoptosis was determined by propidium iodide (PI) staining
and Western blot analysis of cleaved caspase-3. To stain apop-
totic nuclei with PI, cells were stained with a PI dye solution
at 4 °C in the dark for 30 min, and then the samples were ana-
lyzed on a FC500 Beckman-Counter flow cytometer. Active
caspase-3, which is present in cells undergoing apoptosis, was
detected by Western blot analysis using a polyclonal anti-cas-
pase-3 antibody that recognizes the cleaved active caspase-3.

Western blot analysis

Cell lysates were prepared in TNT buffer (20 mmol/L Tris-
HCI, pH 7.4, 200 mmol/L NaCl, 1% Triton X-100, 1 mmol/L
phenylmethylsulfonyl fluoride, and 1% aprotinin), and pro-
teins were resolved by SDS-PAGE. The blots were incubated



in blocking solution consisting of 5% skim milk in 10 mmol/L
Tris-HCI, pH 8.0, 150 mmol/L NaCl, and 0.1% Tween 20 at
room temperature for 1 h and then immuno-blotted with
the indicated antibodies. Proteins were detected using the
enzyme-linked chemiluminescence (ECL) method. p-Actin
was used as a loading control.

Statistical analysis

Data were shown as mean+SD. Differences between individual
groups were analyzed using student’s t-test. All P values were
2-sided; P<0.05 was considered significant. Analyses were
performed using the GraphPad Prism 4.0 package (GraphPad,
San Diego, CA, USA).

Results

Effect of eEF-2 kinase on glioma cell migration and invasion

To determine the role of eEF-2 kinase in the malignant pheno-
type of glioma, we utilized an siRNA approach to inactivate
this enzyme. Human glioma cell lines, T98G and LN229,
transfected with eEF-2 kinase-targeted siRNA showed an
85%-90% reduction in eEF-2 kinase protein expression 60 h
after transfection when compared with the cells transfected
with a non-targeting siRNA (Figure 1).

We next compared the invasive potentials and migrating
capabilities of T98G and LN229 cells with or without silenc-
ing of eEF-2 kinase expression. Invasion was assessed using a
Matrigel chamber assay, and the ability to migrate was exam-
ined using a wound-healing assay. As shown in Figure 2A,
wound healing after 24 h was significantly inhibited in T98G
and LN229 cells when eEF-2 kinase was knocked down in cells
compared with control cells that were transfected with a non-
targeting siRNA. Consistent with the wound-healing assay,
the invasiveness of the glioma cells in which eEF-2 kinase
expression was silenced also decreased considerably com-
pared with control cells (Figure 2B). These results suggest that
the expression of eEF-2 kinase plays an important role in the
invasion and migration of glioma cells.

Effect of eEF-2 kinase on cell viability in the absence of matrix
attachment

To determine whether eEF-2 kinase affects the survival of
glioma cells in the absence of matrix attachment, we deter-
mined the viability of T98G and LN229 cells grown either
as monolayers attached to plastic or in suspension on poly-
HEMA. Figures 3C and 3D show that the viability of glioma
cells cultured in suspension was significantly reduced in eEF-2
kinase knock-down cells when compared with control cells.
In contrast, reduction of eEF-2 kinase expression had no effect
on the viability of cells grown attached to a matrix (Figure 3A
and 3B). These results suggest that expression of eEF-2 kinase
has a role in the survival of human glioma cells in the absence
of anchorage.

Expression of eEF-2 kinase confers resistance to anoikis
To determine whether the pro-survival function of eEF-2
kinase, as evidenced in Figure 3, was mediated through the
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Figure 1. eEF-2 kinase expression was silenced by siRNA. Human
glioma cell lines LN229 and T98G were transfected with an eEF-2 kinase-
targeted siRNA. Expression of eEF-2 kinase was analyzed by Western blot
analysis. Each bar represents mean+SE of three separate experiments.
P-values were determined by t-test. °P<0.01 vs NT control.

inhibition of anoikis, we compared the apoptotic properties
of T98G and LN229 cells with or without silencing of eEF-2
kinase expression. As shown in Figure 4, silencing of eEF-2
kinase expression by siRNA resulted in the activation of cas-
pase-3 in T98G and LN229 cells cultured in suspension on
poly-HEMA but had a barely detectable effect on cells grown
as monolayers attached to plastic (Figure 4A and 4B). The
PI apoptotic assay also demonstrated that when cultured in
suspension on poly-HEMA, there was an increase in the sub-
diploid peak of apoptotic nuclei in the DNA histogram in the
glioma cells with silencing of eEF-2 kinase expression when
compared with that of the cells transfected with a non-target-
ing siRNA (Figure 4B), indicating an induction of apoptosis.
The caspase inhibitor z-VAD-fmk abolished the sub-diploid
DNA peak observed in the cells transfected with an eEF-2
kinase-targeted siRNA (Figure 4B). These results suggest a
role for eEF-2 kinase in the inhibition of anoikis in tumor cells.

Down-regulation of Bim correlates with the anoikis resistance
conferred by eEF-2 kinase
We next explored the possible mechanism involved in anoi-
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Figure 3. Effect of eEF-2 kinase expression on cell viability in the absence of attachment. LN229 and T98G cells transfected with an eEF-2 kinase
siRNA or a scrambled siRNA were seeded on plastic (attached) or on poly-HEMA (suspended) for 24 h, and then cell viability was determined by trypan
blue assay. Each bar represents mean+SEM of three experiments. P-values were determined by t-test. °P<0.05 compared with scrambled cells.

kis resistance associated with eEF-2 kinase expression. We
determined whether resistance to anoikis in glioma cells was
associated with a down-regulation of Bim, a pro-apoptotic
BH3-only protein that plays a crucial role in regulating anoi-
kis®™. As demonstrated in Figure 5, silencing of eEF-2 kinase
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expression caused an increase of Bim in glioma cells, and this
increase in the Bim protein level was more remarkable when
the eEF-2 kinase siRNA-treated cells were grown in suspen-
sion on poly-HEMA (Figure 5). These observations suggest
that the enhanced sensitivity to anoikis caused by the silencing
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Figure 4. Effect of eEF-2 kinase expression on glioma cell sensitivity to anoikis. (A and B) LN229 and T98G cells transfected with an eEF-2 kinase
siRNA or scrambled siRNA were seeded on plastic (attached) or on poly-HEMA (suspended) for 24 h. The levels of caspase-3 and cleaved caspase-3
were examined by Western blot analysis. B-Actin was used as a loading control. (C) LN229 and T98G cells transfected with an eEF-2 kinase siRNA or
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of eEF-2 kinase expression might be due to the up-regulation
of Bim protein expression.

Discussion

Previous studies showed that activation of eEF-2 kinase pro-
motes autophagy and survival in cancer cells®. In the current
study, we sought to determine a role for eEF-2 kinase in the
malignant phenotype of glioblastoma multiforme, one of the
most common childhood malignancies and a cancer of increas-

ing significance in adults. The results of our study suggest a

role for eEF-2 kinase in the progression of glioma, as expres-
sion of this kinase appears to promote migration and invasion
of glioma cells (Figure 2), protect viability when tumor cells
lose anchorage (Figure 3), and render cells resistant to anoikis
(Figure 4), a form of apoptosis induced by loss of matrix or
cellular attachment, which is often defective in tumor cells.
Moreover, we demonstrate that down-regulation of Bim is
involved in the resistance to anoikis in tumor cells expressing
high levels of eEF-2 kinase (Figure 5).

Migration and invasion involves the spread of glioma cells

Acta Pharmacologica Sinica
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Figure 5. Effect of silencing of eEF-2 kinase expression on Bim protein
expression level in glioma cells cultured in suspension or as an attached
monolayer. (A) LN229 and (B) T98G cells transfected with an eEF-2 kinase-
targeted siRNA or a scrambled siRNA were seeded on plastic (attached)
or on poly-HEMA (suspended) for 24 h. Cell lysates were prepared from
monolayer or suspension cultures, and Bim (BimEL, BimL, and BimS) and
eEF-2 kinase proteins were detected by Western blot analysis. B-Actin was
used as a loading control.

from a primary tumor site to the surrounding normal tissues.
These processes involve the coordination of several signal-
transduction pathways that allow cancer cells to proliferate,
remodel their surrounding environment, invade to distant

[24]

sites and re-establish the tumor Recently, studies have

shown that initiation of several pro-survival genes that main-

tain growth can enhance cell migration'’

. In this study, we
found that eEF-2 kinase plays an important role in tumor
migration and invasion, which is consistent with the role of
this kinase in cell survival, as reported by us and others® %!,
Resistance to apoptosis (anoikis) is a hallmark of migrat-
ing and invasive glioma cells. Here, we show that expression
of eEF-2 kinase in human glioma cells can suppress anoikis
(Figures 3 and 4). In the absence of anchorage, human glioma
cells have high viability (Figure 3) and low rates of apoptosis
(Figure 4).
cells produces lower viability and higher rates of apoptosis
(Figures 3 and 4).

absence of attachment, promotion of glioma cell survival by

Silencing of eEF-2 kinase expression in glioma
These observations indicate that in the

eEF-2 kinase may be the result of inhibition of anoikis. Bim, a
BH3-only pro-apoptotic protein belonging to the Bcl-2 family,
plays a critical role in triggering anoikis. For example, inhibi-
tion of Bim induction has been found to be the mechanism
responsible for the anoikis deficiency caused by G;/S cell cycle
arrest?). In addition, Bim has been shown to be a tumor sup-
pressor and a key determinant of paclitaxel sensitivity in epi-

thelial tumors®, We found a converse relationship between
eEF-2 kinase expression and Bim accumulation (Figure 5); Bim

is reduced in cells with high expression of eEF-2 kinase, and
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silencing of eEF-2 kinase expression results in the up-regula-
tion of Bim expression levels (Figure 5).

In summary, the current study identified eEF-2 kinase as
a regulator of glioma cell migration and invasion and as a
suppressor of anoikis. Because the ability of glioma cells to
invade and migrate and to develop resistance to treatment
represents two critically important malignant characteristics,
and defective anoikis likely contributes to both of these fea-
tures, re-establishing sensitivity to anoikis may represent a
novel therapeutic strategy for malignant glioma. Thus, the
results reported here provide support for further studying
eEF-2 kinase as a target for cancer therapy.
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Attenuated Salmonella typhimurium carrying shRNA-
expressing vectors elicit RNA interference in murine

bladder tumors

Nan YANG*, Sheng-hua LI*, Yun-zhe LU, Li-shan CHEN, Da-ming REN*

Instititute of Genetics, School of Life Sciences, Fudan University, Shanghai 200433, China

Aim: To examine whether attenuated Salmonella typhimurium (S typhimurium) could be used as an anti-cancer agent or a tumor-
targeting vehicle for delivering shRNA-expressing pDNA into cancer cells in a mouse tumor model.

Methods: Mouse bladder transitional cancer cell line (BTT-T739) expressing GFP was used, in which the GFP expression level served
as an indicator of RNA interference (RNAI). BTT-T739-GFP tumor-bearing mice (4-6 weeks) were treated with S typhimurium carrying
plasmids encoding shRNA against gfp or scrambled shRNA. The mRNA and protein expression levels of GFP were assessed 5 d after
the bacteria administration, and the antitumor effects of S typhimurium were evaluated.

Results: In BTT-T739-GFP tumor-bearing mice, S typhimurium (1x10° cfu, po) preferentially accumulated within tumors for as long as
40 d, and formed a tumor-to-normal tissue ratio that exceeded 1000/1. S typhimurium carrying plasmids encoding shRNA against gfp
inhibited the expression of GFP in tumor cells by 73.4%. Orally delivered S typhimurium significantly delayed tumor growth and pro-

longed the survival of tumor-bearing mice.

Conclusion: This study demonstrates that attenuated S typhimurium can be used for both delivering shRNA-expressing vectors into
tumor cells and eliciting RNAI, thus exerting anti-tumor activity, which may represent a new strategy for the treatment of solid tumors.

Keywords: RNA interference; Salmonella typhimurium; shRNA-expressing pDNA; mouse bladder transitional cancer cell; tumor therapy
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Introduction

RNA interference (RNAI) is a naturally occurring gene silenc-
ing event in which small interfering RNA (siRNA) initiates
the degradation of target mRNA that contains a sequence
complementary to the siRNA. Since the original discovery of
RNAIi in Caenorhabditis elegans[”, there has been an increasing
interest in harnessing this endogenous mechanism to treat a
variety of diseases in which aberrant expression of mRNA is
problematic. The first clinical trial to test siRNA in the treat-
ment of age-related macular degeneration (AMD) commenced
in 20047, However, systemic siRNA therapy is hampered
by barriers that prevent siRNA from reaching their intended
targets in the cytoplasm and exerting their stable gene silenc-
ing activity. DNA vectors that transcribe short hairpin RNA
(shRNA) provide another way to elicit RNAi. Previous studies
have shown that the extent by which target gene expression
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is repressed is nearly identical between siRNA and shRNA-
expressing plasmid DNA (pDNA)P.. However, the gene-
silencing effect induced by shRNA-expressing pDNA lasts
significantly longer than gene silencing induced by siRNAM.
pDNA must be delivered into the nucleus of target cells to
transcribe shRNA. The shRNA is then transported to the cyto-
sol and processed into siRNA. As gene therapy studies have
previously demonstrated, nuclear delivery is one of the biggest
challenges in transfection, and limited transgene expression
has largely hampered the clinical application of therapeutic
DNAP!. By hijacking a variety of cellular mechanisms, viruses
have evolved strategies to transport their genomic material
into the nucleus®”. However, the safety concerns surround-
ing viral vectors have not been resolved.

In cancer research, efforts have been made to find a magic
bullet that could selectively target and destroy malignant
cells. More than 100 years ago, the German physician W
Busch induced a bacterial infection in a woman with an
inoperable sarcoma and observed a reduction in the size of
the primary tumor!®. Recently, both the presence and the
selective growth of anaerobic bacteria in human tumors have



garnered attention. The conditions that permit anaerobic
bacterial growth, such as impaired circulation and extensive
necrosis, are found in many tumors. Therefore, bacteria may
be a viable therapeutic option for a variety of malignancies.
Salmonella typhimurium (S typhimurium), a facultative anaer-
obe, has been exploited as an anti-tumor agent that is capable
of preferentially targeting tumors. The bacteria then amplify
within the tumor and inhibit its growth® ", Tumor targeting
bacteria have been harnessed to deliver exogenous genes that
facilitate anti-tumor effects""'?. To this end, our group has
reported that S typhimurium can transfer plasmids expressing
cytokines™ and prodrug converting enzymes!*! across phy-
logenetic borders to mammalian cancer cells, thereby exerting
anti-tumor effects. Given the tumor-targeting capacity of S
typhimurium, we examined the ability of attenuated Salmonella
to serve as an anti-cancer agent and a tumor-targeting vehicle
that would deliver shRNA-expressing pDNA into tumor cells
in a mouse model. The results indicated that attenuated S
typhimurium SL3261 mediated the trans-kingdom gene trans-
fer of shRNA-expressing pDNA into tumors to silence gene
expression. This proof of principle study suggests that the
combination of tumor-targeting and repressive actions by S
typhimurium, as well as the therapeutic potential of RNA inter-
ference using S typhimurium carrying shRNA-expressing plas-
mids, can be exploited as a novel therapeutic approach for the
treatment of cancers.

Materials and methods

Plasmids and bacteria

The plasmid pSuper (Oligoengine, Halo-Bio RNAi Therapeu-
tics, Inc, USA) was used to express shRNA under the control
of the H1 RNA polymerase gene promoter. The general strat-
egy for constructing the RNAi plasmid involved subcloning
an inverted repeat into pSuper. shRNA targeting green fluo-
rescent protein (GFP) was designed using the online siRNA
Selection Program (http://jura.wi.mit.edu/bioc/siRNAext/
reference.php) according to Tuschl’s siRNA user guide
(http:/ /www.rockefeller.edu/labheads/tuschl/sirna.html).
Forward and reverse oligos for gfp were: (forward) 5- GATC-
CCC GGAGCGCACCATCTTCTTC TTCAAGAGA GAA-
GAAGATGGTGCGCTCC TTTTTGGAAA-3" and (reverse)
5-AGCTTTTCCAAAAA GGAGCGCACCATCTTCTTC
TCTCTTGAA GAAGAAGATGGTGCGCTCC GGG-3'. Oli-
gos were annealed, cloned into pSUPER and designated as
pGEFPi. A similar method was used to construct the pscrGFP
negative control that contained the same nucleotide composi-
tion as the gfp targeting ShARNA but had no match to the gfp
coding sequence. Two sequences were blasted against the
mouse genome database and the EST database to exclude the
possibility of off-target effects. Plasmids were transformed
into S typhimurium LB5000 (LT2 Trp Met Erpsl flaA R'M") and
SL3261 (WARY hisG 46 aroA™ Del 407 Fusaricres R"M") (pro-
vided by Bruce AD STOCKER, Stanford University) as previ-
ously described™.
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Cell lines and mice

Mouse bladder transitional cancer cells (BTT-T739) were
derived from BBN-(N-butyl-N-(4-hydroxybutyl) nitrosamine)
exposed T739 mice™. The GFP-expressing cell line BTT-T739-
GFP was generously provided by Prof Qian WANG and Feng
HUANG from the Central Experimental Laboratory of the
First People’s Hospital in Shanghai, China. Cells were cul-
tured in RPMI-1640 medium (Gibco BRL) supplemented with
100 units/mL penicillin, 100 pg/mL streptomycin and 10%
FBS.

Four- to six-week-old female T739 mice were used for tumor
growth models and infection studies. T739 adult mice were
purchased from B&K Universal Ltd (Shanghai, China), and all
animal experiments were performed according to the institu-
tional animal care and use protocol.

Bacterial infection assay in vitro

BTT-T739-GFP cells were plated at a density of 5.0x10° cells in
12-well culture plates and incubated overnight without anti-
biotics. Bacteria in late log phase were washed and diluted
in RPMI-1640 and then added to the BTT-T739-GFP cells
(1.25x10° bacteria/well). After 3 h, the cells were washed and
incubated in RPMI-1640 containing 100 units/mL of penicillin
and 100 pg/mL of streptomycin until harvested.

Flow cytometry analysis

GFP expression was assessed using fluorescence activated cell
sorting (FACS). Cultured cells were harvested, washed and
resuspended in PBS. Ten thousand events per sample of cul-
tured cells were captured. The geometric mean fluorescence
was used as a measure of the relative intensity of green fluo-
rescence.

Animal tumor model and in vivo bacterial tumor targeting assay
BTT-T739-GFP cells (5x10°) were implanted subcutaneously in
mice before bacterial administration. Treatments were initi-
ated 15 d after tumor inoculation. Groups of 15-20 tumor-
bearing mice were orally administrated with 1x10° cfu of
Salmonella (SL3261/pGFPi or SL3261/pscrGFP) or saline. All
mice were monitored for tumor growth and survival as previ-
ously described™ .

Groups of 3-5 mice were sacrificed to investigate bacteria
distribution at various time points after bacteria treatment.
Tumors, blood, livers and spleens from the mice were col-
lected, weighed and homogenized in 2 mL of ice-cold sterile
PBS. The homogenates were plated onto L broth (Sigma) agar
plates containing ampicillin (100 pg/mL), and bacterial counts
were performed. To assess GFP expression levels, tumor cells
were filtered through 0.22 pm meshes, resuspended in PBS
and processed as described above for cultured cells. Tumor
samples from T739 mice were homogenized in liquid nitrogen
and stored for future semi-qRT-PCR analysis.

Extraction of total RNA and DNA and semi-qRT-PCR assay
Total DNA and RNA from cultured cells and mouse tumors
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were prepared using TRIzol reagent (Invitrogen), and cDNA
was synthesized using oligo(dT) with the AccessQuick™ RT-
PCR System (Promega). Total RNA (100 ng) was subjected to
cDNA synthesis. The RT-PCR method was used to analyze
GFP expression levels in different samples, and -actin was
used for normalization. Semi-qRT-PCR was performed as pre-
viously described™ using 100 ng of cDNA in a 25 pL reaction
volume. The expression level of each gene was determined
by semi-qRT-PCR method. The primers for p-actin amplifica-
tion were 5-CCCAGAGCAAGAGAGGTATC-3" (forward)
and 5'-GACCAGAGGCATACAGGGAC-3’ (reverse). The
primers used for GFP amplification were 5-GAGCGCACCA-
TCTTCTTC-3" (forward) and 5-CGTCTAGATTACTTGTA-
CAGCTCGTC-3" (reverse). P-actin and GFP were amplified
using 27 and 35 cycles, respectively. The parameters for each
cycle were 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s. The
amplified fragments were separated by 1% agarose gel electro-
phoresis. Images of the semi-qRT-PCR products stained with
ethidium bromide were analyzed with Dolphin-1D software
(WEALTEC Corp, Sparks, NV, USA). The band intensity of
GFP was normalized to -actin.

Statistical analysis

Statistical analysis was performed using the SPSS statistic
software package (SPSS, Chicago, IL, USA). All results are
expressed as means+SEM, and P<0.05 was considered signifi-
cant.

Results

Silencing of gfp expression by SL3261/pGFPi in tumor cells in
vitro

To test whether shRNA-expressing pDNA can be delivered
from S typhimurium to mammalian tumor cells and induce
gene specific RNAi, BTT-T739-GFP cells were infected with
SL3261/pGFPi, SL3261/pSUPER, and SL3261/pscrGFP. As
shown in Figure 1A, different levels of green fluorescence
protein (GFP) expression were detected in tumor cells infected
with SL3261/pGFPi or SL3261/pscrGFP at 48 h after bacte-
rial infection. GFP protein levels were analyzed by FACS at
72 or 96 h post-infection. At 96 h post-infection, GFP protein
expression in the SL3261/pGFPi treated group was reduced
by 40.2% and 33.9% compared to that of SL3261/pSUPER- and
SL3261/pscrGFP-infected groups, respectively (Figure 1B).
Collectively, these results demonstrate that eukaryotic ShRNA-
expressing plasmids can be transferred to, and expressed in,
tumor cells using attenuated S typhimurium as a gene delivery
vehicle.

Preferential accumulation of attenuated S typhimurium in
tumors

To determine the localization of orally administered attenu-
ated S typhimurium in BTT-739T-GFP tumor-bearing mice, we
monitored bacterial burdens in the blood, liver, spleen and
tumor at various time points after oral infection. As shown in
Figure 2A, SL3261 (regardless of the plasmid it harbors) was
detected in the blood, liver, spleen and tumor at 36 h after
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Figure 1. SL3261/pGFPi suppressed GFP expression in BTT-T739-GFP
cells in vitro. (A) Different levels of GFP expression between SL3261/
pGFPi and SL3261/pscrGFP treated groups were directly detected
by fluorescence microscopy at 48 h following bacterial infection. The
scale bar indicates 100 ym. (B) Protein levels of GFP were analyzed by
FACS at 72 and 96 h post-bacterial infection. The overall expression of
GFP was reduced because the cultures deteriorated several days after
bacterial infection. Notably, GFP expression was significantly decreased
by SL3261/pGFPi compared with SL3261/pSUPER and SL3261/pscrGFP.
°P<0.05, °P<0.01.

bacterial administration. By the 7th d, SL3261 had selectively
accumulated within tumors, such that the tumor-to-normal
tissue ratios were greater than 1000:1, and bacteria in the
blood had been almost completely cleared. Notably, SL3261,
while retained in the tumors, was undetectable in the spleens
or livers of the mice by 21 d (Figure 2A, 2B). At 40 d after
oral administration, bacteria were still present in tumors but
were undetectable in the livers and spleens, as confirmed by
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Figure 2. Preferential accumulation of S typhimurium in mouse bladder
tumors. Tumor-bearing mice received the three different Salmonella
treatments once tumors reached a predetermined size. (A) The amount
of SL3261 in the tumors, livers and spleens was determined at 36 h, 7 d
and 21 d post-infection. Data are shown as means+SEM. n=5. (B) Liver,
spleen or tumor tissue (0.3 g each) was harvested from tumor-bearing
mice on d 21 post-infection and homogenized and resuspended in 50 uL
PBS. The suspension was spread on LB agar plates containing ampicillin.

PCR using primer pairs specific to a region of S typhimurium
genomic DNA (data not shown). Previous studies from our
lab also investigated bacteria distribution in mouse lung, heart,
brain and kidney. Bacterial was undetectable in the brain at
36 h after oral administration, and by 72 h the Salmonella were
eliminated from all other organs (unpublished). Collectively,
these results show that S typhimurium, when orally adminis-
tered to mice bearing established tumors, preferentially accu-
mulates in tumors and is retained for as long as 40 d.

Downregulation of gfp expression in mouse tumors treated with
SL3261/pGFPi

We have shown that attenuated S typhimurium transferred
shRNA-expressing plasmids to tumors and that shRNA was
successfully expressed. Attenuated S typhimurium preferen-
tially accumulated, and was retained in large amounts, within
the tumors. Thus, we next examined gfp mRNA and protein
levels in mice to determine whether attenuated Salmonella
could deliver shRNA-expressing pDNA and induce RNAi in
tumor cells in vivo. Compared to the SL.3261/pscrGFP treated
group, we observed considerably reduced gfpy mRNA and pro-
tein expression in the tumors of SL3261/pGFPi treated mice
at 5 d after bacteria administration. Gene silencing specificity
was confirmed by the lack of change in -actin expression.
Representative results from this experiment are shown in Fig-
ure 3A, 3B. We next examined the presence of attenuated S
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Figure 3. SL3261/pGFPi suppressed GFP expression in BTT-T739-
GFP cells in vivo. Tumor cell suspensions were collected at 3 d and 5 d
after bacterial treatment. GFP mRNA and protein levels were analyzed
by semi-qRT-PCR (A) and FACS (B). Oral administration of SL3261/
pGFPi significantly decreased GFP expression in tumor cells compared
with SL3261/pscrGFP. (C) Dissociated tumor cells were treated with
kanamycin to kill extracellular Salmonella, and the total DNA and RNA
from tumor cells were extracted. Plasmid containing Salmonella was
confirmed in tumor cells by PCR using Salmonella specific primers (a)
and pSUPER specific primers (b). Tumor cell suspensions were dispersed
onto ampicillin containing plates to confirm the presence of the different
plasmids in the bacteria using colony PCR with pSUPER specific primers (c).
°P<0.01.

typhimurium and shRNA-expressing pDNA in tumor tissues.
For this, tumors were dissected, and dissociated tumor cells
were incubated with medium containing kanamycin to elimi-
nate extracellular bacteria before extracting total DNA and
performing PCR to detect SL3261 and pSUPER. As shown
in Figure 3C (a, b), attenuated S typhimurium was localized
in tumors, and shRNA-expressing pDNA was transferred
into tumor cells 5 d after bacterial treatment. Previous stud-
ies have shown that plasmid instability may result in its loss
from Salmonella in vivo. Therefore, we streaked the tumor
cell suspension on LB agar plates and performed colony PCR
using pSUPER specific primers. As shown in Figure 3C (c), S
typhimurium in the tumor cells retained the shRNA-expressing
plasmids. These results indicate that shRNA-expressing plas-
mids delivered by oral administration of attenuated S typh-
imurium can efficiently induce gene specific silencing in tumor
cells.
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Inhibition of tumor growth by S typhimurium oral administration
Despite its accumulation in diverse tumor subtypes, Salmo-
nella has been show to exhibit minimal, if any, impact on
tumor growth!™. We next investigated whether SL3261 has
therapeutic effects on bladder tumor progression in mice and
whether the shRNA-expressing plasmids would interfere with
its antitumor activity. Tumor volumes and survival time were
examined in tumor-bearing mice treated with SL3261, SL3261/
pGEFPi, or SL3261/pscrGFP. SL3261 treatment significantly
inhibited tumor growth compared to saline controls (Figure
4). SL3261/pGFPi and SL3261/pscrGFP exhibited antitumor
effects similar to SL3261. This suggests that SL3261 can be
used as both a shRNA-expressing pDNA delivery vehicle and
an antitumor agent. The average tumor volume in the SL3261,
SL3261/pGFPi, and SL3261/pscrGFP treated groups was
significantly smaller than that in the saline control (P<0.001)
at d 30 and 35 post-tumor inoculation. We also recorded the
survival rate of SL3261/pGFPi and SL3261/pscrGFP treated
groups versus the saline treated group at different time points.
SL3261/pGFPi and SL3261/pscrGFP treatment increased the
life span by 35.7% (P<0.001) compared to saline treatment,
as determined by EDs, (day at which 50% of the mice were
dead). Gross adverse effects, such as loss of body weight,
were observed during the experimental periods (data not
shown). Different antitumor activities were not observed
between SL3261, SL3261/pGFPi, and SL3261/pscrGFP treat-
ments because the shRNA-expressing pDNA targets GFP
rather than endogenous genes critical for tumor development.
Collectively, these results suggest that oral administration of a
shRNA-expressing plasmid containing S typhimurium can sig-
nificantly suppress tumor growth and prolong the life span of
tumor-bearing mice.

Discussion

We examined the potential of attenuated S typhimurium to be
used as a gene transfer vehicle to mediate vector-based RNA
interference in a mouse tumor model. We demonstrated that
orally administered S typhimurium preferentially accumulated
within tumors and mediated the trans-kingdom gene transfer
of shRNA-expressing plasmids from bacteria to mammalian
cells. The RNAIi that was observed was presumably due to
shRNAs produced from the plasmids.

In the past decade, there has been an increased interest in
RNA interference, which is an evolutionarily ancient method
of genome defense in many organisms. RNA interference is
a widespread natural phenomenon that has the power to pro-
duce gene-specific inhibition. The sequence-mediated speci-
ficity and potency of RNAi make it a promising therapeutic
strategy to treat diseases caused by aberrant gene expression.
However, both siRNA and shRNA-expressing pDNA are
negatively charged hydrophilic molecules that do not easily
cross the cell membrane. Effective delivery of these molecules
is perhaps the greatest challenge that needs to be overcome
for RNAI to be translated to the clinic. Preclinical data have
revealed multiple ways to deliver RNAi, including the injec-
tion of naked siRNAs into target organs, such as the lung
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Figure 4. Antitumor effect of SL3261, SL3261/pGFPi, and SL3261/
pscrGFP in the tumor-bearing mice. (A) Tumor growth curves of different
treatment groups. On the 15th d after tumor inoculation, SL3261
(#), SL3261/pGFPi (m), SL3261/pscrGFP (A), or PBS (e) was orally
administered. Tumor diameters were measured at a regular interval for
more than 30 d, and the tumor volume was calculated. Results represent
the mean+SEM (n=5-6). (B) Comparison of tumor volumes on d 30 and
35. Compared to PBS, SL3261 alone, or SL3261 carrying either plasmid,
exhibited an anti-tumor effect (P<0.01). (C) Kaplan-Meier survival curves
of tumor-bearing mice receiving the various treatments described in (A).
SL3261/pGPFi or SL3261/pscrGFP treatment increased the life span
by 35.7% (P<0.01) compared to saline treatment, as evidenced by EDs,.
°P<0.01.

and eye, or the systemic delivery of siRNA in nanoparticles
that are complexed to polycations, cholesterol groups or cell-
surface receptors (reviewed by Daniela CASTANOTTO and
John ROSSI®). These methods are not suitable for delivering
shRNA-expressing pPDNA due to their size. The genes encod-
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ing the hairpin structures are most commonly inserted into the
backbones of viral vectors under the control of Pol II or Pol III
promoters. Although some viruses are non-pathogenic, they
are still potentially immunogenic and can cause insertional
mutagenesis or trigger aberrant gene expression. A potential
advantage of vector delivery is that a single treatment triggers
long-term expression of the therapeutic RNAi. This is par-
ticularly appropriate for chronic viral diseases and makes it
appealing to find a safer, yet efficient, way to deliver shRNA-
expressing vectors to target cells.

The finding that genes of putative prokaryotic origins exist
within the human genome strengthened the hypothesis that
transfer of genomic information occurred during evolution.
This suggested that bacteria could potentially be used to
deliver DNA products into mammalian or human cells. The
tumor may also provide an immunosuppressive environment
that inhibits clearance of the bacteria. In addition to accu-
mulating within tumors, attenuated Salmonella also exerts an
inherent anti-tumor efficacy™ ! The Salmonella-induced anti-
tumor effect may be due to competition for nutrients between
cancer cells and the bacteria and/or secretion of bacterial
enzymes, such as proteases and other hydrolases. Addition-
ally, apoptosis via the type III secretion system, as seen with
macrophages in vitro, may also explain the anti-tumor efficacy
caused by Salmonella®™!. However, the precise mechanisms
underlying the anti-tumor effects have not been fully eluci-
dated.

Attenuated bacterial strains, such as S typhimurium[%'zg],
Clostridium™!, and Bifidobacterium®™, preferentially accumu-
late in tumors because the hypoxic and necrotic areas in solid
tumors are conducive to the proliferation of anaerobic bacte-
ria. We previously used an attenuated S typhimurium SL3261
as a delivery vehicle to carry eukaryotic expression vectors
encoding cytokines™ or pro-drug converting enzymes!"* as
anticancer agents. We have confirmed these findings and
extended them to the use of S typhimurium as a tumor-targeted
anticancer agent. Our results showed that S typhimurium
delivered shRNA-expressing pDNA into tumor cells via sys-
temic administration, and this resulted in effective induction
of RNAi. Because S typhimurium preferentially colonized in
tumors and survived for approximately 40 d after inocula-
tion, a more sustained release of shRNA-expressing pDNA in
tumor cells could potentially be achieved via S typhimurium-
mediated gene transfer. Furthermore, S typhimurium has been
genetically engineered to improve its ability to target tumors
and to reduce toxicity™. Because bacteria have served as a
well-validated system in molecular biology and biotechnol-
ogy and Salmonella grow well in an oxygen-rich environment,
versatile RNAi vectors for therapeutic applications can be
easily constructed, stored, and amplified in S typhimurium.
Compared with synthetic siRNA, S typhimurium-mediated
vector-based RNAi may result in a higher targeting specificity,
a more sustained RNAIi effect, and a more economical treat-
ment method. Despite the fact that our shRNA was designed
to target GFP, rather than an endogenous tumor-related gene,
orally administered SL3261 carrying a pGFPi or pscrGFP plas-

mid showed antitumor effects. This indicates that synergistic
antitumor effects may be achieved using S typhimurium to
deliver shRNA-expressing pDNA targeting genes critical for
tumor development. It has been 30 years since trans-kingdom
gene transfer was first observed by Walter SCHAFFNERF",
and extensive studies have examined the potential use of bac-
teria as a gene delivery method in tumor cells. However, little
is known at the cellular level about the precise events involved
in gene transfer between bacteria and target cells. Based on
previous studies on the trans-kingdom gene transfer process
(reviewed by Siegfried WEISSF>*], Christoph SCHOENP" and
John PAWELEKP), it is known that S typhimurium containing
shRNA-expressing vectors invade host cells, that the bacte-
rial carriers are then lysed within the phagolysosomes, and
that this results in the intraphagosomal release that transfers
plasmid DNA into the cytosol. By a mechanism that is not
fully understood™, these plasmids cross the vesicular mem-
brane and reach the nucleus of the host cell where they are
expressed. This process can occur with very high frequency.

In addition to intracellular bacteria, other researchers
reported that Escherichia coli encoding siRNA can induce gene
silencing in human colon cancer xenografts in micet”!. The
plasmid used to make the siRNA was engineered to express
the invasion gene [nv and the listeriolysin O gene HIyA, which
are two bacterial factors that are essential for the transfer of
siRNAs into mammalian cells. We had little problem with
crosstalk between bacteria and mammalian cells because intra-
cellular S typhimurium bacteria can circumvent host defense
mechanisms. S typhimurium induce their own phagocytic
uptake and avoid phagocyte-mediated death following inter-
nalization™. The pDNA is released and can enter the nucleus
following intracellular breakdown of bacterial carriers.

In conclusion, we demonstrated the potential of using S
typhimurium to mediate the gene transfer of a shRNA-express-
ing vector for RNAi-based cancer therapy. The benefits of this
system include tumor targeting and repression by S typhimu-
rium and the therapeutic potential of RNA interference. Thus,
S typhimurium that carry shRNA-expressing vectors that pro-
duce siRNA against genes critical in tumor development may
be a promising approach for cancer treatment.
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MicroRNA-221 inhibits CDKN1C/p57 expression in
human colorectal carcinoma

Kai SUN™, Wei WANG, Jun-jie ZENG, Cheng-tang WU, Shang-tong LEI, Guo-xin LI

Department of General Surgery, Nanfang Hospital of Southern Medical University, Guangzhou 510515, China

Aim: To investigate the regulatory effect of microRNA-221 (miR-221) on CDKN1C/p57 expression in colorectal carcinoma (CRC).
Methods: Thirty four CRC and adjacent non-tumorous tissue samples were collected individually. Total RNA and protein were iso-
latedand from these samples and four human CRC-derived cell lines (including HT-29, Lovo, SW-480 and Caco2). MiR-221 expres-
sion was examined using real-time RT-PCR. CRC cells were treated with or without anti-p57-siRNA prior to the addition of pre-
miR-221 or anti-miR-221. The mRNA and protein levels of CDKN1C/p57 were examined using semi-quantitative RT-PCR and
Western blot, respectively. CRC cell proliferation and apoptosis were assessed using MTT assay and flow cytometry, respectively.
The CDKN1C/p57 3-UTR fragment was amplified using PCR from the genomic DNA of human colon cells and inserted into a luciferase
reporter construct. The reporter construct was then transfected into CRC cells together with pre-miR-221 or anti-miR-221, and the

luciferase activity in the transfected cells was examined.

Results: MiR-221 expression was significantly up-regulated in 90% of CRC samples compared to that in the adjacent non-tumorous
tissue, and the expression level was positively correlated to an advanced TNM stage and local invasion. There was no significant dif-
ference in CDKN1C/p57 mRNA expression between CRC and corresponding non-tumorous tissues, whereas CDKN1C/p57 pro-
tein expression was markedly decreased in the CRC samples. A significant inverse correlation between miR-221 and CDKN1C/p57
expression was found in CRC cells. Moreover, a miR-221-specific inhibitor significantly increased CDKN1C/p57 protein expression in
CRC cells. Anti-miR-221 markedly inhibited CRC cell proliferation and induced apoptosis. This inhibitory effect was abolished
by pretreatment with anti-p57-siRNA, suggesting that the inhibition was mediated by COKN1C/p57. A significant increase of the
luciferase activity was observed in CRC cells co-transfected with the luciferase reporter construct and anti-miR-221.

Conclusion: MiR-221 binds to the target site in the 3-UTR of the CDKN1C/p57 mRNA to inhibit CDKN1C/p57 expression by post-
transcriptional gene silencing to promote CRC occurrence and progress, therefore serving as a potential therapeutic target for the

prevention and treatment of CRC.
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Introduction

Colorectal carcinoma (CRC) is one of the most frequently
occurring cancers and a common cause of cancer-related
death worldwide, with an increasing incidence expected in
the next decades'™. The overall incidence of CRC is 5% in the
general population, and the 5-year survival rate ranges from
40% to 60%”. So far, prognosis largely relies on descriptive
staging systems based on tumor morphology and histopa-
thology®. However, morphologically similar tumors may
differ in their underlying molecular changes and tumorigenic
potential. CRC development from normal epithelial cells to
malignant carcinomas is a multi-step process. It involves the
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Received 2010-08-27 Accepted 2010-11-08

accumulation of both genetic and epigenetic changes, leading
to a temporal activation of oncogenes and an inactivation of
tumor suppressor genes that confer a selective advantage to
cells harboring these alterations'*l. CRC screening allows early
diagnosis of the malignancy and reduces mortality. With the
advent of new chemotherapeutic agents, such as angiogenesis
inhibitors and TGF-a inhibitors, there is growing interest in
identifying new prognostic biomarkers and therapeutic targets
for this diseasel”.

MicroRNAs (miRNAs) are a class of small noncoding RNAs
that regulate target gene expression by translational repres-
sion and mRNA Cleavage/decay[f’]. Genome-wide studies
have demonstrated that miRNA genes are frequently located
at cancer-associated genomic regions, within minimal regions
of loss of heterozygosity or of amplifications, and at common
breakpoint regions, indicating the potential roles of miRNAs
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in tumorigenesis”. MiRNAs have been demonstrated to play
an important role in the multi-step process of carcinogenesis,
functioning as either oncogenes or tumor suppressors. The
role of miRNAs has been studied in many types of tumors,
including CRC tumors. Those studies suggest that miRNAs
may be potential diagnostic or prognostic tools for cancer and
that identifying their target mRNAs is a key step for assessing
the role of aberrantly expressed miRNAs in human cancer'®.

MiR-221, encoded in tandem from a gene cluster located
on chromosome X, is a recently discovered miRNA involved
in tumor development by regulating cell proliferation. For-
nari et al” demonstrated that miR-221 overexpression pro-
motes hepatocellular carcinoma cell proliferation, most likely
through its ability to modulate cyclin dependent kinase inhibi-
tors (CDKIs), including CDKN1C/p57 and CDKN1B/p27.
However, miR-221 expression and its targets in CRC have not
been reported. CDKN1C/p57, an important regulator of cell-
cycle progression, belongs to the kinase inhibitor protein (CIP/
KIP) family, which has become a research focus in recent years
because it can negatively regulate cell cycle progression by
arresting cell proliferation in the G,/G;, phase™. CDKN1C/
p57 down-regulation in CRC has been shown to correlate
with high biological aggressiveness, advanced stage, poor dif-
ferentiation, large tumor size, and high proliferative activity.
Furthermore, low CDKN1C/p57 expression is associated with
poor prognosis and low disease-free survival after surgery,
suggesting that CDKN1C/p57 down-regulation might contrib-
ute to CRC progression by regulating cell growth!"!l. Under
both physiological and pathological conditions, CDKN1C/p57
is mostly regulated at a post-transcriptional level™. There-
fore, we inferred that miR-221 is up-regulated in CRC and pro-
motes carcinogenesis by inhibiting CDKN1C/p57 expression.
To test this hypothesis, we investigated the regulatory effect
of miR-221 on CDKN1C/p57 expression in CRC and provided
new insight into the pathogenesis, diagnosis, and treatment of
CRC.

Materials and methods

Patients

In total, 34 samples of CRC and matched non-tumorous tis-
sue were harvested from patients who underwent operations
in our hospital from September 2008 to May 2009 with diag-
nosis confirmed by postoperative pathological examination.
Patients’” characteristics regarding gender, age, tumor site,
TNM stage, local invasion, vessel invasion, differentiation and
sera carcinoembryonic antigen (CEA) were obtained from sur-
gical and pathological records. The mean age was 52.5 years
(ranging from 32 to 74 years). Local invasion was classified
as tumor invading the submucosa (T1), the muscularis pro-
pria (T2), through the muscularis propria into the subserosa
or nonperitonealized pericolic or perirectal tissues (T3), and
through the muscularis propria into other organs or structures
and/or perforated visceral peritoneum (T4). Differentiation
was graded as better (including well and moderately differ-
entiated tumors) and worse (including poorly differentiated,
mucinous and signet-ring cell carcinoma). Non-tumorous
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tissue was harvested from the intestinal mucosa 5 cm from
the tumor site, whereas normal controls were the intestinal
mucosa over 10 cm from the tumor site. No patients received
radiotherapy or chemotherapy before the operation. The
samples were snap frozen in liquid nitrogen after collection
and stored at -80 °C. All participants of this study signed an
informed consent approved by the Institutional Review Board.

MiRNA target prediction

The analysis of predicted miR-221 targets was performed
using the algorithms TargetScan (http://targetscan.org/),
PicTar (http://pictar.mdc-berlin.de/), and miRanda (http://
www.microrna.org/microrna/home.do) website tools.

Cell culture and transfection

Human CRC-derived cell lines, including HT-29, Lovo,
SW-480 and Caco2, and control human umbilical vein endothe-
lial cells (HUVEC), provided by Shanghai Institutes for
Biological Science, were resuscitated and resuspended with
RPMI-1640 supplemented with 10% (v/v) fetal bovine serum
(FBS, provided by Hyclone, USA), 100 U/mL penicillin
G and 100 mg/mL streptomycin. The cells were then plated
in 25 cm? culture bottles and incubated in a 5% CO, humidi-
fied atmosphere at 37 °C. The media were changed every 3 d,
and the cells were trypsinized using trypsin-edetic acid when
they reached 80% to 90% confluence. Cells aged at passages 4
to 8 were used for experiments. The day before transfection,
cells were seeded in antibiotic-free medium at a density of
1x10* cells/well in 96-well plates, incubated for 24 h, and then
transfected with 80 nmol/L anti-p57 SMARTpool siRNAs or
the control siRNA (Dharmacon) using Oligofectamine (Invit-
rogen, Carlsbad, CA, USA). Secondary transfection was
performed 24 h after the first transfection, using 50 nmol/L
negative control, anti-miR-221 negative control, pre-miR-221
or anti-miR-221, respectively (Shanghai GenePharma Co Ltd).
MiRNA transfection was performed using Lipofectamine 2000
according to the manufacturer's instructions (Invitrogen). The
experiment was repeated at least three times.

Detection of miR-221 expression by real-time RT-PCR

Total RNA was extracted using Trizol (Invitrogen, Carls-
bad, CA, USA). The precipitation was dissolved in DEPC-
treated water. A nucleic acid protein analyzer (Beckman
Coulter, USA) was used to determine the RNA concentra-
tion. The purity and integrity of RNA were evaluated in
formaldehyde denaturing gel electrophoresis based on two
criteria: Ajgp nm/ Asgo nn>1.8 and a band ratio of 28S RNA to
185 RNA>1.5. Mature miR-221 was accurately quantified
using the TagMan MicroRNA Assay (hsa-miR-221, N/P:
4373077; Applied Biosystems, Foster City, CA, USA). Briefly,
the reverse transcription reaction was performed with 10 ng
of total RNA using the looped primers. Real-time PCR was
performed on an iCycler iQ Real-Time PCR Detection Sys-
tem (Bio-Rad) according to the standard TagMan MicroRNA
Assay protocol. The 20-pL PCR reaction included 1.33 pL
of reverse transcription product, 1xTagMan Universal PCR
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Master Mix, No AmpErase UNG (P/N 4324018; Applied Bio-
systems), 0.2 pmol/L TagMan probe, 1.5 pmol/L forward
primer, and 0.7 pmol/L reverse primer. The reactions were
incubated in a 96-well plate at 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s and 60 °Cfor 1 min. MiR-221 expres-
sion was measured using Ct (threshold cycle). The Ct is the
fractional cycle number at which the fluorescence of each
sample passes a fixed threshold. The AACt method for relative
quantification of gene expression was used to determine miR-
221 expression. The ACt was calculated by subtracting the Ct
of RNU6B from that of miR-221. The AACt was calculated by
subtracting the ACt of the reference sample from that of each
tested sample. Fold change was calculated using the equation
of 2%, The TagMan MicroRNA Assay for U6 RNA (RNU6B,
P/N: 4373381; Applied Biosystems) was used to normalize the
relative abundance of miR-221. The experiment was repeated
at least three times.

Detection of CDKN1C/p57 mRNA expression by semi-quanti-
tative RT-PCR

Briefly, 3 pg of total RNA was used as the template for RT-
PCR analysis according to the instructions of the RNA PCR
Kit Ver 3.0 of TaKaRa Company. The PCR parameters were
as follows: 94 °C for 2 min; 30 cycles of 94 °C for 30 s, 55 °C for
30 s, and 72 °C for 1 min; and 72 °C for 10 min. Of the PCR
products, 10 pL was loaded on a 1.5% agarose gel stained
with ethidium bromide (0.5 g/L). The signal was quantitated
by densitometry using the Image Master VDS system and
the associated software (Pharmacia, USA) as follows: rela-
tive mRNA content=integral absorbance value of the target
gene band/integral absorbance value of the internal reference
GAPDH. The experiment was repeated at least three times!.

Detection of CDKN1C/p57 protein expression by Western blot
The tissues and cells were rinsed twice with cold PBS buffer
and lysed in an ice-cold lysis buffer containing 150 mmol/L
NaCl, 50 mmol/L Tris-HCI (pH 7.6), 0.1% SDS, 1% Nonidet
P-40, and a protease inhibitor cocktail (Boehringer Mannheim,
Lewes, UK). The samples were cleared by centrifugation at
13 000xg for 10 min; 50 pg of protein from the tissue samples
was subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and electrotransferred to
polyvinylidene fluoride (PVDF) membranes (Immobilon, Bed-
ford, MA). After being blocked in 20 mmol/L Tris-HCI, pH
7.6 (containing 150 mmol/L NaCl, 0.1% Tween-20, and 5%
non-fat dry milk), the membranes were incubated with pri-
mary antibodies against CDKN1C/p57 or B-actin (used as a
loading control) overnight at 4°C and then incubated with
a horseradish peroxidase-conjugated secondary antibody.
The blot was developed using an ECL detection kit (Amer-
sham Pharmacia Biotech), according to the manufacturer’s
instructions, and the protein imprinting band was obtained.
The experiment was repeated at least three times.

Cell proliferation analysis of transfected cells by the MTT assay
Cell proliferation was determined by the 3-(4,5-dimethylthi-

azol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT provided
by Amresco, USA) assay. Briefly, exponentially growing
CRC cells were adjusted to 1.5x10* cells/mL with RPMI-
1640, plated in 96-well plates (Corning, USA) at 200 pL/well
and then incubated for 12 h. After being transfected with 50
nmol/L miR-221 or anti-miR-221 and incubated for 48 h (five
duplicate wells for each sample), 20 uL/well MTT (5 g/L) was
added to each well. The medium was then removed after a
4-h incubation, and 100 pL/well dimethyl sulfoxide (DMSO)
was added to dissolve the reduced formazan product. Sub-
sequently, the plate was read in an enzyme-linked immunity
implement (BIO-RAD2550, USA) at 490 nm. Cellular prolif-
eration inhibition rate (CPIR) was calculated according to the
following formula: CPIR=(1-average A value of the experi-
mental group/average A value of the control group)x100%.
The experiment was repeated at least three times.

Cell-cycle and apoptosis analyses of transfected cells by flow
cytometry

The effects of miR-221 on cell cycle and apoptosis in CRC
cells were examined by flow cytometry. In brief, pretreated
CRC cells were harvested and washed twice with PBS buf-
fer, fixed with 70% ethanol at -20 °C for 30 min and stored at
4°C overnight. The cells were then washed with PBS again,
treated with 100 mL of 100 mg/L RNase at 37 °C for 30 min
and stained with Annexin V-FITC and PI at 4 °C for 30 min in
darkness. Cell cycle and apoptotic rate were measured using
an EPICS XL Flow Cytometer (Coulter, USA) at 488 nm, and
the data were analyzed using the CELL Quest Software. The
percentages of G,/G, phase, S phase and the apoptotic rate
were measured by calculating the ratio of the number of corre-
sponding cells and that of total cells. For each sample, 10 000
cells were measured. The experiment was repeated at least
three times.

Luciferase activity assay

The human 3’-untranslated region (3’-UTR) of the CDKN1C/
p57 gene was amplified by PCR and cloned into the Xbal site
of the pGL3-Control vector (Promega, Madison, WI, USA),
downstream of the luciferase gene, to generate the vector
pGL3-p57. For the luciferase assay, the CRC cells were cul-
tured in 24-well plates and were transfected with 500 ng of
either pGL3-p57 or the pGL3 control vector and 50 pmol of
miR-221, anti-miR-221 or negative controls. Transfection was
performed using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. At 24 h after transfection,
the firefly luciferase activity was measured using the Dual-
Luciferase Reporter Assay (Promega). The experiment was
repeated at least three times.

Statistical analysis

The relative expression of target genes was analyzed using
REST-XL (Relative Expression Software Tool, available at
http:/ /www.gene-quantification.de/rest.html). All data were
presented as the averagetstandard deviation (Mean+SD).
Comparisons between groups were performed by one-way
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ANOVA and Student-Newman-Keuls g test using SPSS 13.0
(SPSS Inc, Chicago, IL, USA). P values less than 0.05 were
considered statistically significant.

Results

CDKN1C/p57 mRNA expression is down-regulated in some CRC
samples

To investigate the regulatory effect of miR-221 on CDKN1C/
p57 protein expression in CRC, we examined CDKN1C/
p57 mRNA expression in 34 CRC samples by semi-quanti-
tative RT-PCR. The data showed that in four CRC samples,
CDKN1C/p57 mRNA expression significantly decreased
compared with the adjacent non-tumorous tissue (Figure 1A).
These cases were excluded from the following experiments,
whereas the remaining thirty samples (whose CDKN1C/p57
mRNA expression showed no significant difference between
CRC and the adjacent non-tumorous tissue) were used for the
following study (selective cases were shown in Figure 1B).

A M IN 1T 2N 2T 3N 3T 4N 4T

s22bn CDKN1C/p57
p

500 bp ~ (500 bp)

450 bp
400 bp

“~ GAPDH (452 bp)

B
550 b
0 bp CDKN1C/p57
p ~ (500 bp)
450 bp — GAPDH (452 bp)
400 bp

Figure 1. Semi-quantitative RT-PCR analysis showing CDKN1C/p57
mMRNA expression in several CRCs and adjacent non-tumorous tissues.
A reduction of CDKN1C/p57 mRNA levels can be observed in four
CRC samples compared with adjacent non-tumorous tissues (A). The
remaining thirty samples showed no significant difference of COKN1C/
p57 mRNA expression in CRC and adjacent non-tumorous tissues (selective
cases were reported in (B). Equal loading was confirmed by using GAPDH
as a loading control. M: Marker; N, T represented the patients’ non-
tumorous tissues (N) and CRCs (T), respectively.

MiR-221 is aberrantly overexpressed in CRC tissues and CRC-
derived cell lines

To study the expression pattern of miR-221 in CRC, we used
real-time RT-PCR to examine miR-221 expression in thirty
CRC samples and the adjacent non-tumorous tissue, as well as
in four CRC-derived cell lines. The data showed that the miR-
221 cDNA level exponentially increased and reached the pla-
teau phase. Its amplification curve displayed a typical reverse
S pattern (Figure 2A), indicating high amplification efficiency.
The miR-221 PCR product was 73 bp in length, and the cor-
responding Tm was 84.26+0.56 °C. The melting temperature
was even, and the shape of the peak was sharp (Figure 2B). Of
the 30 cases, 27 (90%) showed significantly up-regulated miR-
221 expression in CRC compared with that in the non-tumor-
ous tissue (2.041£1.401 vs 0.706+0.341, P<0.01). As shown
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Figure 2. Real-time RT-PCR analysis detecting miR-221 expression in
CRCs and adjacent non-tumorous tissues. (A) miR-221 cDNA concen-
trations’ Log value as ordinate, Ct value as abscissa. (B) Tm of miR-221
was 84.26 °C.

in Table 1, miR-221 expression was related to TNM stage
(P=0.032) and local invasion (P=0.021). MiR-221 expression
was higher in tumors at a more advanced TNM stage and with
deeper invasions. The expression levels of miR-221 in HT-29,
Lovo, SW-480, and Caco2 were 4.094+0.208, 1.122+0.138,
3.927+0.232, and 1.831+0.149, respectively. Significant miR-221
overexpression was observed in all four CRC cell lines com-
pared to the miR-221 level in HUVEC (0.223+0.047, P<0.01).
The Caco2 cell line was chosen for both miR-221 and anti-
miR-221 transfection in the subsequent experiment because
of its intermediate miR-221 expression level among the four
tested cell lines.

CDKN1C/p57 is a target of miR-221 in CRC

To confirm the regulatory effect of miR-221 on CDKN1C/
p57 in CRC, we selected a group of samples with similar
CDKN1C/p57 mRNA expressions between CRC and the
matched non-tumorous tissue to avoid the 20%-25% of CRC
cases in which CDKN1C/p57 is affected by aberrant methyla-
tion at chromosome 11p15.5. Among the 34 initial samples of
CRC and matched non-tumorous tissue, 30 cases were selected
because they displayed similar CDKN1C/p57 mRNA levels.



Table 1. Relationship between miR-221 expression and clinicopathological
features in CRC patients.

Variable NO miR-221 (Mean+SD) P value
Gender 0.096
Male 16 2.154+1.620
Female 14 1.800+0.714
Age 0.605
<50 11 1.898+0.976
>50 19 2.145+1.457
Site 0.586
Colon 12 1.935+0.577
Rectum 18 2.037+1.033
TNM stage 0.032
1+l 11 1.185+0.392
H+1V 19 2.658+1.437
Local invasion 0.021
T1+T2+T3 23 1.275+0.445
T4 7 2.833+£1.498
Differentiation 0.767
Better 16 2.168+1.128
Worse 14 1.974+0.824
CEA (pg/L) 0.429
<5 10 2.020+0.321
>5 20 2.213+0.647

To assess the correlation between miR-221 expression and
the CDKN1C/p57 protein level in CRC, we examined miR-
221 expression by real-time RT-PCR and analyzed CDKN1C/
p57 protein expression by Western blot in the 30 matched
samples of CRC and adjacent non-tumorous tissue, among
which 27 (90%) showed down-regulation of CDKN1C/p57
protein expression in CRC compared to that in the matched
non-tumorous tissue (3.019+£1.708 vs 0.972+0.31, P<0.01).
Interestingly, the down-regulation was not observed at the
mRNA level, indicating that the protein was down-regulated
at a post-transcriptional level (selective cases were shown in
Figure 3A). As shown in Figure 3B, when CDKN1C/p57 pro-
tein expression was plotted against miR-221 expression, an
inverse correlation was observed (r2=0.904, P<0.01). Together,
these results suggest that miR-221 may negatively regulate
CDKN1C/p57 in CRC cells.

We further examined the effect of miR-221 on CDKN1C/
p57 expression in CRC cells by ectopic expression of miR-221.
Briefly, we transfected pre-miR-221 or its inhibitor, a specific
2’-methoxy-modified RNA oligonucleotide (anti-miR-221), into
Caco? cells, and we examined CDKN1C/p57 protein expres-
sion by Western blot. Ectopic expression of miR-221 caused
a significant increase of miR-221 expression (2.915+0.442) and
a decrease of CDKN1C/p57 protein expression. Conversely,
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Figure 3. Inverse correlation between miR-221 and CDKN1C/p57 in
CRC samples. (A) CDKN1C/p57 protein levels in CRC and matched non-
tumorous tissues. A reduction of COKN1C/p57 protein levels can be
observed in several CRCs (total proteins, from the same samples utilized
for RT-PCR in Figure 1B, were analyzed by Western-blot with anti-p57
antibodies. B-actin was used as house-keeping gene to normalize
CDKN1C/p57 protein expression). Note: N, T represented the patients’
non-tumorous tissues (N) and CRCs (T), respectively. (B) Inverse
correlation between miR-221 and CDKN1C/p57 in CRC tissues. MiR-221
quantitation was obtained by real-time RT-PCR, whereas CDKN1C/p57
protein expression was evaluated by Western-blot analysis. A statistically
significant inverse correlation between miR-221 and CDKN1C/p57 protein
levels was observed (P<0.01).

anti-miR-221 induced a significant decrease of miR-221 expres-
sion (0.541+0.206) and an increase of CDKN1C/p57 protein
expression (Figure 4A). Interestingly, no significant changes
in CDKN1C/p57 mRNA expression were observed in the

A 1 2 3 4

< B-actin (45 kDa)

<—CDKN1C/p57

HH

<— GAPDH

Figure 4. MiR-221 regulates the expression of CDKN1C/p57 in CRC-
derived cells. (A) Western-blot analysis showing CDKN1C/p57 protein
expression in Caco2 cells. B-actin was used as house-keeping gene to
normalize CDKN1C/p57 protein expression. (B) Semi-quantitative RT-
PCR analysis showing COKN1C/p57 mRNA expression in Caco2 cells. The
transfected cells showed no significant difference of CDKN1C/p57 mRNA
expression. Equal loading was confirmed by using GAPDH. Note: lane 1,
negative control; lane 2, anti-miR-221 negative control; lane 3, miR-221;
lane 4, anti-miR-221. The results are representative of three independent
experiments.
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cells transfected with either miR-221 or anti-miR-221 (Figure
4B). These results strongly indicate that miR-221 regulates
CDKN1C/p57 protein expression at a post-transcriptional
level but does not cause CDKN1C/p57 mRNA degradation.

MiR-221 interacts with the 3'-UTR of the CDKN1C/p57 mRNA
Most miRNAs are thought to regulate gene expression by
base-pairing with the miR-recognizing elements (miR-RE) in
their target mRNAs. Therefore, we used all of the three cur-
rently available major prediction programs, including Tar-
getScan, Miranda and PicTar, to analyze the potential interac-
tion between miR-221 and CDKN1C/p57. The CDKN1C/p57
mRNA was predicted as a miR-221 target by at least two of the
algorithms, and a potential miR-221 target site was predicted
in its 3’-UTR region (Figure 5A). To confirm that the direct
interaction between miR-221 and the CDKN1C/p57 mRNA
was responsible for the decreased CDKN1C/p57 expression,
we cloned a 262-bp CDKN1C/p57 3’-UTR fragment, including
the potential target site for miR-221, downstream of the pGL3
luciferase reporter gene to generate the pGL3-p57 vector.
This vector was co-transfected with miR-221 or anti-miR-221
into Caco2 cells. The luciferase activity in Caco2 cells co-
transfected with the pGL3-p57 vector and miR-221 markedly
decreased compared with that in the negative control. On the
contrary, the luciferase activity in Caco2 cells transfected with
anti-miR-221 significantly increased compared with that in the
negative control (Figure 5B). These results support the bio-
informatic prediction indicating the 3’-UTR of CDKN1C/p57
mRNA as a miR-221 target.

MiR-221 increases cell proliferation and inhibits apoptosis in
CRC cells

Because CDKN1C/p57 plays a key role in cell cycle progres-
sion, particularly in cell growth arrest at the G;/S transition,
we further tested if the growth of stably transfected CRC cells
expressing miR-221was affected as a result of the demon-
strated CDKN1C/p57 reduction. First, to evaluate the effect
of miR-221 on CRC cell proliferation, we transfected Caco2
cells with miR-221 or anti-miR-221. At 48 h after transfec-

tion, cell proliferation was determined by the MTT assay.
We observed a significant increase in the proliferation rate
after the transfection of miR-221. In contrast, anti-miR-221
significantly decreased cell proliferation (Figure 6A, P<0.01).
These data indicate that increased miR-221 expression signifi-
cantly promotes cell proliferation in Caco2 cells. Second, we
investigated the cell cycle phase distribution in CRC after the
transfection of miR-221 or anti-miR-221 by flow cytometry.
The results showed a significant increase in the S-phase popu-
lation and a decrease in the G,/G; population in Caco2 cells
overexpressing miR-221 compared with the cells transfected
with the negative control. On the contrary, anti-miR-221 sig-
nificantly decreased the S-phase population and increased the
Gy/G; population (Figure 6B, P<0.01). Third, we investigated
the effect of anti-miR-221 on cell apoptosis by flow cytometry
and found that cell apoptosis dramatically increased in Caco2
cells after transfection with anti-miR-221, suggesting that anti-
miR-221 may function as a strong apoptosis inducer in human
CRC cells (Figures 6C-6D). These results strongly support the
potential oncogenic activity of miR-221 in CRC.

CRC cell proliferation suppression by anti-miR-221 is mediat-
ed by CDKN1C/p57

If the suppression of CRC cell proliferation by anti-miR-221
is indeed mediated by CDKN1C/p57, we would expect the
suppression effect to be abolished by the CDKN1C/p57-
specific irreversible antagonist anti-p57-siRNA. To test
this hypothesis, we measured the effect of miR-221 and anti-
miR-221 on cell proliferation in CRC cells previously trans-
fected with anti-p57-siRNA. The aim of this experiment was
to address if and how the CDKN1C/p57-depleted cellular
environment responds to miR-221 or anti-miR-221 overexpres-
sion. Briefly, Caco2 cells were pretreated with or without
anti-p57-siRNA (80 nmol/L) for 24 h prior to the addition
of pre-miR-221 (50 nmol/L) or anti-miR-221 (50 nmol/L).
Cell proliferation was determined by MTT assay. The data
showed that CDKN1C/p57 down-regulation by means other
than miR-221 overexpression led to an analogous outcome:
when Caco?2 cells were transfected with anti-p57-siRNA, caus-

A Target TargetScan prediction Predicted consequential pairing of Seed
gene target region (top) and miRNA (bottom) match
CDKN1C Position 86-92 of CDKN1C 5’ ... CGGCUGGGACCGUUCAUGUAGCA ... 8 mer
3-UTR hsa-miR-221 3’ CUUUGGGUCGUCUGU —— UACAUCGA

Figure 5. Direct regulation of CDKN1C/p57 mRNA by miR-

221. (A) CDKN1C/p57 3'-UTR site potentially targeted

B 140 ~ i by miR-221 as predicted by TargetScan. (B) Luciferase

120 L activity assay showing direct interaction between miR-221

> and CDKN1C/p57 3'-UTR site. Firefly luciferase reporter
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Figure 6. Effects of miR-221 and anti-miR-221 on cell proliferation and apoptosis in CRC cells. (A) The status of cell proliferation was determined by
MTT assay. CPIR on the presence of miR-221 or anti-miR-221 was compared with those of the controls. n=6. Mean+SD. °P<0.01 vs control group.
(B) Effects of miR-221 and anti-miR-221 on cell-cycle in Caco2 cells. The percentages of Go/G; phase, S phase and apoptotic rate were measured
by computing the ratio of the number of corresponding cells and that of total cells. n=3. Mean+SD. °P<0.01 vs control group. (C, D) Cell apoptosis
analysis of transfected cells by flow cytometer. Note: C, NC group; D, anti-miR-221 group. The right-down quadrant (FITC*/PI') was shown as apoptotic

cells.

ing about 70% down-regulation of CDKN1C/p57 at both the
mRNA and the protein levels (Figure 7A-7B), we observed a
marked increase in cell proliferation compared with the nega-
tive control (Figure 7C). Thus, reducing CDKN1C/p57 pro-
tein expression in CRC cells, by either miR-221 overexpression
or anti-p57-siRNA transfection, promoted cell proliferation at
a comparable level.

When miR-221 was transfected into Caco2 cells previously
treated with anti-p57-siRNA, we observed that, at 48 h after
miR-221 transfection, anti-p57-siRNA and miR-221 seemed to
cooperate to increase the growth rate (Figure 7C). Conversely,
when anti-miR-221 was transfected into Caco2 cells previously
treated with anti-p57-siRNA, we observed that, at 48 h after
anti-miR-221 transfection, the suppression of cell prolifera-
tion by anti-miR-221 was largely abrogated by anti-p57-
siRNA (Figure 7C). These results indicate that the inhibi-
tory effect of anti-miR-221 on CRC cell growth is largely,
but not completely, mediated by CDKN1C/p57, suggesting
that anti-miR-221 may also activate CDKN1C/p57-inde-
pendent signaling pathways to inhibit CRC cell growth.

Discussion
In this study, we identified CDKN1C/p57 as a direct target
of miR-221 in CRC. The data have shown that in CRC, miR-

221 is up-regulated and CDKN1C/p57 protein expression is
down-regulated. A significant inverse correlation between
miR-221 and CDKN1C/p57 was observed in CRC. CDKN1C/
p57 modulation by miR-221 was demonstrated by in vitro
transfection experiments in CRC-derived cell lines and by
confirming the direct interaction between miR-221 and the
CDKN1C/ p57 3’-UTR target site using the luciferase assay.
MiR-221 is a newly discovered miRNA that is up-regulated
in multiple malignancies such as hepatocellular carcinoma,
bladder cancer, and pancreatic cancer™ .. Tt promotes tumor
cells entering the S phase from the G,/G, phase by inhibit-
ing CDKI expression!” ™. Therefore, miR-221 is an attrac-
tive candidate for selective treatment using miR-221-specific
inhibitors. A few published reports have begun to reveal the
mechanisms that may link miR-221 up-regulation to cancer;
however, the exact underlying molecular mechanisms remain
unclear. CDKN1C/p57 is a negative regulatory factor of cell
cycle dependent kinases that belong to the CIP/KIP family.
It was first cloned using a two-hybrid system by Matsuoka
et al™in 1995 and was located within the region of about 22
kb in length between D115648 and D115679 on chromosome
11p15.5. The a2 helix domain at the amino terminus of its
product, the p57kipz protein, can form homodimers, which
in turn interact with the cyclin2-CDK4 complex and inhibit
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Figure 7. Ectopic expression of miR-221 affects the growth of CRC cells
by targeting CDKN1C/p57. Caco2 cells were pretreated with or without
anti-p57-siRNA (80 nmol/L) for 24 h prior to the addition of pre-miR-221
(50 nmol/L) or anti-miR-221 (50 nmol/L). Semi-quantitative RT-PCR
and Western-blot analysis showing that both CDKN1C/p57 mRNA (A)
and protein (B) reduced markedly after transfection with anti-p57-siRNA.
Equal loading was confirmed by using GAPDH or B-actin. Note: lane 1,
negative control; lane 2, Caco2 cells transfected with control siRNA; lane
3, Caco2 cells transfected with anti-p57-siRNA. (C) The status of cell
proliferation was determined by MTT assay. The suppression of Caco2 cell
proliferation by anti-miR-221 was largely, but not completely, abrogated by
anti-p57-siRNA (CPIR from 61.4% to 41.2%). n=3. MeantSD. °P<0.01 vs
negative control group. P<0.01 vs sole anti-miR-221 group.

the complex function to prevent cell cycle progression from
the G,/G; phase to the S phase. Indeed, reduced or absent
CDKN1C/p57 expression has been shown in many types of
human cancers to correlate with tumor aggressiveness, poor
prognosis and high recurrence rate. Soejima et al® have
demonstrated that the loss of imprinting (LOI) of the methy-
lation of the maternal allele at the KvDMRI1 locus occurs in
about 20% to 25% of malignant cells and that the KvDMR1
locus is also at chromosome 11p15.5, which is the locus of the
CDKN1C/p57 gene that causes CDKN1C/p57 down-regula-
tion. In the present study, we found that CDKN1C/p57 pro-
tein expression is down-regulated in about 90% of unscreened
CRC samples in our preliminary experiment, suggesting that
CDKN1C/p57 down-regulation might have additional out-
comes other than aberrant methylation. Moreover, the regu-
lation of CDKN1C/p57 expression and function essentially
occurs at the post-transcriptional level®!. With the applica-
tion of bioinformatic predictions using TargetScan, PicTar
and miRanda, we found that miR-221 and the CDKN1C/p57
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mRNA 3’-UTR have complementary binding sites, suggesting
that CDKN1C/p57 might be a novel target of miR-221 in CRC
that has not yet been reported.

In this study, we showed that CDKN1C/p57 mRNA expres-
sion was low in about 11.8% (4/34) of CRC cases, in agree-
ment with the previous hypothesis of loss of imprinting of the
maternal gene allele methylation in tumor cells and the down-
regulation of CDKN1C/p57 mRNA expression at the tran-
scriptional level. However, the subsequent down-regulation
of CDKN1C/p57 protein expression is probably not caused by
the post-transcriptional gene silencing of miR-221. These sam-
ples were excluded from the study; therefore, the subsequent
experiments can more accurately reflect the regulatory role of
miR-221. Real-time RT-PCR analysis of the remaining samples
demonstrated that miR-221 expression is up-regulated in 90%
of CRC samples, and it may be expected that miR-221 targets
belong to the class of tumor suppressor genes or genes encod-
ing proteins with potential tumor suppressor functions. More-
over, miR-221 expression is related to not only TNM stage but
also tumor invasiveness. The level of miR-221 expression at
TNM stages Il and IV is higher than that at stages I and II, and
the tumors invading adjacent tissues or organs display higher
miR-221 levels than those limited to the wall of the colon
and the rectum. Thus, miR-221 is likely to be an important
oncomiR that can cleave or inhibit the target tumor suppres-
sor mRNAs and that plays a role in CRC progression. In our
study, CDKN1C/p57 protein expression is down-regulated in
CRC, which was confirmed by Western blot analysis. Thus,
it could be inferred that miR-221 binds to the 3’-UTR of the
CDKN1C/p57 mRNA in an incomplete complementary pair-
ing pattern. Therefore, it could only inhibit the further trans-
lation of the CDKN1C/p57 mRNA without inducing complete
degradation, consistent with the result that the CDKN1C/
P57 mRNA levels in CRC and non-tumorous tissues are not
significantly different, whereas CDKN1C/p57 protein expres-
sion decreases in CRC. It could also be inferred that tumor
cells probably gain a proliferative advantage through miR-
221-mediated post-transcriptional silencing of CDKN1C/p57.
Therefore, our data indicate the presence of more than one
mechanism regulating CDKN1C/p57 expression in CRC.

Our results also demonstrated that miR-221 is dramati-
cally up-regulated in four human CRC-derived cell lines com-
pared with that in HUVEC, and this is in accordance with
the results from clinical samples. Indeed, CDKN1C/p57 is
down-regulated in response to miR-221 transfection in CRC
cells, and a significant up-regulation of CDKN1C/p57 occurs
in response to anti-miR-221 transfection. A direct interac-
tion between miR-221 and the target site in the 3’-UTR of the
CDKN1C/p57 mRNA was also demonstrated by the luciferase
assay. By controlling CDKN1C/p57 expression, miR-221 up-
regulation promotes the growth of CRC cells by increasing the
S-phase population. Conversely, miR-221 inhibition represses
CRC cell growth and induces cell apoptosis. Cell cycle
progression and cell apoptosis are usually closely associated.
Cells failing to progress to the mitosis phase are destined for
apoptosis. Aside from cell cycle arrest, the inhibition of cell



growth by anti-miR-221 observed in CRC cells may also result
from increased apoptosis. In this study, at 48 h anti-miR-221
transfection, cells were arrested at the G,/G; phase and
blocked from entering the S phase. As seen in other tumor
cells, we demonstrate that anti-miR-221 induces significant
apoptosis in CRC cells.

Recently, it has been reported that there are CDKN1C/
p57-independent effects of miR-221 in tumorigenesis®*.
Moreover, miR-221 possesses many oncogenic functions
other than serving as a CDKN1C/p57 inhibitor”. In
this study, we showed that a miR-221-specific inhibitor,
anti-miR-221, can inhibit CRC cell proliferation. Using
a CDKN1C/p57-specific antagonist, anti-p57-siRNA, we
demonstrated that the inhibitory effect of anti-miR-221
on CRC cell growth is largely, but not completely, medi-
ated by CDKN1C/p57, suggesting that miR-221 might
regulate CDKN1C/p57-independent signaling pathways
to promote CRC growth. It has been previously shown that
CDKN1B/p27 is also a miR-221 target and that CDKN1B/
p27 expression consistently inversely correlates with miR-
221 overexpression in most cancers, which may explain why
the inhibition of anti-miR-221 on CRC cell growth is only
partly abrogated by anti-p57-siRNAP. Interestingly, it
has also been reported that c-Kit, a common oncogene, is a

1 However,

miR-221 target in thyroid papillary carcinoma
the role of c-Kit expression in CRC cell proliferation and car-
cinogenesis remains undefined. Our results, which identified
CDKN1C/p57 as a miR-221 target in CRC cell lines, perfectly
fit the dynamic view of the miRNA-mediated regulation of
gene expression: the relationship between miRNAs and target
mRNAs is not a “one to one” connection because the same
mRNA can be regulated by more than one miRNA, and the
choice of how many and which miRNAs target an individual
3’-UTR is largely determined by the specific cellular environ-
ment?,
site roles in regulating cell proliferation may act as a tumor

A miRNA that regulates target genes playing oppo-

suppressor in some cancers but as an oncogene in others,
depending on which targets are driving tumorigenesis in that
specific cellular milieu.

In summary, we identified miR-221 as a direct regulator
of CDKN1C/p57 expression in CRC, demonstrating a new
mechanism for CDKN1C/p57 down-regulation in CRC. These
findings further emphasize the importance of miR-221 in CRC
carcinogenesis. However, it is noteworthy that the results in
this study are based on cultured CRC cells that might not nec-
essarily comprehensively reflect the in vivo situations. There-
fore, further experiments are required to elucidate the anti-
tumor mechanisms of anti-miR-221 in in vivo systems.
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Establishment and characterization of primary lung
cancer cell lines from Chinese population
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Aim: To establish and characterize primary lung cancer cell lines from Chinese population.

Methods: Lung cancer specimens or pleural effusions were collected from Chinese lung cancer patients and cultured in vitro with ACL4
medium (for non-small cell lung carcinomas (NSCLC)) or HITES medium (for small cell lung carcinomas (SCLC)) supplemented with 5%
FBS. All cell lines were maintained in culture for more than 25 passages. Most of these cell lines were further analyzed for oncogenic

mutations, karyotype, cell growth kinetics, and tumorigenicity in nude mice.
Results: Eight primary cell lines from Chinese lung cancer patients were established and characterized, including seven NSCLC cell
lines and one SCLC cell line. Five NSCLC cell lines were found to harbor epidermal growth factor receptor (EGFR) kinase domain muta-

tions.

Conclusion: These well-characterized primary lung cancer cell lines from Chinese population provide a unique platform for future stud-
ies of the ethnic differences in lung cancer biology and drug response.

Keywords: lung cancer; primary cell lines; epidermal growth factor receptor; small cell lung carcinomas; non-small cell lung carcinomas
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Introduction

Lung cancer is one of the most common causes of cancer-
related death worldwide™?, with a five year survival rate of
approximately 15%. In China, the situation is even worse.
The vast majority of lung cancers are carcinomas derived from
epithelial cells and are pathologically divided into two major
types: non-small cell lung carcinomas (NSCLC) (~80%) and
small cell lung carcinomas (SCLC) (~20%).

Lung cancer cell lines are crucial for translational and
biomedical research. Lung cancer cells were successfully
cultured approximately 25 years after the establishment of
a human cervical carcinoma (HeLa) cell line®™*. Since then,
many attempts have been made to establish permanent lung
cancer cell lines®'”. The emergence of lung cancer cell lines
reached a peak after serum-free chemically defined media
(for example, ACL4, C-based medium, and HITES) were
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introduced™ . Since then, more than 200 lung cancer cell

lines have been successfully established. These permanent cell
lines, derived from either primary or metastatic cancers, pro-
vide important experimental systems for studying the genetic
changes and biology associated with tumor initiation and pro-
gression. As a pure cancer cell population, the global using of
in vitro permanent cell lines over the past several decades has
led to great achievements, including elucidating the molecular
and translational biology of cancer and further drug screen-
ing[3’ Bl To date, more than 9000 citations, including several
important biomedical discoveries, have resulted from the
usage of these lines®. However, it is noteworthy that among
all of the widely used cell lines, almost none have a Chinese
genetic background.

Studies demonstrate that ethnic differences in genetic back-
ground are important in defining cancer biology as well as in
drug toxicity!?. For example, the epidermal growth factor
receptor (EGFR) kinase domain mutations occur in approxi-
mately 10% of NSCLC patients in the Caucasian population™,
but occur in 30%-50% of NSCLC patients from East Asian
populations> 7 ® 2\ #!  Ethnic differences in the expression
of allelic variants may produce altered pharmacokinetics and
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result in differential toxicity for the same anticancer treat-

ments” 2.

Understanding the causes of ethnic differences in
cytotoxic metabolism may help to improve cancer treatment
in the clinic. From this standpoint, the establishment of lung
cancer cell lines from Chinese genetic background is urgently
needed.

We have worked to establish Chinese lung cancer cell lines.
A total of eight primary Chinese lung cancer cell lines were
successfully established, including seven NSCLC cell lines
and one SCLC cell line. We characterized most of these cell
lines for oncogenic mutations, growth kinetics, karyotype, and
tumorigenicity in nude mice. These cell lines provide a very
useful platform for studying the ethnic differences in cancer
biology and drug response in the future.

Materials and methods

Collection of clinical specimens

All patients were from the Chinese population and underwent
surgery for potentially curative resections. The lung cancer
specimens or pleural effusions were collected with patient
consent. Solid tumors were immediately immersed in ice-cold
RPMI-1640 supplemented with P/S (1000 U/mL penicillin G
and 1000 mg/L streptomycin), while pleural effusions were
kept on ice. Samples were transported to the laboratory for
primary cell culturing within one hour of collection.

Preparation of lung cancer cells from resected samples

Solid tumor specimens were rinsed twice with PBS supple-
mented with P/S and finely minced with scissors. Both
necrotic tissue and apparently normal tissue were discarded.
Tumor fragments were then immersed into ACL4 medium (for
NSCLC)"**! or HITES medium (for SCLC)™ " supplemented
with 5% fetal bovine serum (FBS) and P/S, and they were
pipetted more than 50 times. The cell suspension was then
transferred to a collagen-coated flask. The pleural effusions
were subjected to red blood cell lysis and then to Ficoll gradi-
ent separation to remove lymphocytes. The interface was col-
lected and washed three times with PBS plus P/S. Cells were
suspended in ACL4 medium with 5% FBS and P/S and then
cultured in a collagen-coated flask. The medium was changed
every 3 d. A cell scraper was used to remove visible fibroblast
growth whenever it occurred. Once the cells were confluent,
they were digested with 0.05% EDTA-trypsin for passage. All
established cell lines were maintained in culture for more than
25 passages.

Karyotype analysis

Cells were seeded and cultured for 70 h or until confluence.
Colchicine was added to cells with a final concentration of
0.2 pg/mL. Cells were incubated for another 2 h and then
digested using 0.05% EDTA-trypsin and resuspended in 0.075
mol/L KCI. After fixation in 3:1 methanol/glacial acetic acid,
cell suspensions were dropped onto ice-cold slides, which
were then stained by Giemsa for 8 min. Chromosome ploidy
was estimated from at least 29 metaphases per cell line under
a microscope.
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EGFR and KRAS mutation detection

Detection of EGFR and KRAS mutations was previously
described™ ?!l. Briefly, genomic DNA and RNA were
extracted from Chinese lung cancer cell lines per standard
protocol (RNeasy Mini Kit, and QlAamp DNA Mini Kit, Qia-
gen, Hilden, Germany). Total RNA was reverse transcribed
into single-stranded cDNA using a RevertAid™ First Strand
cDNA Synthesis Kit (Fermentas, EU, USA) and sequenced.
The ¢cDNA regions of EGFR (exons 18-22) and KRAS (exons
2-3) were then PCR amplified and sequenced. All mutations
found from the cDNA sequencing were further confirmed by
genomic DNA sequencing.

Fluorescence in situ hybridization (FISH)

Cells were applied onto slides as described in Karyotype anal-
yses. Slides were then incubated in 0.01% pepsin solution (pH
2.0) for 10 min at 37 °C and then fixed in 1% formaldehyde
for another 10 min at room temperature. Vysis EGFR probe
(Abbott Laboratories, Des Plaines, IL, USA) was applied to
the targeted area, and slides were sealed with rubber cement.
Slides were then incubated at 83 °C for 5 min, followed by
another 16 h at 37 °C. Slides were washed with 0.4xSSC/0.3%
NP-40 at 73 °C for 4 min and then 2xSSC/0.1% NP-40 at ambi-
ent temperature for 2 min. Chromatin was counterstained
with 4’,6-diamidino-2-phenylindole. Fluorescence was ana-
lyzed in more than 50 cells per cell line for both EGFR and
chromosome 7 centromere signals. We divided the EGFR
copy number variation into 6 categories (disomy, low trisomy,
high trisomy, low polysomy, high polysomy, gene amplifica-
tion) as previously described™.

Cell growth assay

Cells were seeded in 96-well plates with ACL4 plus 5% FBS
(5000 cells per well for cell lines SH-437, SH-450; 7000 cells per
well for cell lines SH-416, SH-289). Cell growth kinetics were
assessed by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide) assay daily as previously described".

Soft agar assay

To assess soft agar colony formation, each of the cell lines (SH-
224, SH-289, SH-416, SH-437, and SH-450. CRL-5803 serves as
a control, which was obtained from ATCC) was suspended in
a top layer of RPMI 1640 containing 10% FBS and 0.4% Select
agar at 5000 cells per well in 6-well plates and plated on a bot-
tom layer of RPMI-1640 containing 10% FBS and 1% Select
agar. Cells were stained with 0.5mL crystal violet for 1h.

Tumor formation in nude mice

Cells (5x10° to 1x107) were mixed with matrigel and then
transplanted subcutaneously in nude mice. The animals were
killed after 2 weeks, and the tumors were fixed in formalin for
hematoxylin-eosin staining and pathological analysis.

Results
Establishment of the primary Chinese lung cancer cell lines
From 2008 to 2010, we collected and used 179 fresh lung can-



cer specimens for the establishment of primary Chinese lung
cancer cell lines. Eventually, eight cell lines were successfully
established and maintained in cell culture for more than 25
passages. Some cell lines even exceed 40 passages. Among
these cell lines, seven are NSCLC cell lines, including three
from adenocarcinomas, one from squamous cell carcinoma,
one from adeno-squamous carcinoma, one from large cell car-
cinoma and one from poorly differentiated carcinoma (Figure
1, Table 1). All NSCLC cell lines were cultured using ACL4
medium with 5% FBS. Three cell lines including SH-543,
SH-450, and SH-437 can also be maintained in RPMI-1640 with
10% FBS. Because SCLC patients seldom go through surgery
and very few tumor specimens are available, we have estab-
lished only one SCLC cell line.

The clinical and pathologic details for all the patients from
whom the cell lines were derived are summarized in Table 1.
Most lines were established from primary solid tumors, with
typical pathological images shown in Figure 1, except SH-289,
which was derived from pleural effusions. All of the patients
were from the Chinese population with an age range from 49
to 71 years old and with different stages of disease.

Morphological appearance of primary Chinese lung cancer cell
lines

Five NSCLC cell lines, including SH-224, SH-289, SH-416,
SH-437, and SH-450, grow in cell culture as an attached mono-
layer (Figure 2). Adherent cells were, in general, large, and
they exhibited characteristic epithelioid ‘cobble-stone” mor-
phology and were occasionally multi-nucleated or vacuolated.
SH-450 cells were slightly unique due to their unconstrained
growth and foci formation even after they reach 100% con-
fluence. Another two NSCLC cell lines, SH-405 and SH-543,
grew in suspension like SCLC cell lines. This is not com-
mon because the majority of NSCLC cell lines are adherent
cells. Only 5% (8 of 154) of NSCLC cell lines grow as suspen-
sion cells, and none has been established before in a Chinese
genetic background. Typical suspension cell growth was seen
in the SCLC cell line SH-498, which grows as either single cell
or cell clusters.
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Figure 1. Typical pathological images of the tumor tissues used to estab-
lish primary Chinese lung cancer cell lines. Typical pathological images of
the original tumors of primary Chinese lung cancer cell lines are shown,
including SH-416 (SCC), SH-437 (LC), SH-224 (Ad), SH-543 (Ad), SH-450
(AS), SH-405 (PDE), SH-498 (SCLC).

Table 1. Clinical and pathologic summary of the established primary Chinese lung cancer cell lines.

. Age . o EGFR mutations
Cell lines Gender (Year-old) Pathology Staging Origin Tumor Cell line EGFR CNV
SH-224 Female 71 Ad 1 Primary tumor Exon 19 deletion Exon 19 deletion High polysomy
SH-289 Female 58 Ad v Pleural fluid Exon 19 deletion Exon 19 deletion Amplification
SH-543 Female 62 Ad | Primary tumor WT WT Disomy
SH-416 Female 57 SCC 1l Primary tumor Exon 19 deletion Exon 19 deletion Amplification
SH-450 Male 59 AS 1l Primary tumor Exon 19 deletion Exon 19 deletion High polysomy
SH-437 Male 49 LC Il Primary tumor Exon 21 P848L Exon 21 P848L High polysomy
SH-405 Male 63 PDE Ila Primary tumor WT WT NA
SH-498 Male 53 SCLC LS Primary tumor WT WT NA

Ad: Adenocarcinoma; SCC: Squamous cell carcinoma; LC: Large cell carcinoma; AS: Adeno-squamous carcinoma; PDE: Poorly differentiated carcinoma;
WT: wild type; SCLC: Small cell lung carcinoma; LS: Limited stage; NA: not available; CNV: Copy number variation.
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Figure 2. Representative morphology of primary Chinese lung cancer cell lines under light microscope. Typical morphology of cell lines is shown, includ-
ing SH-224 (Ad), SH-289 (Ad), SH-416 (SCC), SH-437 (LC), SH-450 (AS), SH-543 (Ad), SH-405 (PDE), and SH-498 (SCLC).

Karyotype of the primary Chinese lung cancer cell lines

We have performed karyotype for the cell lines, except for
SH-498 and SH-405, which grow very slow in suspension.
The human origin of these cell lines is confirmed by a peak on
nearly 46 chromosomes (Figure 3A). Most of the cell lines are
aneuploid, consistent with their tumor origin. Significant sub-
populations with both lower and higher chromosome ploidy
were shown in all analyzed cell lines, with their modal chro-
mosome numbers ranging from 36 to 107 (Figure 3B). SH-416
and SH-289 cells harbor a wide range of chromosomes num-
ber, while the suspension cell line SH-543 displayed almost
uniformed diploidy (Figure 3A, 3C).

Status of EGFR mutations and gene amplification in the primary
Chinese lung cancer cell lines

The EGFR kinase domain mutations, which are frequently
associated with clinical tyrosine kinase inhibitor response,
often occur in NSCLC patients from East Asia including
China. We then asked if any of the above established cell
lines harbor EGFR mutations, which may be useful for drug
response studies. Using cDNA sequencing of the EGFR
tyrosine kinase domain region, we found that five lines harbor
EGFR mutations — four among them have exon 19 deletions
(SH-224, SH-289, SH-416, and SH-450) and one has an exon 21
point mutation (SH-437) (Figure 4A). We further checked the
gene amplification of EGFR allele, and the results from FISH
analyses showed that all 5 cell lines displayed various degree
of gene copy number increase (Table 1). Three cell lines (SH-
224, SH-437, and SH-450) showed high polysomy, while
another two (SH-289 and SH-416) showed gene amplification
(Figure 4B).

Cell growth of the primary Chinese lung cancer cell lines in two
dimension and soft agar

Five adherent NSCLC cell lines were used for further MTT
assay and soft agar assay for testing their cell growth ability.
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Three cell lines with EGFR mutations SH-224, SH-437, and
SH-450 grow faster than SH-289 and SH416 (Figure 5A).

Consistently, all the three cell lines (SH-224, SH-437, and
SH-450) growing faster in two-dimension culture formed rec-
ognizable colonies in soft agar. In contrast, no colonies were
seen in the two slow-growing cell lines SH-416 and SH-289
(Figure 5B).

Tumorigenicity of primary Chinese NSCLC cell lines

We further checked the tumor formation ability of these
NSCLC cell lines in nude mice. Cell lines SH-224, SH-437, and
SH-450 readily formed subcutaneous tumors in nude mice 2
weeks following transplantation. Surprisingly, SH-416, the
cell line that failed to form colonies in soft agar, could also
form a visible graft in nude mice at a low rate (1/4) (Figure
6A, 6B). This may somehow reflect the difference between in
vitro and in vivo systems. Nonetheless, these data also suggest
that SH-289 and SH-416 may have a low potential for tumor
formation. The tumors grew locally as compact masses. In
each instance the histological appearance of the tumors closely
resembled the original tumors from which they were derived
(Figure 1, 6C).

Discussion
The in vitro cell line model system has contributed significantly
to cancer research and resulted in several seminal biomedical
discoveries. However, the majority of these cancer cell lines
are from Western populations, thus dramatically constraining
the studies focusing on ethnic differences in cancer biology,
drug response or toxicity between Chinese and Caucasian
populations. In this study, we have established eight lung
cancer cell lines from a Chinese genetic background. These
well-characterized cell lines will provide an ideal platform for
stimulating studies in the future.

In general, it is considered much more difficult to establish
lung cancer cell lines in comparison with other types of epi-



www.chinaphar.com
Zheng C et al

389
A 301
EA sH-224 C
B3 sH-289
204 B3 sH-543 ey
- Yo
gt N
l‘— 4, ‘
104 Yo sinde
o SH-543  °
g oL
kS 40 50 60 70 80 90 100 35 45 55 65 75 95 35 45 55 65 75 95
g
£ 301
2 B3 sH-416
{ BX) SH-450
20 E SH-437
\
% \
K \
.‘ \
101 K \
K JN
%% N
K \
4K \
04 H o 4K N
40 50 60 70 80 90100110 50 60 70 80 90100110 40 50 60 70 80 90100
Chromosome number
B
cell Number of Ploidy M
eltline counted cells distribution ean
SH-224 50 40-84 50.9
SH-289 28 37-85 53.54 Figure 3. Ploidy and cytogenetic analyses of primary Chinese
SH-543 29 36-72 45.31 | gure 3. ﬁr ytf N {,b N P : 'yCh'
SH-416 19 45-107 69.76 '\L:gézanc;:_ce mBes.Th( ) Ploidy |sfr| hu ion of six msse
s e e e
SH-437 50 39-92 5128 in the six Chinese cell lines. e karyotype o

543 is shown as one example.

A SH-224 EGFR Exon 19 SH-416 EGFR Exon 19 SH-437 EGFR Exon 21

CAAGGAATTAAGAGAAGCAACATCICCGAR ICAAGGAATTAAGAGAAGCAACATCICCG AACACCGCAGCATG
‘CAAGG TTCCGAAR TCAAGGAAT CTCCG AACACCGCAGCATG
c K A G 6 T T ¢ c G T C A A G G A AT C T €& € 6

B ---

Figure 4 . Status of EGFR mutation and gene amplification in primary Chinese lung cancer cell lines. (A) DNA sequencing results showed EGFR muta-
tions in the indicated cell lines. (B) FISH analyses showed either EGFR high polysomy or gene amplification in the indicated cell lines. Green: chromo-
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Figure 5. Cell growth of primary Chinese lung cancer cell lines in two dimension and soft agar. (A) The cell growth kinetics of the five adherent NSCLC
cell lines are indicated. (B) The anchorage-independent cell growth of the five NSCLC cell lines. CRL-5803 serves as the control.

A
Soft agar Xenograft
(Y/N) (tumor/total)
SH-224 Y 4/4
SH-450 Y 4/4
SH-437 Y 4/4
SH-416 N 1/4

28]

thelia-originated cell lines"™. Chemically defined media such
as ACL3, ACL4, and HITES were first used for primary lung
cancer cell culture with success. We tried here to add 5% FBS
to the chemically defined medium ACL4, which stimulates
the growth of not only the cancer cells but also the fibroblast.
With great effort to eliminate fibroblast growth using scraping
methods, we have successfully established eight Chinese lung
cancer cell lines. It is possible that serum played an impor-
tant role in making the floating cells attach to a culture dish.
However, the success rate in our study still remains low (4.5%,
Table 2). Further work is warranted to optimize the chemi-
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Figure 6. Tumor formation ability of primary Chinese NSCLC cell lines in
nude mice. (A) The summary of tumorigenicity in four Chinese NSCLC
cell lines in nude mice. (B) Representative photos are shown for the xe-
nografts; (C) H&E staining of the tumors from xenografts.

K450

cally defined medium.

To our surprise, five of the seven NSCLC cell lines we estab-
lished harbor EGFR mutations as well as EGFR polysomy or
allele amplification. EGFR mutations in all established Chi-
nese NSCLC cell lines reach 71%. Through several decades
of efforts, 21 lung cancer cell lines with EGFR kinase domain
mutations have been developed worldwide: 12 with exon 19
deletions and 7 with the exon 21 mutation L858R and/or drug-
resistant exon 20 mutation T790M (Table 3). Two uncommon
mutations L861Q and G719S are also seen. Among these
EGFR mutant cell lines, nine are from Caucasian populations,
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Table 2. Summary of the success rate of all primary cell lines from
different lung cancer subtypes.

Pathology Success Total Success rate
Ad 3 83 3.6%
SCC 1 43 2.3%
AS 1 6 16.7%
LC 1 4 25%
PDE 1 11 9.1%
SCLC 1 4 25%
Others 0 28 0
Summary 8 179 4.5%

Table 3. Previously established lung cancer cell lines with EGFR kinase
domain mutations.

Cell line Pathology EGFR mutation status References
H1650 Ad Exon 19 deletion (746-750) [29]
HCC827 Ad Exon 19 deletion (746-750) [30]
HKULC 3 Ad Exon 19 deletion (756-760) [31]
PC3 Ad Exon 19 deletion (747-749), A7T50P [32]
PC9 Ad Exon 19 deletion (746-750) [33]
PC-14 Ad Exon 19 deletion (746-750) [32]
HCC2935 Ad Exon 19 deletion (746-751), S7521  [34]
HCC4006 Ad Exon 19 deletion (747-749), AT50P  [35]
H820 Ad Exon 19 deletion (746-751), T7T90M [36]
HCC2279 Ad Exon 19 deletion (746-750) [37]
RERF-LC-Ad2  Ad Exon 19 deletion (747-749), A7T50P  [32]
H1975 Ad L858R and T790M [29, 38]
H3255 Ad L858R [39]
HCC4011 Ad L858R [34]
11-18 Ad L858R [32]
LCSC#1* Ad L858R [32]
LC2/Ad Ad L858R [32]
KTA-7 Ad L861Q [32]
PC-7 Ad G719S [32]
RERF-LC-A1 SCC  L858R [32]
KTSg-1 SCC  Exon 19 deletion (746-750) [32]

eleven from Japan and one from Hong Kong. Here, we have
established a comparable number of NSCLC cell lines with
EGFR mutations in a Chinese genetic background. It is note-
worthy that the majority of the previously established EGFR
mutant cell lines are from lung adenocarcinomas, while two
are from squamous cell carcinomas, which are not commonly
used. In contrast, our collection of cell lines is composed of
various pathologies including adenocarcinoma (3), squamous
cell carcinoma (1), adeno-squamous cell carcinoma (1) and
large cell carcinoma (1) (Table 1). In addition, SH-437 harbors
an exon 21 point mutation P848L, which has not been previ-
ously reported in any cell line. Taken together, our effort to
establish Chinese lung cancer cell lines was a very successful

small step toward our long-term goal of establishing more
than 30 Chinese lung cancer cell lines. These cell lines will
provide important tools for studying the ethnic differences in
lung cancer biology as well as in drug treatment between Chi-
nese and Caucasian populations in the future.
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Down-regulation of ALKBH2 increases cisplatin
sensitivity in H1299 lung cancer cells

Shuang-shuang WU, Wei XU, Shan LIU, Bo CHEN, Xue-li WANG, Yan WANG, Shi-feng LIU, Jian-ging wu*

Department of Geriatrics, the First Affiliated Hospital of Nanjing Medical University, Nanjing 210029, China

Aim: To elucidate the combined effect of alkylated DNA repair protein alkB homolog 2 (ALKBH2)-targeting gene therapy and cisplatin
(cDDP) chemotherapy on the non-small cell lung cancer (NSCLC) H1299 cell line.

Methods: ALKBH2 was down-regulated in H1299 cells by lentivirus-mediated RNA interference (RNAi). Changes in ALKBH2 expression
were determined using real-time RT-PCR and Western blotting. Cell viability was evaluated using MTT assay. DNA synthesis in prolifer-
ating cells was determined using BrdU incorporation assay. Cell apoptosis was determined using flow cytometry.

Results: Lentivirus-mediated ALKBHZ2 silencing alone did not induce apoptosis or attenuate the growth potential of H1299 cells within

five days post-infection. Combined treatment modalities with lentivirus-mediated ALKBH2 down-regulation and cDDP (333 umol/L)
were significantly more potent in inhibiting cell growth and inducing apoptosis than mono-chemotherapy.
Conclusion: Combined treatment modalities of ALKBH2 knockdown and cDDP chemotherapy have the potential to improve the efficacy

in the treatment of NSCLC.
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Introduction
Lung cancer is currently the leading cause of cancer-related
mortality in both men and women (31% and 26%, respec-
tively) worldwide!. Four of five lung cancers are classified as
non-small cell lung cancers (NSCLC), and the majority of these
patients have advanced disease (stage III/IV) when diag-
nosed, with poor prognosis™. The lung cancer cure rates have
not improved for 40 years, and further substantial increase
in cure rates is not to be expected with the current treatment
modalities. In an effort to improve survival, new therapeutic
approaches focusing on the molecular mechanisms that medi-
ate tumor cell growth or survival have gained much attention.
Combination therapy that includes a platinum-based com-
pound has been the primary treatment for cancer patients
diagnosed with advanced NSCLCP. Cisplatin, cis-platinum,
or cis-diamminedichloroplatinum (II) (cDDP), which is classi-
fied as an alkylating agent, is a platinum-based chemotherapy
drug commonly used to treat various types of cancers’. As
the first member of the platinum complexes that now also
includes carboplatin and oxaliplatin, cDDP reacts in vivo,
binding to and inducing DNA cross-linking, which ultimately

*To whom correspondence should be addressed.
E-mail jiangingwu@yeah.net
Received 2010-06-10 Accepted 2010-12-02

triggers apoptosis. However, acquired resistance confines the
application of cDDP in chemotherapeutics. Drug resistance
is shown to be a cumulative process that eventually can over-
come tumor regression, leading to treatment failure®. The
lung tumor initially responds to cDDP by sensing DNA dam-
age, which results in cell cycle arrest and apoptosis, leading
to a significant reduction in tumor burden. Prolonged cDDP
treatment, however, promotes the emergence and clonal
expansion of drug-resistant tumor cells with enhanced repair
capacity. These cDDP-resistant tumors are cross-resistant to
platinum analogs, exhibit advanced histopathology, and dis-
play abundant genomic alterations!.

The AlkB family of dioxygenases, which directly reverse
DNA base damage by oxidative demethylation, belong to
the superfamily of 2-oxoglutarate- and iron (II)-dependent
oxygenases”.. E coli AIkB is a direct dealkylation DNA repair
protein that repairs single-stranded DNA (ssDNA) lesions or
damaged bases in RNA using a unique oxidative dealkyla-
tion mechanism™®*.. There are nine different potential human
homologues of AlkB, denoted ALKBH1-ALKBH9"" ", Two
of these, ALKBH2 and ALKBHS3, have similar repair activities
to E coli AIkB'*™. ALKBH2 is a housekeeping enzyme and
has the primary role of guarding mammalian genomes against
1-meA damage by repairing this lesion in double-stranded
DNA (dsDNA). The in vivo function of ALKBH3 is still
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unclear, although it exhibits a distinct preference for repairing
ssDNA and RNA™.

Because ALKBH2 is a direct dealkylation DNA repair
protein, we hypothesized that down-regulation of ALKBH2
expression should be a promising approach to enhancing
the efficacy of alkylating agents such as cisplatin, which are
widely used in cancer therapy and exert anticancer effects by
creating cytotoxic DNA lesions in tumor cells. In this study,
we inhibited ALKBH?2 expression by lentivirus-mediated RNA
interference to elucidate the combined effect of ALKBH2-tar-
geting gene therapy and ¢cDDP chemotherapy on NSCLC cell
line H1299. Here we establish the impact of lentivirus-medi-
ated transfer of small interfering RNAs targeting ALKBH2 on
human H1299 cells and demonstrate the additive efficacy of
ALKBH2 knockdown combined with cDDP chemotherapy in
causing tumor cell death.

Materials and methods

Cell culture

The NSCLC cell line H1299 was purchased from ATCC
(Manassas, VA, USA). It was maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS) and cultured in a humidified atmosphere
of 95% air and 5% CO, at 37 °C.

Reagents and dosage

c¢DDP and paclitaxel (PTX) were purchased from Sigma Chem-
ical Co (St Louis, MO, USA). cDDP and PTX treatment was
administered to cells at the concentration of 333 umol/L and
100 nmol/L, respectively. MTT was purchased from Shanghai
Dingguo Biotechnology Co, Ltd (Shanghai, China). Annexin
V-FITC Apoptosis Detection Kit was purchased from Abcam
(Cambridge, MA, USA).

Construction of lentiviral vector and cell infection

A 19 nt ALKBH2-targeting sequence of oligonucleotides
was designed by Oligoengine Inc (Seattle, WA, USA) and
selected as the template: 5'-CCTTCAACTTTGTGCTCAT-3".
The negative construct (NC), a scrambled sequence with no
homology to any human gene, was 5-AATGTACTGCGCGT-
GGAGA-3". The oligonucleotides were cloned into pGCSIL-
GFP (GeneChem, Shanghai, China) to generate the lentiviral
vectors. Recombinant lentiviral vectors and packaging vectors
were then transfected into 293T cells. Supernatants containing
lentiviruses expressing ALKBH2 short hairpin RNA (shRNA)
or negative control sShRNA were harvested 72 h after transfec-
tion. Then, the lentiviruses were purified using ultracentrifu-
gation, and the titer of lentiviruses was determined. H1299
cells were infected with the lentivirus constructs at multiplic-
ity of infection (MOI)=10, and mock-infected H1299 cells were
used as negative controls.

RNA extraction and quantitative real-time RT-PCR
Total RNA was extracted from cells with Trizol reagent (Invit-
rogen, Carlsbad, CA, USA) according to the manufacturer’s
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instructions. Gene expression was detected by quantitative
real-time RT-PCR (qRT-PCR) using the standard SYBR Green
RT-PCR kit (Takara, Otsu, Japan) according to the manufactur-
er’s instructions. Briefly, the cDNA was synthesized using the
RevertAid First-Strand cDNA Synthesis kit (MBI Fermentas,
Vilnius, Lithuania) according to the manufacturer’s protocol.
Specific primer pairs and the amplified products are shown
in Table 1. The relative levels of gene mRNA transcripts were
normalized to the control f-actin. Relative gene expression
was quantified using GraphPad Prism 4.0 software (GraphPad
Software, San Diego, CA, USA).

Table 1. The specific primer pairs and the amplified products in quantita-
tive real-time RT-PCR.

Gene Primer pairs Product
ALKBH2 Sense: 5’-GACTGGACAGACCTTCAAC-3’;

Antisense: 5'-AGGAGACAGAGGCAATGG-3’ 122 bp
Bcel-2 Sense: 5-GTGTGGAGAGCGTCAACC-3’;

Antisense: 5’-CTTCAGAGACAGCCAGGAG-3’ 182 bp
Bax Sense: 5-ATGCGTCCACCAAGAAGC-3’;

Antisense: 5’-ACG GCG GCA ATCATCCTC-3’ 91 bp
bFGF Sense: 5’-ATCAAAGGAGTGTGTGCTAACC-3’;

Antisense: 5’-ACTGCCCAGTTCGTTTCAGTG-3’ 178 bp
PDGFA Sense: 5-CGGAGGAAGAGAAGCATCG-3;

Antisense: 5'-GGCTGGCACTTGACACTG-3’ 179 bp
PDGFB Sense: 5-GCACCAACGCCAACTTCC-3;

Antisense: 5’-GCTTCTTCCGCACAATCTCG-3’ 150 bp
B-actin Sense: 5-GGCGGCACCACCATGTACCCT-3’;

Antisense: 5'-AGGGGCCGGACTCGTCATACT-3’ 202 bp

Western blot analysis

The cells were lysed in lysis buffer (0.1% SDS, 1% NP-40, 50
mmol/L HEPES, pH 7.4, 2 mmol/L EDTA, 100 mmol/L NaCl,
5 mmol/L sodium orthovanadate, and 1% protease inhibi-
tor mixture set I; Calbiochem, San Diego, CA, USA) on ice for
30 min, and the cell lysates were cleared by centrifugation at
12 000 round per minute for 15 min. Proteins were separated
in 10% SDS-PAGE and electroblotted onto polyvinylidene
difluoride membrane, blocked for 1.5 h at room temperature
in 5% BSA, and probed with anti-ALKBH?2 (Cell Signaling
Technology, Beverly, MA, USA), and anti-GAPDH (Sigma,
St Louis, MO, USA) antibody. Following incubation with
the appropriate peroxidase-conjugated secondary antibodies,
chemiluminescent detection was performed with the ECL kit
(Pierce Chemical Co, Rockford, IL, USA).

MTT assay

Cell viability was evaluated by MTT assay with some modi-
fications as reported previously™.
nential growth were plated at a final concentration of 2x10°

The test cells in expo-

cells/well in 96-well culture plates for different culture times.
Ten microlitres of 10 mg/mL MTT was then added. After an
additional 4 h of incubation, the reaction was terminated by



removal of the supernatant and the addition of 150 pL DMSO
for 30 min. Optical density (OD) of each well was measured at
570 nm using an ELISA reader (ELx808, Bio-Tek Instruments,
Winooski, VT, USA).

BrdU incorporation assay

DNA synthesis in proliferating cells was determined using a
BrdU incorporation assay"”. After incubation with BrdU (10
pmol/L) (BD Pharmingen, San Diego, CA, USA) for 24 h, the
cells were fixed and labeled with peroxidase-conjugated anti-
BrdU antibody. Peroxidase substrate (tetramethylbenzidine)
was then added and incubated for 30 min; then, the absor-
bance values were measured at 490 nm using an ELISA reader
(ELx808, Bio-Tek Instruments, Winooski, VT, USA). Back-
ground BrdU immunofluorescence was determined in cells
not exposed to BrdU but stained with the BrdU antibody.

Detection of apoptosis by flow cytometry

Cells were simultaneously stained with fluorescein isothio-
cyanate (FITC) labeled annexin-V and propidium iodide (PI)
to discriminate intact cells (annexin’/PI’) from apoptotic cells
A total of
1.0x10° cells were washed twice with ice-cold PBS and incu-
bated for 30 min in binding buffer (1 pg/mL PI and 1 ng/mL
FITC labeled annexin-V). FACS analysis for annexin-V and
PI staining was performed by an Epics Altra flow cytometer
(Beckmann Coulter, Krefeld, Germany). All experiments were
performed in triplicate.

(annexin”/PI) and necrotic cells (annexin®/PI").

Statistical analysis

Data were expressed as means+SD. Statistical analysis was
performed using SPSS software (Release 11.0, SPSS Inc, Chi-
cago, IL, USA). The difference between two groups was ana-
lyzed by Student’s t-test. A value of P<0.05 was considered
statistically significant.

Results

ALKBH2 expression after treatment with lentivirus-mediated
RNAi

To determine the effect of RNAi on the expression of ALKBH2
in H1299 cells, we generated lentiviral vectors that expressed
the ALKBH2 specific-RNAi or the negative control-RNAi.
Three days after lentivirus infection, H1299 cells were visual-
ized using a fluorescence microscope. The bright-field and
fluorescent images showed that most cells had green fluores-
cent signals (Figure 1A). After the cells were infected with
ALKBH?2 specific-RNAi or control-RNAi, the mRNA and pro-
tein levels of ALKBH2 were analyzed. The level of ALKBH2
mRNA in cells expressing ALKBH2 specific-RNAi signifi-
cantly decreased by approximately 70% (P<0.05) compared to
the control cells (Figure 1B). In accordance with the decreased
mRNA expression, ALKBH2 protein was also down-regulated
in cells expressing the ALKBH2-specific RNAi (Figure 1C).
Thus, ALKBH2-specific RNAi down-regulated ALKBH2
expression efficiently.
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Figure 1. Down-regulation of ALKBH2 expression using lentivirus-
mediated RNAIi. (A) Expression of lentivirus-mediated RNAi in H1299
cells. Three days after infection with lentivirus, H1299 cells were
visualized using a fluorescence microscope. The phase contrast
(Bright) and fluorescence (GFP) photographs were taken with the same
exposure times at a magnification. (B) The relative levels of ALKBH2
mRNA transcripts were analyzed by qRT-PCR. Data shown are the mean
results£SD repeated three times with triplicate samples per treatment
(n=3, °P<0.05). (C) Silencing effects of ALKBH2 protein was measured

using Western blot. CON: parent cells; NC: cells infected with negative
control RNAI; KD: cells infected with ALKBH2 specific RNAI.
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Effects of concurrent treatments of H1299 cells with lentiviruses
expressing ALKBH2-specific RNAi and cDDP

First, the MTT assay was used to investigate the potential
effects of RNAi-mediated ALKBH2 down-regulation on the
growth of H1299 cells. Following a 5-d incubation period, the
growth of cells expressing ALKBH2-specific-RNAi was almost
indistinguishable from that of the control cells (Figure 2A).
We concluded that the down-regulation of ALKBH2 expres-
sion alone had no obvious impact on the growth or viability
of H1299 cells. We then investigated the combined effects
of ALKBH2 inhibition and ¢cDDP treatment on H1299 cells.
Forty-eight hours after infection with lentiviruses expressing
ALKBH2-specific-RNAi or control-RNAi, the infected and
non-infected cells were subsequently treated with cDDP (333
pmol/L) for 24 h'". The MTT assay showed that the inhibition
ratio in the cells infected with ALKBH2-RNAI lentivirus (KD)
was increased about 1.8-fold and 2-fold compared to the mock-
infected (NC) and non-infected (CON) cells (P<0.05), respec-
tively. These results indicate that cDDP is cytotoxic to H1299
cells and that this combination treatment resulted in lower
cell viability than treatment with cDDP alone (Figure 2B). To
compare the effects of ALKBH2 inhibition on cytotoxicity by
a chemotherapeutic agent that does not act by inducing DNA
damage, we measured the cytotoxicity of PTX on H1299 cells
by MTT assay. Following 24 h of PTX (100 nmol/L) treatment,
the inhibition ratio was not increased significantly in ALKBH2-
RNAI lentivirus infected cells (P<0.05) compared with that in
mock-infected and non-infected cells (Figure 2C). To further
investigate the combined effects of ALKBH2 inhibition and
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Figure 2. Effect of down-regulated ALKBH2 on H1299 cell growth. (A)
Proliferation of parent H1299 cells (CON), cells infected with ALKBH2-
specific RNAi (KD), and cells infected with negative control RNAi (NC).
Their growth dynamics were determined daily using MTT. (B) Cytotoxicity
of combined cDDP-based chemotherapy with lentivirus-mediated RNAI
treatment. Uninfected cells (CON), ALKBH2 RNAi infected cells or
control RNAI infected cells were treated with cDDP, and the inhibition
ratio was measured by MTT. Data shown are the mean resultstSD of
a representative experiment performed in triplicate (n=3, °P<0.05).
(C) Cytotoxicity of combined PTX-based chemotherapy with lentivirus-
mediated RNAIi treatment. (D) The DNA synthesis rate in H1299 cells
treated with cDDP and ALKBH2-specific RNAi was analyzed using the BrdU
incorporation assay.

cDDP treatment on the DNA synthesis rate in H1299 cells,
BrdU incorporation assay was performed. As shown in Figure
2D, the inhibition ratio of ALKBH2 RNAIi lentivirus infected
cells was enhanced significantly by treatment with cDDP
(P<0.05) compared to mock-infected and non-infected cells.
These results indicate that concurrent treatment of H1299 cells
with cDDP and RNAI targeted to ALKBH2 resulted in a lower
proliferation rate compared to that of cells treated with cDDP
alone.

Enhancement of cDDP-induced apoptosis in H1299 cells by
ALKBH2 RNAi

The therapeutic efficacy of anti-cancer agents depends strongly
on their ability to trigger apoptosis in target tumor cells"”.
To determine the effect of ALKBH2 knockdown on cDDP-
induced apoptosis in H1299 cells, apoptosis was evaluated
in uninfected cells, cells expressing ALKBH2 specific-RNAi,
or negative control RNAi-expressing cells by flow cytometry
analysis following cDDP treatment. As shown in Figure 3,
without cDDP treatment the number of apoptotic and necrotic
cells in the control, negative control and knockdown groups
was almost indistinguishable. However, compared to the con-
trol cells, the addition of ¢cDDP significantly increased apop-
tosis in cells infected with ALKBH2 specific-RNAi (P<0.01),
suggesting that combining ALKBH?2 inhibition with cDDP can
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Figure 3. Enhancement of cDDP-induced apoptosis in H1299 cells
using ALKBH2 RNAi. (A) H1299 cells were transfected with lentivirus
expressing ALKBH2-specific RNAi (KD) or negative control-RNAi (NC),
with the parent H1299 cells used as a control (CON). (B) The data
presented are the average number of apoptotic and necrotic cells (£SD)
in three independent experiments. The infection with ALKBH2 RNAi (KD)
enhanced the level of cDDP-induced apoptosis and necrosis compared
to the negative control RNAi (NC) or the parent H1299 cells (CON) (n=3,
°P<0.05).

enhance the induction of apoptosis.

Influence of ALKBH2 down-regulation on the expression of
relevant genes during cDDP-induced apoptosis

Next, we investigated potential pathways involved in the
enhancement of cDDP-induced apoptosis by ALKBH2 down-
regulation. As shown in Figure 4A and 4B, after the addition
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Figure 4. The effect of down-stream gene expression on the cDDP-
induced apoptosis by ALKBH2 down-regulation. (A) Bax, rather than
Bcl-2 gene transcripts, was up-regulated, and bFGF, PDGFA and PDGFB
genes transcripts were down-regulated in the ALKBH2 specific-RNAi
infected cells using qRT-PCR. Data shown are the mean results+SD of
a representative experiment performed in triplicate (n=3, °P<0.05). (B)
Alteration of Bax, bFGF, PDGFA, and PDGFB protein expression in H1299
cells following ALKBH2 inhibition and cDDP treatment.

of cDDP, the mRNA and protein level of Bax, a member of the
Bcl-2 family (Bcl-2, Bcl-XL, and Bax), was found to be up-regu-
lated in H1299 cells infected with ALKBH2 specific-RNAi len-
tivirus compared to cells infected with negative control-RNAi
lentivirus (P<0.05). bFGF, a member of the fibroblast growth
factor (FGF) family, and the platelet-derived growth factors
(PDGF) PDGFA and PDGFB, were found to be down-regu-
lated in the cells infected with ALKBH2 specific-RNAi lentivi-
rus compared to the cells infected with negative control-RNAi
lentivirus (P<0.05). These results suggest that FGF and PDGF
receptor tyrosine kinases signaling pathways and Bcl-2-related
apoptosis pathways may be involved in the enhancement of
cDDP-induced apoptosis by ALKBH2 down-regulation.

Discussion

NSCLC is the leading cause of cancer-related deaths world-
wide. Unfortunately, traditional chemotherapy and radiother-
apy remain inadequate for attaining disease control because
of their limited efficacy, significant toxicity, development
of resistance, and high relapse rates; thus, new therapeutic
approaches are urgently required". Combining traditional
therapies with modern bioengineered therapeutics has become
a new and innovative approach to the treatment of NSCLC.
More recently, signal transduction pathways as well as onco-
genes and tumor-suppressor genes that are known to be aber-
rant in lung cancer have been targeted with novel agents!'”.
However, the eventual development of acquired resistance
also hampers the clinical outcome of these agents during
NSCLC treatment™. Therefore, further studies targeting mul-
tiple treatment modalities and/or the inhibition of multiple
signaling pathways are required to develop a novel thera-
peutic agent to enhance anticancer efficacy and/or prevent
treatment resistance. Intensive cancer therapy strategies have
thus far focused on sensitizing cancer cells to anticancer drug-
mediated cell apoptosis to overcome drug resistance, and this

strategy has resulted in more effective cancer therapeutics™.

cDDP is an effective anticancer drug used to treat many types
of cancer. cDDP-based combination chemotherapy is cur-
rently considered one of the most effective treatments for
advanced NSCLC. The mechanism of cDDP-based anticancer
activity is generally accepted to be dependent on its ability to
form adducts with DNA (inter- and intra-strand DNA cross-
links) and to cause DNA strand breaks in the nucleus. These
changes in the DNA interfere with normal transcription and/
or DNA replication, leading to either repair of the DNA dam-
age and cell survival or apoptosis™. Some early observations
have shown that cells deficient in DNA repair pathways are
hypersensitive to cDDP. The AIkB family of oxygenases rep-
resents a novel class of DNA base-repair enzymes that use an
oxidative dealkylation mechanism. In this study, our data
show that lentivirus-mediated ALKBH2 gene silencing has no
effect on basal H1299 cell growth. However, the combination
of ALKBH2 RNAI lentivirus infection and cDDP-based chemo-
therapy is significantly more potent than cDDP monotherapy,
as measured by growth inhibition and the induction of apop-
tosis in H1299 cells. Therefore, we hypothesized that silenc-
ing the ALKBH2 gene in cDDP-resistant patients may safely
enhance the efficacy of cDDP in the treatment of lung cancer.
However, the main mechanisms for ALKBH2 inhibition-
mediated sensitivity to cDDP need further investigation. Our
results indicate that down-regulation of ALKBH2 in ¢cDDP-
treated H1299 cells alters the expression of basic fibroblast
growth factor (bFGF), platelet-derived growth factor (PDGFA,
PDGFB) and Bcl-2. bFGF, an angiogenic cytokine produced by
tumor cells, affects vessel formation, tumor growth, invasion
and metastasis, and down-regulated bFGF may inhibit tumor
growth™!. Cell-surface receptor tyrosine kinases play pivotal
roles in different diseases, ranging from cancer to vascular
disorders, so disruption of PDGF signaling pathways could
inhibit tumor stromogenesis®. Bcl-2 family proteins regulate
the propagation of apoptotic signals and cell survival and are
divided into two subclasses: antiapoptotic members including
Bal-2, Mcl-1, Bcl-XL, and Bcl2A1 and proapoptotic members
including Bax and Bak™!. Down-regulation of ALKBH2 in the
cDDP-treated H1299 cells led to increased Bax expression and
decreased bFGF, PDGFA, and PDGFB expression. Therefore,
the regulation of these genes may be the mechanism underly-
ing the enhanced anti-tumor effect of cDDP in combination
with ALKBH2 inhibition in NSCLC therapy.

In conclusion, we demonstrate that lentivirus-mediated
ALKBH2 knockdown enhances the sensitivity of human
H1299 cells to cDDP-based chemotherapy. As a result of this
additive efficacy of ALKBH2 gene inhibition and chemother-
apy on cell death and cell proliferation in NSCLC cells, this
combined treatment modality has the potential to improve the
anticancer efficacy of cDDP.
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Substrate-dependent modulation of the catalytic
activity of CYP3A by erlotinib
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Aim: To ascertain the effects of erlotinib on CYP3A, to investigate the amplitude and kinetics of erlotinib-mediated inhibition of seven
major CYP isoforms in human liver microsomes (HLMs) for evaluating the magnitude of erlotinib in drug-drug interaction in vivo.
Methods: The activities of 7 major CYP isoforms (CYP1A2, CYP2A6, CYP3A, CYP2C9, CYP2D6, CYP2C8, and CYP2E1) were assessed in
HLMs using HPLC or UFLC analysis. A two-step incubation method was used to examine the time-dependent inhibition of erlotinib on

CYP3A.

Results: The activity of CYP2C8 was inhibited with an ICs, value of 6.17+2.0 ymol/L. Erlotinib stimulated the midazolam 1'-hydroxy
reaction, but inhibited the formation of 63-hydroxytestosterone and oxidized nifedipine. Inhibition of CYP3A by erlotinib was substrate-
dependent: the ICg, values for inhibiting testosterone 63-hydroxylation and nifedipine metabolism were 31.3+8.0 and 20.5+5.3
umol/L, respectively. Erlotinib also exhibited the time-dependent inhibition on CYP3A, regardless of the probe substrate used: the value
of K, and Kki,. Were 6.3 umol/L and 0.035 min™ for midazolam; 9.0 ymol/L and 0.045 min™ for testosterone; and 10.1 pmol/L and

0.058 min™* for nifedipine.

Conclusion: The inhibition of CYP3A by erlotinib was substrate-dependent, while its time-dependent inhibition on CYP3A was substrate-
independent. The time-dependent inhibition of CYP3A may be a possible cause of drug-drug interaction, suggesting that attention
should be paid to the evaluation of erlotinib’s safety, especially in the context of combination therapy.

Keywords: erlotinib; CYP isoform; human liver microsomes; substrate-dependent inhibition (or modulation); drug interaction
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Introduction

Erlotinib (Tarceva; Genentech Inc, San Francisco, CA, USA) is
an orally available, reversible human epidermal growth fac-
tor receptor (EGFR) tyrosine kinase inhibitor™?. Tt received
approval from the US Food and Drug Administration in
November 2004 for the second-line treatment of locally
advanced or metastatic non-small cell lung cancer after the
failure of at least 1 previous chemotherapeutic regimen' *.
Erlotinib was also approved by the United States for the treat-
ment of locally advanced, unresectable or metastatic pancre-
atic cancer in combination with gemcitabine[s]. In addition,
clinical trials in a number of other solid tumors are also under-
way!*.

Erlotinib is considered better tolerated and less toxic than

*To whom correspondence should be addressed.
E-mail yling@dicp.ac.cn
Received 2010-06-04  Accepted 2010-12-02

cytotoxic drugs, with the most common adverse reactions
in patients being rash and diarrhea”. However, erlotinib is
frequently involved in clinical drug-drug interactions (DDIs).
With 45 interactions reported before 2007, the DDI frequency
of erlotinib was just second to that of ifosfamide and pacli-

[0 Co-administration of
[11]

taxel among all antineoplastic drugs
erlotinib has been reported to enhance carboplatin exposure
and increase the serum concentration of phenytoin'”. A case
of rhabdomyolysis was reported due to the interaction of
erlotinib with simvastatin™!. International Normalized Ratio
(INR) elevations and bleeding events associated with erotinib-
warfarin co-administration have been reported!”. Because the
drugs involved usually had narrow therapeutic indices, DDIs
might impair the clinical safety of erlotinib.

One of the major reasons for clinical DDIs has been rec-
ognized to be inhibition or induction of drug metabolism
enzymes. Erlotinib is extensively metabolized, predominantly

by CYP3A4/5 and to a lesser extent by CYP1A2 and the
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extrahepatic isoform CYP1A1™. As for the influence of erlo-
tinib on the catalytic activity of CYP3A, conflicting data have
been published concerning its clinical consequences. Li et al
found that erlotinib stimulated CYP3A-mediated midazolam
metabolism in liver and intestinal microsomes™. Neverthe-
less, in a cell-based CYP3A activity assay, erlotinib was shown
to decrease the formation of 1’-hydroxymidazolam, showing
the potency to inhibit CYP3A activity!'®l. As for the phase 11
enzymes, erlotinib was shown to exhibit inhibition activity
on human UDP-glucuronosyltransferase (UGT) 1A1"). The
effects of erlotinib on other phase I CYP isoforms are still
unknown. Thus, the current data were insufficient to explain
the widespread DDI cases. Ascertaining the effect of erlotinib
on major CYP isoforms will benefit the clinical safety evalua-
tion of erlotinib in combination with other drugs.

The aim of this study was to ascertain the effect of erlo-
tinib on CYP3A activity and to investigate the amplitude and
kinetics of erlotinib-mediated inhibition of seven major CYP
isoforms in HLMs. An in vivo magnitude of interaction will
be extrapolated from the in vitro inhibition kinetic data to help
explain the clinical DDIs associated with erlotinib.

Materials and methods

Chemicals and reagents

Erlotinib (OSI-774, >99%) was purchased from Nanjing
Ange Pharmaceutical Co, Ltd (Nanjing, China). D-glucose-
6-phosphate, glucose-6-phosphate dehydrogenase, NADP®,
corticosterone, phenacetin, acetaminophen, 7-hydroxycou-
marin, 4’-hydroxydiclofenac, sulfaphenazole, 8-methoxyp-
soralen, clomethiazole, montelukast, nifedipine, oxidized
nifedipine, midazolam, 1’-OH-midazolam, troleandomy-
cin (TAO), 6-hydroxychlorzoxazone, 7-hydroxycoumarin,
paclitaxel, 6pB-hydroxytestosterone and furafylline were
purchased from Sigma-Aldrich (St Louis, MO, USA). Tes-
tosterone was from Acros Organics (Morris Plains, NJ, USA).
Coumarin, diclofenac, dextromethorphan and ketoconazole
were from ICN Biomedicals (Aurora, OH, USA). Human
liver microsomes (HLMs) were prepared according to the
method described by Guengerich (1989) and other previous
reports!'® ). Protein concentrations were determined using
bovine serum albumin as a standard™. Millipore water (Mil-
lipore, Bedford, MA, USA) and HPLC grade methanol and
acetonitrile (Tedia, Fairfield, OH, USA) were used throughout;
other reagents were of the highest grade commercially avail-
able.

Probe substrate assays for major CYP isoforms

Probe reactions for CYP3A, CYP1A2, CYP2C8, CYP2AS6,
CYP2C9, CYP2D6, and CYP2E1 were testosterone
6p-hydroxylation, phenacetin O-demethylation, paclitaxel
6a-hydroxylation, coumarin 7-hydroxylation, diclofenac
4’-hydroxylation, dextromethorphan O-demethylation and
chlorzoxazone 6-hydroxylation activities separately. Midazo-
lam 1’-hydroxylation and nifedipine oxidation reactions were
also performed to examine the effect of erlotinib on CYP3A
activity. The basic incubation system contained 100 mmol/L
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potassium phosphate buffer (pH 7.4), a NADPH-generating
system (1 mmol/L NADP", 10 mmol/L glucose-6-phosphate,
1 unit/mL of glucose-6-phosphate dehydrogenase and 4
mmol/L MgCl,) and the appropriate concentrations of HLMs,
the appropriate probe substrate and erlotinib (or a positive
control inhibitor) in a final volume of 200 pL. After a 3-min
preincubation at 37 °C, the reaction was initiated by adding
the NADPH-generating system and terminated by adding
100 pL acetonitrile (10% trichloroacetic acid for CYP2A6) with
internal standard. The mixture was centrifuged at 20000xg
for 10 min, and an aliquot of supernatant was then transferred
to a 0.3-mL auto-injector vial for HPLC or UFLC analysis.
The incubation conditions, including substrate and protein
concentrations and incubation times, have been reportedm’ 2
The HPLC system (SHIMADZU, Kyoto, Japan) consisted of a
SCL-10A system controller, two LC-10AT pumps, a SIL-10A
autoinjector, and a SPD-10AVP UV detector or a RF-10AXL
fluorescence detector. HPLC separation was achieved using a
C18 column (150 mmx4.6 mm ID, 5 pm, Shimadzu) at a flow
rate of 1 mL/min. A Shimadzu Prominence UFLC™ system
with a Shim-pack XR-ODS (75.0 mmx2.0 mm ID, 2.2 pm, Shi-
madzu) analytical column was used. The eluent flow rate was
0.3 mL/min and the column temperature was maintained at
40 °C. Analysis conditions for the P450 isoforms are shown in
Table 1. All analytical methods were shown to be precise and
accurate. The intra- and inter-day precisions were less than
15%, with accuracy in the range of 86.7%-112.5%!"" 1.

Enzyme inhibition experiments

Marker assays for each CYP isoform were performed in
the presence of 100 pmol/L erlotinib to evaluate its inhibi-
tory effect toward the seven major human CYP isoforms.
The concentrations of positive control inhibitors used are
as follows?" > *!: 1 ymol/L ketoconazole for CYP3A, 10
pmol/L furafylline for CYP1A2, 10 pmol/L sulfaphenazole
for CYP2C9, 5 pmol/L montelukast for CYP2CS8, 2.5 pmol/L
8-methoxypsoralen for CYP2A6, 10 pmol/L quinidine for
CYP2D6 and 50 pmol/L clomethiazole for CYP2E1. For
CYP isoforms that were strongly inhibited, the concentra-
tions at which the enzymes were 50% inhibited (ICs, values)
were determined using various concentrations of erlotinib
for CYP3A and for CYP2C8. Inhibition constant (K;) values
were determined by incubating various probe substrates (5-50
pmol/L paclitaxel, 30-100 pmol/L testosterone or 5-50 pmol/L
nifedipine) in the presence or absence of erlotinib. K; values
were calculated by nonlinear regression using the equations
for competitive inhibition (eq 1), noncompetitive inhibition (eq
2), or mixed inhibition (eq 3)".

(VaaxS)/ (K (1+1/Ki)+S)
(VinaxS)/ (K *S)(141/ K)) (
(VinaxS)/ (K * S)(1+1/ aK;)
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N =
= =
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[Y
[Y

—
w
=

Activation of midazolam metabolism by erlotinib
Midazolam was incubated in pooled HLMs (0.1 mg/mL) for
10 min in the presence or absence of erlotinib. To investigate
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CYPs Internal standard . . .
concentration (umol/L) Mobile phase gradient Detection

1A2 7-Hydroxycoumarin (30 pmol/L) Methanol (A): Phosphate buffer (pH=3.0, 50 mmol/L) (B)=34:66 HPLC, UV 245 nm
2A6 - Acetonitrile (A): Acetic acid (0.1%, v/v) (B)=35:65 HPLC, Fluo E,/E,.:

340 nm/456 nm
2C9 Coumarin (60 pmol/L) Acetonitrile (A): Phosphate buffer (pH=7.4, 100 mmol/L) (B)=32:68, HPLC, UV 280 nm

0-9 min, 68%B-32%B

2D6 - Acetonitrile (A): Phosphate buffer (pH=3.0, 50 mmol/L ) (B)=25:75 HPLC, Fluo E,/E,.:

235 nm/310 nm
2E1 Phenacetin (300 umol/L) Acetonitrile (A): Acetic acid (0.5%, v/v) (B)=22:78, 1-10 min, 78%B-40%B HPLC, UV 287 nm

3A4 (Testosterone) Corticosterone (20 pymol/L)

30%B-20%B
3A4 (Nifedipine) -
3A4 (Midazolam)

2C8

Methanol (A): Water (B)=52:48, 0-15 min, 48%B-30%B; 15-22 min,

Methanol (A): Water (B)=50:50, 0-20 min, 50%B-45%B
Methanol (A): Acetic acid (0.5%, v/v) (B)=40:60, 0-10 min, 60%B-20%B
Methanol (A): Water (B)=0-2 min, 88%B-44% B; 2-4 min, 44%B-38%B;

HPLC, UV 254 nm

HPLC, UV 250 nm
UFLC, UV 254 nm
UFLC, UV 230 nm

4-9.5 min, 38%B-32%B

the concentration dependence of midazolam metabolism acti-
vation phenomena, various concentrations of erlotinib (1-20
pmol/L) were incubated with midazolam at different concen-
trations (2-20 pmol/L). 1’-hydroxymidazolam was measured
using a validated method based on UFLC as described in
Table 1. To further explore the potential mechanism of activa-
tion phenomena, kinetic data were fit to a two-site model®,

VinaxX[5]

v= 4)
arleh e
Ko 5 T i)
bl s B

where S is the substrate, B is the effector, V., and K,, are the
kinetic constants for substrate metabolism, Kj is the binding
constant for the effector, a is the change in K,, resulting from
the effector binding, and B is the change in V,,, from the effec-
tor binding. For activation, a<l and/or >1.

Single point inactivation experiments

Single point inactivation experiments were used as previously
reported to determine NADPH-dependent and preincubation-
dependent inhibition by erlotinib®”. Briefly, erlotinib was
incubated with pooled HLMs (1 mg/mL) in the absence and
presence of the NADPH-generating system for 30 min at
37 °C. For CYP3A and CYP2CS8, the concentration of erlotinib
utilized was ten times the concentration that gave 25% inhibi-
tion under conditions of reversible inhibition. For other CYP
isoforms, 50 pumol/L of erlotinib was used. Moreover, mida-
zolam was also used as a probe substrate to perform single
point inactivation experiments for CYP3A, and 50 pmol/L of
erlotinib was used. After incubation, an aliquot (20 pL) was
transferred to another incubation tube (final volume 200 pL)
containing an NADPH-generating system and probe sub-
strates whose concentrations were proximal to K, values. Fur-
ther incubations were performed to measure residual activity.

Inactivation constant (K, and k;,,.;) assays

To determine the K; and k., values for the inactivation of
CYP3A, five concentrations of erlotinib (0, 5, 10, 20 and 50
pmol/L) were incubated for 0 to 30 min with pooled HLMs (1
mg/mL) at 37 °C. After preincubation, an aliquot (20 pL) was
transferred to another incubation tube (final volume 200 pL)
containing an NADPH-generating system and different probe
substrates for CYP3A to measure residual activity. Substrate
concentrations of four times the K, were selected to minimize
the reversible inhibition caused by erlotinib. The concentra-
tions used for different probe substrates were as follows: 400
pmol/L testosterone, 20 pmol/L midazolam and 60 pmol/L
nifedipine. To determine the k, (observed inactivation rate)
values, the decrease in natural logarithm of the activity over
time was plotted for each erlotinib concentration, and the ks
values were described as the negative slopes of the lines. Inac-
tivation kinetic parameters were calculated using nonlinear
regression of the data according to equation (5):

_ kinactx [I]
kobs - W (5)
KI, u=KIx u, m (6)
fon= ! )

(CmicxloO.SéLogP—1.4l)+1

where [I] is the initial inhibitor concentration, ki, is the maxi-
mal inactivation rate constant and K; is the inhibitor concen-
tration required for half the maximal rate of inactivation. The
unbound K; (K; ,) was calculated according to equation (6),
where f, ., is the free fraction of erlotinib in the microsomes.
fu, m is predicted according to equation (7) as previously
reported[zg]. The terms are defined as follows: C,;. is the
microsomal protein concentration used in the preincubation,
and logP is the log of the octanol-water (pH 7.4) partition (P)
coefficient of the erlotinib. A concentration of 1 mg/mL was
used for C, in this experiment, and LogP is approximately

401
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2.7, according to the literature™. Thus, fu mis calculated to be
44.2%.

Quantitative prediction of the DDI potential of erlotinib (AUC/
AUC)

The equations (8) and (9) were utilized to predict the interac-
tion potential of erlotinib caused by reversible inhibition and
TDI of CYP3A. Equation (10) was used to predict the interac-
tion potential by reversible inhibition of CYP2C8. All equa-
tions were adapted as reported™ >,

AUCG _ 1 ®)
AUC finicxpaa)
1 - fincvraa +7[I]v ‘
1+ n vivo
K;
AUG,; 1 )
AUC finicxraa)
+ (1= fincrpsa))
kinact x [I]in ivo
1 +—nact ™ Llinoioo
Ki % Kgegicypsa)
AUC, 1
L= 10
AUC fnicypacs) (10
1 - fincxracs) + ?
1+ 1n v1vo

i

The terms are defined as follows: AUC;/AUC is the pre-
dicted ratio of in vivo exposure of the interacting drug with
co-administration of erlotinib versus that in the control situ-
ation, ficypsa)/ fmcyracs) is the portion of total clearance of
the interacting drug to which CYP3A /CYP2C8 contributes,
kaeg(cyraa is the first-order rate constant of in vivo degradation
of CYP3A, ki« is the maximum inactivation rate constant, K; ,,
is the unbound K, K; is the reversible inhibition constant, and
[1]i1 10 1s the in vivo concentration of erlotinib at the enzyme
active site. The general assumption is that only unbound
drug is available for interaction with the enzyme active site.
However, at present, there is no consensus on the in vivo pre-
cipitant concentration that should be used. According to a
recent publication, the reversible inhibition portion performed
the best when the unbound portal vein concentration was
used for [I];, i, While for irreversible inactivation and induc-
tion the unbound systemic concentration was the best. Thus,
in this research, the unbound portal vein concentration (0.16,
0.18, and 0.31 pmol/L) was used for the reversible inhibi-
tion portion (for 50, 100, and 150 mg/d doses, respectively),
while the unbound systemic concentration (0.07, 0.19, and 0.13
pmol/L) was adopted to avoid over-prediction of irrevers-
ible inactivation®. The values for [I];, ,i, Were derived from
references!” . A kyegcypsay Of 0.000321 min™ was adopted,
in accordance with Obach et al™. The values of fin(cxrsay and
fm(cyracs) Were arbitrarily set to be 0.1-1 to predict the DDI risk

for all possible coadministered drugs!”.

Results

Inhibition of major CYP isoforms by erlotinib

Erlotinib with the concentration of 100 pmol/L inhibited the
activities of CYP1A2, CYP2C9, CYP2A6, CYP2D6, CYP2CS,
and CYP2E1 by 30.0%, 49.0%, 9%, 37%, 76%, and -7%,
respectively. For CYP3A, 100 pmol/L erlotinib inhibited
69.3% and 71.6%, respectively, of the enzyme’s testoster-
one 6B-hydroxylation and nifedipine oxidation activities.
However, erlotinib stimulated the midazolam 1’-hydroxy
activity by 171%. All positive control inhibitors strongly
inhibited the corresponding probe reactions, with less than
20% of control activity remaining upon inhibition. Further
kinetic analysis was conducted for CYP3A (testosterone
6p-hydroxylation, nifedipine oxidation) and CYP2C8 (pacli-
taxel 6a-hydroxylation), whose activities were inhibited by
more than 50%. As shown in Figure 1, erlotinib inhibited
testosterone 6P-hydroxylation in a concentration-dependent
manner with an IC5y of 31.3+8.0 pmol/L. Lineweaver-Burk
and Dixon plots showed that the inhibition of CYP3A by
erlotinib was well fitted to a competitive model of inhibition.
The K; value was calculated to be 14.1+4.3 pmol/L using a
nonlinear regression equation (eq 1). Erlotinib also inhibited
the metabolism of nifedipine in a competitive manner with
an ICs of 20.5£5.3 pmol/L. A K; value of 4.3+0.9 pmol/L was
obtained by nonlinear fitting. The results demonstrated that
erlotinib inhibited paclitaxel 6a-hydroxylation in a concen-
tration-dependent manner, with an ICs, of 6.17+2.0 pmol/L.
Lineweaver-Burk and Dixon plots suggested that erlotinib also
competitively inhibited CYP2CS8. The K; value was calculated
to be 5.841.9 pmol/L using a nonlinear regression equation (eq
1).

Activation of midazolam metabolism

As shown in Figure 2, using different concentrations of mida-
zolam (2-20 pmol/L), erlotinib stimulated the formation of
1’-OH-midazolam. At a constant concentration of midazolam,
the formation of 1-OH-midazolam increased with increasing
amounts of erlotinib (1-20 pmol/L). The two-site model fit-
ting results are listed in Table 2. The data fit this model (Table
2) well with an a=0.50 and a =1.80, indicating a decrease
in K., and an increase in V,,,,, respectively[32]. These results
showed the existence of activation.

Time- and NADPH-dependent inhibitions

When erlotinib was pre-incubated with HLMs for 30 min
in the presence of NADPH, the percentage of inhibition on
CYP3A by erlotinib increased significantly compared with
that without NADPH (using testosterone and nifedipine as

Table 2. Kinetic parameter estimates derived from two-site model for midazolam metabolism in the presence of erlotinib.

Substrate Effector Vinax K

Kg o B R?

Midazolam Erlotinib 0.34 (0.03) 2.63(0.93)

7.96 (5.9) 0.50 (0.33) 1.80 (0.27) 0.93
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Figure 1. Reversible inhibition of CYP3A and CYP2C8 by erlotinib. Al: Inhibition by erlotinib of testosterone 6p-hydroxylation activity. A2: Dixon plot
of the inhibitory effect of erlotinib on testosterone 6B-hydroxylation (TS) activity. A3: Lineweaver-Burk plot of the inhibitory effect of erlotinib on testo-
sterone 6B-hydroxylation activity. BZ1: Inhibition by erlotinib of paclitaxel 6a-hydroxylation activity. B2: Dixon plot of the inhibitory effect of erlotinib on
paclitaxel 6a-hydroxylation activity. B3: Lineweaver-Burk plot of the inhibitory effect of erlotinib on paclitaxel 6a-hydroxylation activity. C1: Inhibition by
erlotinib of nifedipine oxidation activity. C2: Dixon plot of the inhibitory effect of erlotinib on nifedipine oxidation activity. C3: Lineweaver-Burk plot of the

inhibitory effect of erlotinib on nifedipine oxidation activity.

probe substrates). When midazolam was used as a probe
substrate, interesting results were obtained (Figure 3). When
NADPH was not present during the preincubation process,
erlotinib stimulated the metabolism of midazolam, but when
NADPH was added to the preincubation, erlotinib showed an
inhibitory effect on the activity of CYP3A. Inactivation kinetic
parameters were obtained using different probe substrates.
As calculated from the observed inactivation plots (Figure 4),
inactivation parameters (K; and ki, respectively) for CYP3A
were calculated to be 6.3 pmol/L and 0.035 min™, 9.0 pmol/L
and 0.045 min™, 10.1 pmol/L and 0.058 min™ for the probe sub-
strates midazolam, testosterone and nifedipine, respectively.
The inhibition of other isoforms by erlotinib was not time and
NADPH dependent (data not shown).

In vitro-in vivo extrapolation of DDI magnitudes

For reversible inhibition of CYP2C8, adopting a K; of 5.8
pmol/L and unbound portal vein concentrations of 0.16, 0.18,
and 0.31 pumol/L for 50, 100, and 150 mg/d doses, respec-
tively, the AUC;/AUCs were predicted to be 1.0027-1.0276,
1.0030-1.0310 and 1.0051-1.0534 for an f,, value between 0.1
and 1. For reversible inhibition of CYP3A (with the probe sub-
strate testosterone), using a K; of 14.1 pmol/L and the same
unbound portal vein concentrations as for CYP2C8, the AUC;/
AUCs were predicted to be 1.0011-1.0113, 1.0013-1.0128, and
1.0022-1.0220 for an f,, value between 0.1 and 1, for 50, 100,
and 150 mg/d doses, respectively. For the probe substrate
nifedipine, using a K; of 4.3 pmol/L and the same unbound
portal vein concentration, the corresponding results of AUC;/
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nifedipine being 2.8 pmol/L and 0.035 min™, 4.0 pmol/L and
0.045 min™ and 4.5 pmol/L and 0.058 min™, respectively, the
AUC was calculated to increase to 107.9%-372.6%, 109.1%-
606.2%, and 109.7%-839.9% for midazolam; 107.7%—-345.3%,
108.9%-555.6%, and 109.5%-765.9% for testosterone; 108.0%-
381.1%, 109.2%-622.0%, and 109.7 %-862.9% for nifedipine.

Discussion
Human CYP3A is one of the most important CYP isoforms
involved in drug clearance and metabolized more than 50%
of the drugs on the market™. Inhibition or stimulation of the
catalytic activity of this enzyme could play a key role in clini-
cal DDIs. In previous studies, conflicting data were obtained
about the effects of erlotinib on metabolism of the substrate
midazolam mediated by CYP3APY. Thus, rigorously ascertain-
ing erlotinib’s effect on CYP3A will provide important infor-
mation that may aid in the prevention of clinical DDIs. In this
study, our experimental results showed that DDI patterns via
modulation of CYP3A by erlotinib are substrate dependent.
Erlotinib stimulated the formation of 1’-hydroxymidazolam
in HLMs. However, it inhibited the reactions of testosterone
6p-hydroxylation and nifedipine oxidation. Erlotinib’s time-
dependent inhibition of CYP3A was not substrate dependent.
The patterns of interaction between drug compounds and
CYP3A were previously shown to be substrate dependent.
For example, the flavonoid a-naphthoflavone, although well
known to activate CYP3A4P may also inhibit the enzymem,
depending on the CYP3A4 substrate. In a recent report,
substrate-dependent phenomena were found for ginsenosides’
effects on CYP3AP®. Until now, the mechanism of substrate-
dependent modulation of CYP3A activity remained unclear.
The relatively large active site cavity and the conformational
flexibility of CYP3A were considered the major causes of these
phenomenal . CYP3A can bind multiple ligands simulta-
neously, resulting in changes in the affinity of the substrate-
binding site for different substrates™. This multiple ligand-
binding property may contribute to the complex substrate-
dependent effects, but whether conformational changes
occurred simultaneously was unknown. In the case of erlo-
tinib, further investigation was needed to explore the molecu-
lar and structural basis of these substrate-dependent effects.
The substrate-dependent effects of erlotinib on CYP3A point
to the need for greater attention to the safety of combined
medications. In the case of heteroactivation, the clearance of
the interacting drug would increase. Alternatively, if erlotinib
inhibited the metabolism of the interacting drug, the AUC of
the latter drug would increase. In either case, a different DDI
might occur and possibly cause harm to the patient. When
substrate-dependent effects may be present, it is prudent
to employ a testing strategy using several probe substrates
to evaluate the DDI potential®” *?. Moreover, CYP3A4 and
CYP3A5 are the most abundant members of the CYP3A
subfamily. A recent study has shown significant differ-
ences between the heteroactivation potential of CYP3A4 and
CYP3AS5 for CYP3A-mediated carbamazepine 10,11-epoxida-
tion’). Inhibitors of CYP3A usually have different poten-

cies for inhibition of CYP3A4 and CYP3A5 in terms of both
reversible and irreversible inhibition™ *!. Thus, the different
expression levels of CYP3A4 and CYP3A5 may contribute to
interindividual variability in erlotinib interactions.

The time-dependent inhibition of CYP3A was found to be
substrate independent. After preincubation, erlotinib showed
enhanced inhibition activity for the midazolam 1’-hydroxyla-
tion, testosterone 6p-hydroxylation and nifedipine oxidation
reactions (Figure 3). The TDI parameters (K; and ki) were
6.3 pmol/L and 0.035 min™, 9.0 pmol/L and 0.045 min™ and
10.1 pmol/L and 0.058 min™, respectively, for the midazolam
1’-hydroxylation, testosterone 6pB-hydroxylation and nife-
dipine oxidation reactions. When midazolam was used as
the probe substrate, the following similar inactivation kinetic
parameters were reported by Li ef al: k;..=0.09 min™ and
K;=22 pmol/L. The discrepancy in parameters may be due to
the differences between labs. It should be noted that tyrosine
kinase inhibitors such as dasatinib have been reported to
inhibit CYPs via generation of reactive intermediates!” **I.
Recently, the bioactivation of erlotinib was also reported; in
that study, reactive epoxide and quinone-imine electrophiles
were detected, providing a possible mechanism for the time
dependent inhibition of CYP3AM.

Based on the results shown above, the conflicting data
about the effect of erlotinib on CYP3A can be explained as fol-
lows. First, without preincubation the action of erlotinib on
CYP3A was substrate dependent (Figure 3). Erlotinib stimu-
lated the formation of 1’-hydroxymidazolam!. Second, the
time-dependent inhibition of CYP3A was actually substrate
independent (Figure 3). In the cell-based CYP3A activity
assessment method by Harmsen et al, the cells were cultured
in medium containing erlotinib for two consecutive days
before measurement of the formation of 1’-hydroxymidazo-
lam". During the 2-d culture period, time dependent inhibi-
tion of CYP3A could occur, thus decreasing the formation of
1’-hydroxy midazolam.

Using the kinetic information we obtained regarding the
reversible and time-dependent inhibition of CYP enzymes,
the in vivo DDI magnitude of erlotinib was extrapolated. For
the reversible inhibition of CYP3A and 2C8, even using a
dose of 150 mg/d and an f, of 1, the increase in the AUC was
predicted to be no more than 10%. On the contrary, the AUC
was predicted to increase significantly even with the lower
oral dose and the smaller f,, when adopting the TDI predic-
tion equation. The DDI potential of erlotinib on phase II UDP-
Glucuronosyltransferases has been evaluated previously”.
The maximum increase in AUC was estimated to be less than
50% for drugs predominantly cleared by UGT1A1, even at a
dose of 150 mg/d. Therefore, time-dependent inhibition of
CYP3A might be one of the most important factors leading to
clinical DDIs.

Conclusion

In conclusion, our results demonstrate that the action of erlo-
tinib on CYP3A was substrate dependent. It stimulated the
metabolism of midazolam and inhibited the formation of
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6B-hydroxy testosterone and oxidized nifedipine. In contrast,
the time-dependent inhibition of erlotinib on CYP3A was
substrate-independent. Moreover, the time-dependent inhibi-
tion of CYP3A was a possible reason for clinical DDIs related
to erlotinib. Cancer patients often receive multiple concur-
rent medications and should be carefully monitored for pos-
sible DDIs. A better understanding of the modulatory effects
of erlotinib on the major CYP isoforms could inform clinical
safety evaluations of drug combinations.
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Pharmacodynamic and pharmacokinetic study of
pegylated liposomal doxorubicin combination (CCOP)
chemotherapy in patients with peripheral T-cell
lymphomas
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Aim: To investigate the pharmacodynamic and pharmacokinetic parameters of pegylated liposomal doxorubicin (PLD) combined with
cyclophosphamide, vincristine, and prednisolone in patients with peripheral T-cell ymphomas (PTCL).

Methods: Seven chemonaive patients and four patients with relapsed peripheral T-cell lymphomas were treated with a CCOP regimen
consisting of an intravenous administration of cyclophosphamide (750 mg/m?), vincristine (1.4 mg/m?), and PLD (30 mg/m?ond 1,
as well as an oral administration of prednisolone (60 mg/m?)on d 1-5. This regimen was repeated every 3 weeks for six cycles, and
the clinical response and toxicity of the regimen were monitored. In addition, the plasma concentration of PLD at different time points
was determined before and after treatment. The pharmacokinetics (PKs) software was used to estimate the pharmacokinetic param-
eters of PLD.

Results: The 11 PTCL patients received 35 treatment cycles. Three of them achieved complete response (CR), two partial response
(PR), four stable disease (SD), and two progressive disease (PD). The overall response rate (ORR) was 45.5%, and the CR rate was
27.3%. Inthe 7 chemonaive patients, three achieved CR, two PR, one SD, and one PD. The ORR was 71.4%, and CR rate was 42.9%.
The median follow-up time was 15 months, but 6 out of 11 patients were dead at the time of data analysis. The 1-year overall survival
rate was 45.5%, and the median progression-free survival (PFS) rate was 6.5 [95% confidence interval (95% Cl) 3.17-19.02] with a
survival rate of 11.5 months (95% Cl 6.65-16.36). The main toxicity was myelosuppression. Oral mucositis and hand-foot syndrome
seldom occurred. The PLD plasma concentration from nine patients ranged from 1.7036 to 9.2207 mgL* after administration of the
CCOP regimen (0-168 h). The pharmacokinetic parameters AUC,_,, CL, t;,», and V; were 910.76 mg/L-h, 0.043 Lhm?, 68.40 h, and
3.56 L/m?, respectively.

Conclusion: The CCOP regimen was effective and well tolerated in patients with peripheral T-cell ymphomas. The results of the phar-
macokinetic parameters showed that PLD had long retention time in blood circulation.

Keywords: pegylated liposomal doxorubicin; peripheral T-cell ymphomas; pharmacodynamics; pharmacokinetics; cyclophosphamide;
vincristine; prednisolone
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Introduction

Peripheral T-cell lymphomas (PTCL) are a group of rare and
heterogeneous non-Hodgkin lymphoma (NHL), which have
a poor prognosis and low survival ratel!l. The 5-year overall
survival (OS) for common subtypes of PTCL, such as PTCL
not otherwise specified (NOS) and angioimmunoblastic T-cell
lymphoma, is 32% compared with only 14% for adult T-cell

*To whom correspondence should be addressed.
E-mail Inm1013@163.com
Received 2010-08-08 Accepted 2010-12-02

leukemia lymphomal?, and there is no standard treatment
regimen at present. High-dose therapy and autologous stem-
The regimen of
cyclophosphamide, doxorubicin, vincristine, and prednisolone

cell transplants are still controversiall® 4.

(CHOP) remains the most commonly used chemotherapeutic
treatment for PTCL. However, CHOP has poor efficacy, a low
CR rate (10%-60%) and a median overall survival (OS) of <3
yearsP7l. Moreover, doxorubicin has a low therapeutic index
and significant treatment-related toxicities, whereas pegylated
liposomal doxorubicin (PLD) has a stable spatial structure
and demonstrates reduced binding to plasma proteins. Com-



pared to conventional doxorubicin injection, PLD has a longer
retention time in blood circulation, lower cardiotoxicity and
improved targeted efficiency!®. Recently, there have been
several clinical studies on PLD-based NHL treatment that
have shown it to be superior in the treatment of the elderly or
patients with primarily cutaneous T-cell lymphomas (CTCL)
with aggressive NHL "L

However, there are few relative studies on the pharmacody-
namic and pharmacokinetic characteristics of the cyclophos-
phamide, vincristine, PLD, and prednisolone (CCOP) regimen
in PTCL patients. In this study, we aimed to investigate the
efficiency and toxicities of a PLD-based CCOP regimen in
PTCL patients, and to study the pharmacokinetics of PLD by
determining its plasma concentrations at different time points
after administration.

Materials and methods

Patient eligibility criteria

Patients were eligible for this study if they had histologically
confirmed chemonaive or relapsed PTCL (except external pre-
cursor T-cell lymphomas) with at least one measurable lesion.
The patients met several other eligibility criteria: (1) no current
chemotherapy or radiotherapy treatment; (2) Eastern Coop-
erative Oncology Group (ECOG) performance status (PS) of
0-2; (3) age between 18 and 75 years; (4) survival prediction >3
months; (5) acceptable hematologic parameters [white blood
cell (WBC) 23.5x10° L, absolute neutrophil count (ANC)
>1.5x10° L, hemoglobin (HB) 29.0 g/L, and platelets >100x10°
L1]; and (6) adequate hepatic and renal functions (liver: bili-
rubin <1.5 times the upper limit of normal (ULN), aspartate
aminotransferase/alanine amiotransferase (AST/ALT) <1.5
times ULN or <5 times ULN if hepatic metastases were pres-
ent; kidney: serum creatinine <1.5 times ULN or creatinine
clearance 250 mL/min). The following groups were excluded:
(1) pregnant or lactating women; (2) patients with other malig-
nant tumors, except for carcinoma of the cervix uteri in situ
and basal cell carcinoma of the skin; (3) patients with reacti-
vated infection; and (4) patients with serious or untreated car-
diac disease. The study was approved by the Ethics Commit-
tee of Zhejiang Cancer Hospital and all patients gave written
informed consent.

Treatment plan

Patients received an intravenous (iv) infusion of cyclophos-
phamide (750 mg/m?) within 10 min, vincristine (1.4 mg/
m?) within 15 min, and pegylated liposomal doxorubicin (30
mg/m?) within one hour on d 1. Prednisolone (100 mg) was
administered orally on d 1 to d 5, and the entire regimen was
repeated every 3 weeks for six cycles. Before the treatment
a 5-HT, receptor antagonist was used to prevent vomiting.
Granulocyte colony-stimulating factor (G-CSF) was not used
in the first course as regular prevention, but it was used in the
next course if grade 3/4 granulocytopenia and febrile neu-
tropenia were present. Treatment was delayed if grade 3/4
hematologic toxicities, grade 2/4 mucositis or skin toxicities
occurred.
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Response analysis

Response to therapy was assessed every two cycles according
to the Response Evaluation Criteria in Solid Tumors (RECIST),
which included complete responses (CR), partial responses
(PR), stable disease (SD), progressive disease (PD), and CR
plus PR as overall response rate (ORR). Patients who were
evaluated as CR, PR, and SD continued treatment. Patients
who were evaluated as CR and PR were reexamined after 4
weeks. The Kaplan-Meier Survival Analysis was performed
by SPSS software (version 16.0).

Toxicity analysis
Toxicity was evaluated every cycle according to the National
Cancer Institute Common Toxicity Criteria, version 3.0.

Pharmacokinetics study

Reagents and materials

Pegylated liposomal doxorubicin (Caelyx®) was provided by
Ben Venue Laboratories Inc (Bedford, USA). Doxorubicin ref-
erence (98.8%) was provided by Zhejiang Hisun Pharmaceuti-
cal Co Ltd (Taizhou, China). The internal standard dauno-
rubicin reference (98.0%) was obtained from Zhejiang Hisun
Pharmaceutical Co Ltd (Taizhou, China). All other chemicals
and solvents were of chromatographic or analytical grade
and were obtained from several commercial sources. Drug-
free heparinized human plasma was obtained from Hangzhou
Central Blood Station (Hangzhou, China).

Chromatographic equipment and conditions

The Agilent 1100 high-performance liquid chromatography
(HPLC) system was equipped with a G1311A pump, a G1314A
programmable diode array detector (DAD) and a G1313A
auto-injector. A Hewlett Packard (HP) 1000 computer with
in-house developed software was used for on-line data acqui-
sition and subsequent calculations. Separation was carried
out using a Zorbax Elipse XDB-C18 (5 um, 4.6 mmx150 mm,
Agilent) column at 25 °C and detected at 254 nm. The mobile
phase consisted of acetonitrile and 40 mmol/L ammonium
acetate buffer solution. Samples were eluted in gradient mode
(Table 1), and the flow rate was 0.8 mL/min. The injection
volume was 50 pL. This method resulted in good separations
(Figure 1).

Preparation of stock and standard solutions
A reference stock solution of doxorubicin (940.0 mg/L) and an

Table 1. The linear gradient elution of the mobile phase.

Time (min) Acetonitrile (%) Buffer (%)
0 10 90
5 10 90
10 15 85
15 20 80
25 40 60
30 40 60
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Figure 1. HPLC chromatograms.

internal standard solution of daunorubicin (20.4 mg/L) were
prepared in sterile water (pH 6.8) and stored at 4 °C until use.

Assay procedure

The internal standard solution (100 pL) was added to drug-
free human plasma (0.5 mL) and vortexed for one minute, fol-
lowed by the addition of a 20% zinc sulfate methanol solution
(0.6 mL). The sample was vortexed for one minute and then
centrifuged at 10 000 round per minute for 10 min. The super-
natant was filtered using a 0.45 pm filter and then 50 pL was
injected into the liquid chromatography (LC) system.

Calibration curve preparation

A series of drug-free human plasma was mixed with differ-
ent concentrations of doxorubicin; the final concentrations of
doxorubicin were 0.18, 0.36, 0.73, 1.46, 2.93, 5.87, 11.75, 23.50,
47.00, and 94.00 mg/L. Five replicates were prepared for each
concentration of doxorubicin. The calibration curves were
obtained by plotting the peak area ratio (y) of doxorubicin
over internal standard versus doxorubicin concentration.
The regression equations of doxorubicin at low concentra-
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tions (0.18-2.93 mg/L) and high concentrations (2.93-94.00
mg/L) were y=0.2378x-0.0161, r=0.9997, and y=0.262x-0.3315,
r=0.9992, respectively. The limit of detection (LOD) and the
limit of quantification (LOQ) were 0.06 mg/L and 0.1 mg/L,
respectively, for doxorubicin. The average recoveries of doxo-
rubicin at various concentrations were 97.8%-110.2%. For
intra- and inter-day precision, the corresponding standard
deviations of the measurements were both less than 5.74%.

Pharmacokinetic studies and analysis

Blood samples were collected during the first cycle. Approxi-
mately 3 mL of whole blood samples were collected from
patients” forearm veins into heparinized polypropylene cen-
trifuge tubes before pegylated liposomal doxorubicin was
infused as well as at 0.75, 2, 8, 24, 48, 72, 120, and 168 h after
infusion. The blood samples were immediately placed on ice.
Plasma was obtained by centrifugation of the samples (3000
round per minute for 10 min at 4 °C) and then stored at -20 °C
until analysis. The plasma concentration-time data were ana-
lyzed by pharmacokinetic software for fitting the pharmacoki-
netic model and estimating the pharmacokinetic parameters.

Statistical analysis

Pharmacodynamic data were calculated using SPSS software
(version 16.0). Pharmacokinetic parameters were obtained by
DAS software (Drug and Statistics version 2.1.1, Mathematical
Pharmacology Professional Committee of China, Shanghai,
China). Data were expressed as the mean+SD. The mean
values with 95% confidence interval and t-test were used to
determine statistical significances in comparing pharmacoki-
netics between male and female patients (SPSS software, ver-
sion 16.0). P<0.05 was considered statistically significant.

Results

Patient characteristics

Eleven patients with PTCL were enrolled in this study from
February 2006 to December 2008. There were seven male
and four female patients, and their median age was 36 years
(range: 28-65 years). Seven patients were chemonaive, and
four had relapsed (Table 2). Eight patients had performance
status (PS) 0-1 and three had PS 2; four patients were in stage
I-1I, seven patients were in stage III-IV, and six patients had B
symptoms. The serum lactate dehydrogenase (LDH) of seven
patients was elevated. Patients were evaluated using the
International Prognostic Index (IPI) score: six patients were
given a score of 0-1, three were given a score of 2 and two
were given a score of 3. The pathological types were PTCL
and NOS (six cases), nasal type of NK/T-cell lymphoma (two
relapsed cases after radiotherapy), angioimmunoblastic T-cell
lymphoma (one case), anaplastic large cell lymphoma (one
case of ALK negative), and y-0 cell skin lymphoma (one case).

Treatment received

A total of 35 cycles of chemotherapy was administered, with a
median number of 3.2 cycles (range: 2-6 cycles). Six patients
received 2 treatment cycles, one patient received 3 cycles, two



Table 2. Clinical characteristics of 11 patients with PTCL.

Parameters Score

Median age (year) 36
Age range (year) 28-65
Male (%) 63.6 (n=7)
Female (%) 36.4 (n=4)
Body surface area (m?) 1.67
Body weight (kg) 64.3
Performance status (ECOG)

0-1 (%) 72.7 (n=8)

2 (%) 27.3 (n=3)
Stage

I-11 (%) 36.4 (n=4)

-1V (%) 63.6 (n=7)
B symptoms (%) 54.5 (n=6)
Elevated serum LDH (%) 63.6 (n=7)
IPI scores

0-1 (%) 54.5 (n=6)

2 (%) 27.3 (n=3)

3 (%) 18.2 (n=2)
Pathological types

PTCL, NOS (%) 54.5 (n=6)

Nasal type of NK/T-cell lymphoma (%) 18.2 (n=2)

Angioimmunoblastic T-cell ymphoma (%) 9.1 (n=1)

Anaplastic large cell ymphoma (ALK negative) (%) 9.1 (n=1)

y-9 cell skin lymphoma (%) 9.1 (n=1)

patients received 4 cycles, and the remaining two patients
received 6 cycles. Among the seven patients who received 2
or 3 treatment cycles, one quit the program due to poor com-
pliance. The other six SD or PD patients received second-line
chemotherapy. The remaining patients reached CR or PR,
and two received high-dose therapy and autologous stem-cell
therapy. Two patients received delayed treatment in 3 cycles.
One NK/T cell lymphoma patient with B symptoms switched
to the second-line regimen, received radiotherapy treatment
and was still disease-free after the three months follow-up.

Efficacy and survival

Efficacy and survival were evaluated. Three patients had CR,
two had PR, four had SD, and two had PD. The ORR was
45.5% and the CR rate was 27.3%. For the seven chemonaive
patients, three had CR, two had PR, one had SD, and one had
PD; the ORR was 71.4% and the CR rate was 42.9%. For the
four relapsed patients, there was no CR or PR patient, but
three patients had SD and one patient had PD. The median
follow-up time for the 11 patients was 15 months (ranging
from 5 to 36 months); however, six were dead as of the time of
data analysis. The one-year overall survival rate was 45.5%,
and the median PFS (progression-free survival) and survival
time were 6.5 months (95% CI 3.17-19.02) and 11.5 months
(95% CI 6.65-16.36), respectively. A Kaplan-Meier curve for
survival time was generated (Figure 2).
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Figure 2. Survival curve for 11 patients with peripheral T-cell ymphomas
treated with the CCOP regimen.

Toxicity analysis

The toxicity results of the 11 patients are shown in Table 3.
Generally, the toxicities were tolerable. The main toxicities
were myelosuppression including anemia (grade 3/4, one
case), neutropenia (grade 3/4, three cases) and thrombocy-
topenia (grade 3/4, one case). The other toxicities were rare,
with no treatment-related deaths.

Table 3. Toxicities of 11 patients with PTCL.

Toxicities Grade 1/2 (%) Grade 3/4 (%)
Anaemia 45.5) (9.1)
Neutropenia 36.4) (27.3)
Febrile neutropenia 18.2)

Thrombocytopenia 27.3) (9.1)

Nausea/Vomiting
SGOT/SGPT

Oral mucositis
Hand-foot syndrome
Alopecia

Cardiac toxicity

[N
[o4]
D

OO O O0OO0OO0ORFr O WwR

SGOT, serum glutamic-oxaloacetic transaminase; SGPT, serum glutamic-
pyruvic transaminase.

Plasma concentration analysis

Blood samples from nine patients treated with a CCOP regi-
men (without dose modification) were analyzed for plasma
concentrations. Initially, at 0-8 h, plasma concentrations
increased and peaked (8.490-9.221 mg/L), then they slowly
decreased to an average level of 1.704 mg/L at 168 h (Figure
3).

Pharmacokinetic analysis

The plasma concentration-time data were processed by DAS
software. Pegylated liposomal doxorubicin fits a biphasic
kinetic model, and its pharmacokinetic parameters are shown
in Table 4. The pharmacokinetic characteristics of pegylated
liposomal doxorubicin injection were significantly different
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Figure 3. Plot of plasma concentration (mean+SD) versus time of doxoru-
bicin in patients with PTCL treated with 30 mg/m? of pegylated liposomal
doxorubicin in combination with a CCOP regimen (n=9).

Table 4. Pharmacokinetic parameters in patients with PTCL treated with
30 mg/m? of pegylated liposomal doxorubicin in combination with CCOP
regimen (n=9).

95 % Cl

Parameters Mean SD SEM Lower Upper

bound bound

AUCy ., (mg/Lh) 910.76  462.33  154.12 555.38 1266.14

AUC, 4 (mg/Lh)  715.61  298.39 99.46  486.25 944.97
CL (Lh™m?) 0.043 0.025 0.0083  0.0239 0.062

Crax (Mg/L) 9.93 2.97 0.99 7.64 12.21

ti2(h) 68.40 28.39 9.46 46.58 90.23

tmax (D) 6.78 7.71 2.57 0.85 12.70

Vg (L/m?) 3.56 1.13 0.38 2.69 4.42

AUC, area under the curve; CL (Lh™m?), clearance; Cp.x (Mg/L), maximum
concentration; ty,, (h), half life time; t..., (h), the peak time; V4 (L/m?),
Volume of distribution; SD, standard deviation; SEM, standard error.

from conventional doxorubicin injection!"? (Table 5), where
the #,/, of pegylated liposomal doxorubicin was 68 h, which
was 6.58 times longer than conventional doxorubicin injection.
Moreover, the area under curve (AUC) of pegylated liposomal
doxorubicin increased 260 fold when compared to conven-
tional doxorubicin injection, and the clearance of pegylated
liposomal doxorubicin was 0.29% of conventional doxorubicin
injection. This result indicates that pegylated liposomal doxo-
rubicin has a longer retention time in plasma circulation than

conventional doxorubicin injection, and the lower V4 (1.63%)
indicates that it is localized and less distributed in other
organs. These results are in agreement with the phase 1/1I
131 Gender did not affect
the pharmacokinetic parameters of pegylated liposomal doxo-

clinical trials conducted by Hong

rubicin, and no significant difference was found in AUC_y,
AUCO—eo/ CL/ Cmax/ tl/Z/ tmax/ or Vd (P=0.199_0.684) (Table 6).

Table 6. Comparison of pharmacokinetics between male and female
patients administered pegylated liposomal doxorubicin.

Parameters Male (n=6) Female (n=3) P Value®
AUC,_., (g/L:h) 0.84+0.5 1.1+0.3 0.316
AUC._y (g/L:h) 0.6+0.3 0.9+0.2 0.234
CL (Lh™m?) 0.051+0.027 0.027+0.008 0.199
Cinax (Mg/L) 9.5+2.9 10.8+3.6 0.605
ti/o(h) 61+31 83+16 0.298
tmax (D) 4+4 12.+11 0.331
Vy(L/m?) 3.7+1.2 3.3+1.1 0.684

“Parameters of male vs female.

Discussion
The CHOP regimen (cyclophosphamide, doxorubicin, vin-
cristine, and prednisolone) has been used extensively to
treat patients with PTCL. However, it has resulted in poor
outcomes except for cases of anaplasic large-cell-lymphoma
kinase (ALK)-positive lymphoma. Moreover, doxorubicin has
a low therapeutic index and can induce several adverse effects,
such as myelosuppression, as well as heart and digestive sys-
tem toxicities, especially heart damage caused by drug accu-
mulation™ . To avoid doxorubicin toxicities, PLD was used
in the current study and evaluated for clinical administration.
PLD is a long-circulating pegylated liposome, which is
prone to target cancer cells. Therefore, it can reduce the toxici-
ties associated with doxorubicin, especially the myelosuppres-
sion and cardiotoxicity. Owing to its stable spatial structure
and encapsulated form, PLD has longer plasma circulation,
lower clearance rate, higher blood concentration, and longer
t1/, (68 h) when compared with conventional doxorubicin
injection. Generally, normal tissues have an integrated capil-
lary wall and most liposomes cannot pass through it, but the
permeability of new vessels in tumor tissues is much higher.

Table 5. Comparison of pharmacokinetics between patients administered pegylated liposomal doxorubicin and conventional doxorubicin injection.

Parameters
Drug form Tumor type Dose n Cirax AUC -, CL Vy ti/o
(mg/m?) (mg/L)  (mg/Lh)  (Lh*m?) (L/hy? (L/m?) (LP (h)
PLD PTCL 30 9 9.93 910.76 0.043 0.073° 3.56 5.946° 68.40
Conventional doxorubicin (CD)"!  Misc solid 50 4 5.90 3.50 - 25.30 - 365.00 10.40
Rate (PLD/CD) 1.68 260 - 0.0029 - 0.0163 0.0029

°CL (L/h)=CL (Lh™m?)xbody surface area (m?); "V, (L)=CL (L/m?)xbody surface area (m?).
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Additionally, liposomal doxorubicin releases more slowly and
can directly act on the tumor tissues, which makes doxorubi-
cin better at targeted delivery. Compared to the conventional
doxorubicin injection, PLD has improved pharmacodynamics
and pharmacokinetics.

Several studies have reported that PLD has good remission
and survival rates when used to treat basal T-cell lymphoma
of the skin™ ', which suggests that it is essential to investi-
gate specific treatments for different subtypes of the PTCL. In
this study, the ORR of the 11 patients was 45.5% and the CR
rate was 27.3%; the 1-year overall survival rate was 45.5%, and
the median PFS and survival time were 6.5 months (95% CI
3.17-19.02) and 11.5 months (95% CI 8.07-21.24), respectively.
For the seven chemonaive patients, the ORR was 71.4% and
the CR was 42.9%. The results were consistent with results
previously described in detail using the CHOP regimen!>".

The grade 3/4 toxicities were myelosuppression including
anemia (one case, 9.1%), neutropenia (three cases, 27.3%), and
thrombocytopenia (one case, 9.1%), which were higher than
other CHOP regimen reports'"”*. However, there was no car-
diac toxicity case in this study. Dose-dependent cardiac toxic-
ity is a main side effect of doxorubicin, especially in elderly
patients where there is a high rate of pre-existing cardiac dis-
ease™".
patients
centrations in the heart, kidney, stomach, and small intestine,

However, cardiac toxicity is common even in younger

21 Tt has also been reported that PLD has low con-

which reduces the incidence of adverse effects in these organs
normally induced by free doxorubicin®!. Therefore, the
CCOP regimen has a better therapeutic index than the CHOP
regimen with equivalent or superior efficacy and lower toxic-
ity. Of the four relapsed patients, three experienced a short
paracmasis. Thus, other new regimens are still needed to treat
these types of patients. The results of the pharmacokinetic
parameters (Table 5) indicate that PLD had a long circulation
time in the plasma, enhancing accumulation in tumor tissues,
and demonstrating a superior therapeutic activity over free
doxorubicin. There were no significant differences in pharma-
cokinetic parameters of PLD due to the patients” gender (Table
6).

Although the data from this study of the pharmacokinetics
and toxicity profile of the CCOP regimen are very favorable
and encouraging, further investigations with more patients
and randomized controlled studies in comparison to the
CHOP regimen are warranted before new PTCL treatment
guidelines can be proposed.
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