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Moloney murine leukemia virus–temperature sensitive (MoMuLV-ts1)-
mediated neuronal death is a result of both loss of glial support and release of
cytokines and neurotoxins from ts1-infected glial cells. Here the authors pro-
pose vascular endothelial growth factor (VEGF) down-regulation as another
contributory factor in neuronal degeneration induced by ts1 infection. To de-
termine how ts1 affects VEGF expression in ts1-infected brain, the authors ex-
amined the expression of several proteins that are important in regulating the
expression of VEGF. The authors found significant decreases in Jun-activating
domain-binding protein 1 (Jab1), hypoxia-inducible factor (HIF)-1α, and VEGF
levels and increases in p53 protein levels in ts1-infected brains compared to
noninfected control brains. The authors suggest that a decrease Jab1 expres-
sion in ts1 infection leads to accumulation of p53, which binds to HIF-1α to
accelerate its degradation. A rapid degradation of HIF-1α leads to decreased
VEGF production and secretion. Considering that endothelial cells are the most
conspicuous in virus replication and production in ts1 infection, but are not
killed by the infection, the authors examined the expression of these proteins
using infected and noninfected mouse cerebrovascular endothelial (CVE) cells.
The ts1-infected CVE cells showed decreased Jab1, HIF-1α, and VEGF mRNA
and protein levels and increased p53 protein levels compared with nonin-
fected cells, consistent with the results found in vivo. These results confirm
that ts1 infection results in insufficient secretion of VEGF from endothelial
cells and may result in decreased neuroprotection. This study suggested that
ts1-mediated neuropathology in mice may result from changes in expression
and activity of Jab1, p53, and HIF-1α, with a final target on VEGF expression
and neuronal degeneration. Journal of NeuroVirology (2008) 14, 239–251.
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Introduction

The pathogenesis of a progressive murine spongiform
encephalomyelopathy induced by a neuropathogenic
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mutant of Moloney murine leukemia virus–TB,
MoMuLV-ts1, has been investigated for many years
in our laboratory. MoMuLV-ts1 is a type C retrovirus
that induces T-cell lymphomas in susceptible strains
of mice at 6 to 8 months of age (Yuen and Szurek,
1989). A single point mutation in the envelope gene
of its temperature-sensitive mutant ts1 confers upon
the virus the ability to deplete T cells and motor neu-
rons in mice by 6 weeks of age (Wong et al, 1989;
Szurek et al, 1990; Wong et al, 1991). MoMuLV-ts1
possesses the ability to induce bilateral hind-limb
paralysis and immunodeficiency in infected mice
(Wong et al, 1985), which become evident between 25
and 30 days post inoculation (d.p.i.). The disease is
also associated with the development of thymic and
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splenic atrophy (Prasad et al, 1989). Previous studies
showed that infection of the central nervous system
(CNS) with ts1 causes a progressive neurodegener-
ative disease. The CNS microscopic lesions of ts1-
infected mice consist of vacuolar degeneration of mo-
tor neurons and spongy changes of white matter in the
brainstem, cerebellum, and spinal cord (Stoica et al,
1993; Stoica et al, 2000). Our previous results (Stoica
et al, 1993) demonstrated that productive ts1 infec-
tion in the brain occurs in endothelial cells. Astro-
cytes, ependymal cells, microglia, oligodendrocytes
are also infected, but not neurons, inferring an indi-
rect mechanism in ts1-mediatd neuronal degenera-
tion. Taken together, the disease pathogenesis is non-
cell-autonomous, with toxicity derived from glia as
a primary contributor driving disease initiation and
progression.

Among the murine retroviruses, ts1 is similar to
human immunodeficiency virus (HIV) in its use of
CD4+ cells for infection, its secondary neurocyto-
pathic effect, its continuous viremia with free virus
in the circulation and depletion of CD4+ cells. These
and other similarities have led to its use as an animal
model for HIV (Clark et al, 2001).

Virus infections affect cell division by interfer-
ing with cell cycle regulation or altering cellular
gene expression (Kim et al, 2002). Previous stud-
ies demonstrated that p53, a transcriptional factor
important in regulation of growth arrest, apoptosis,
and differentiation, plays a critical role in the cel-
lular response to environmental stress, and is in-
creased in the brainstem of ts1-infected mice and in
ts1-infected C1 astrocytes (Kim et al, 2002). One of
the proteins responsible for p53 cytoplasmic local-
ization, which subsequent leads to the degradation
of p53, is Jun-activating domain-binding protein 1
(Jab1).

Jab1, also known as COP9 signalosome subunit 5
(CSN5), is a component of the COP9 signalosome reg-
ulatory complex (CSN). Jab1 was first identified as a
transcriptional activator of c-Jun and Jun D, stabiliz-
ing the formation of the activator protein (AP)-1 com-
plex, a transcription factor (Lee et al, 2006). It was
demonstrated that Jab1 alone was able to induce cyto-
plasmic translocation and degradation of nuclear p53
(Oh et al, 2006). Jab1 knockout mice had higher p53
levels, suggesting a role of Jab1 in p53 homeostasis
(Tomoda et al, 2004). In fact, it was suggested that lev-
els of both nuclear and cytoplasmic p53 are actually
controlled by Jab1 or CSN complexes (Bech-Otschir
et al, 2001; Oh et al, 2006). Jab1 may be involved
in the onset of neurodegenerative diseases caused by
endoplasmic reticulum (ER) dysfunction. Jab1 was
shown to bind to inositol-requiring enzyme (IRE)1α,
one of the ER stress transducers, during resting condi-
tions. Mild ER stress enhanced this reaction, whereas
strong ER stress diminished it. Thus, Jab1 might reg-
ulate the choice between the unfolded protein re-
sponse (UPR) and apoptosis by association with or
dissociation from IRE1 (Oono et al, 2004).

One interesting function of Jab1 is its ability to pro-
mote oncogenesis by stabilizing hypoxia-inducible
factor 1alpha (HIF-1α), a transcription factor that
controls expression of a number of genes under
low cellular oxygen concentration (Lee et al, 2006).
HIF-1α is the major transcription factor responsible
for induction of vascular endothelial growth factor
(VEGF) production and secretion. VEGF secreted by
glial cells or/and endothelial cells is neuroprotective
and significantly contributes to neuronal protection
especially in hypoxic conditions. Previous reports
demonstrated that knockout mice, in which hypoxic
regulation of VEGF was impaired, exhibited signs
of motor neuron degeneration, similar to those seen
in humans with amyotrophic lateral sclerosis (Oost-
huyse et al, 2001). VEGF also affects neuronal death
after acute spinal cord or cerebral ischemia, and has
been implicated in other neurological disorders such
as ischemic neuropathy, nerve degeneration, Parkin-
son’s disease, Alzheimer’s disease, and multiple scle-
rosis (Storkebum et al, 2004). Thus, a loss of function
or rapid degradation of HIF-1α could alter the ability
of glial or endothelial cells to provide neurotrophic
support to neurons, leading to neuronal loss.

Previous studies suggested that HIF-1α becomes
unstable when bound to p53 (Ravi et al, 2000) and
Jab1 protein directly interferes with the HIF-1α–p53
complex and leads to stabilization of the HIF-1α pro-
tein during hypoxia (Bae et al, 2002). Although some
studies suggested that p53 interacts with HIF-1α and
suppresses its function (Ravi et al, 2000), recent work
reported that p53 does not alter HIF-1α protein abun-
dance or function during hypoxia (Rempe et al, 2007),
which suggests that influence of p53 on HIF-1α pro-
tein abundance and function is probably a cell type–
specific phenomenon.

The aim of this study was to elucidate the con-
tribution of Jab1, p53, and HIF-1α proteins to VEGF
expression and neuronal degeneration in MoMuLV-
ts1–infected CNS of FVB/N mice. In both ts1-infected
mouse brain and ts1-infected mouse cerebrovascular
endothelial (CVE) cells, a decrease in Jab1, HIF-1α,
VEGF, and an increase in p53 expression, was ob-
served. Our studies suggest that down-regulation of
Jab1 might be one of the factors responsible for the
p53 increase, which leads to a rapid degradation of
HIF-1α and a reduction in VEGF levels in ts1 infec-
tion. Reduced VEGF levels can lead to neuronal cell
death due to loss of neuroprotection, especially in
conditions of severe hypoxia caused by ts1 infection.
Thus, we highlight the loss of VEGF-mediated neu-
roprotection in retroviral infection-induced neuronal
cell degeneration and death in vivo.

Results

Decreased levels of Jab1, HIF-1α, and VEGF in the
brain of ts1-infected mice
Using Western blot (WB) analysis, we assessed the
expression of Jab1, HIF-1α, and VEGF in whole-brain
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Figure 1 Expression of Jab1, HIF-1α, and VEGF in brains of controls and ts1-infected mice. (A) Western blots showing levels of Jab1,
HIF-1α, and VEGF proteins in whole brain of controls versus ts1-infected mice at 23 and 30 days post infection (d.p.i.). At 23 and 30
d.p.i., tissues homogenates were prepared from whole brain of control and ts1-infected mice and subjected to immunobloting analysis.
β-actin served as a loading control. (B) Densitometric analysis of Jab1, HIF-1α, and VEGF protein levels in the whole brain of ts1-infected
versus control mice. Amounts of Jab1, HIF-1α, and VEGF proteins in the whole brains of ts1-infected mice were significantly decreased
at 30 d.p.i., compared to those of the brains of control mice. The results represent the mean ± standard deviation for three independent
experiments. Asterisks indicate statistically significant differences (*p < .05).

homogenates from control and ts1-infected mice. As
shown in Figure 1A and B, there is a decrease in Jab1,
HIF-1α, and VEGF protein expression in ts1-infected
mouse brain at 30 days post infection (d.p.i.), but no
significant changes in their levels at 23 d.p.i. where
pathology is less severe.

In addition to WB analysis, we performed immuno-
histochemistry (IHC) to localize these proteins in con-
trol and ts1-infected brains. Although we analyzed
the expression of these proteins throughout the brain,
we present here data from brainstem of control and
ts1-infected mice because this is one of the CNS re-
gions consistently showing spongiform changes. In
the brainstem of control mice, many neurons and
glial cells showed intense cytoplasmic and nuclear
labeling for Jab1 (Figure 2A to C), with less Jab1 im-
munolabeling in ts1-infected brainstem (Figure 2D

to F). Jab1 protein expression was also very intense in
endothelial cells lining blood vessels of control mice
(Figure 2C) and virtually absent in endothelial cells
lining blood vessels of ts1-infected mice (Figure 2F).
The expression of HIF-1α was intense in both cyto-
plasm and nucleus of neurons and glial cells in con-
trol mice brainstem (Figure 3A and B), but weaker in
the neurons and glial cells in ts1-infected brainstem
(Figure 3C and D). The expression pattern of VEGF
was very similar to the expression of Jab1 and HIF-1α
with intense label of neurons and glial cells in brain-
stem (Figure 4A and B) of control mice and decreased
labeling in ts1-infected brainstem neurons (Figure 4C
and D). Taken together, the results from IHC demon-
strate that there is a reduction of Jab1, HIF-1α, and
VEGF protein in ts1-infected mice brainstem com-
pared with control mice brainstem.
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Figure 2 Expression of Jab1 in brainstem of control versus ts1-infected mice. (A) Marked Jab1 immunoreactivity in the cytoplasm and
nucleus of neurons and glial cells in the brainstem of control mice (at 30 d.p.i.). (B) Higher-magnification view of boxed area from A.
Note strong nuclear and cytoplasmic staining in glial cells (arrowhead) and neurons (arrow). (C) Strong Jab1 staining in endothelial cells
lining blood vessel (arrowhead) of the control mice brainstem tissue. (D) Decreased Jab1 immunoreactivity in the cytoplasm and nucleus
of neurons and glial cells in ts1-infected brainstem tissue showing spongiform changes (at 30 d.p.i.). (E) Higher-magnification view of
black boxed area from D. Note the absent or weak nuclear and cytoplasmic staining in neurons (arrow). (F) Decreased Jab1 staining in
endothelial cells lining blood vessel (arrowhead) of the ts1-infected mice brain stem tissue.

To confirm the WB and IHC results for Jab1, HIF-
1α, and VEGF, we prepared cDNA from whole brains
of control and ts1-infected mice and performed semi-
quantitative reverse transcriptase–polymerase chain
reaction (RT-PCR) analysis. As shown in Figure 5A
and B, Jab1 and VEGF mRNA levels were signifi-
cantly decreased in ts1-infected brains at 30 d.p.i.
(∗ p < .05) compared with control brains, whereas the
HIF-1α mRNA level was unchanged in control and
ts1-infected brains.

Increased expression of p53 in the ts1-infected
brains
Previous reports showed that Jab1 is involved in p53
cytoplasmic localization and degradation, and that
Jab1 knockout mice had higher p53 leves (Oh et al,
2006; Tomoda et al, 2004). To determine if a de-
creased level of brain Jab1 protein will lead to an in-
crease in p53 protein, we analyzed the amount of p53
by immunoblotting of brain homogenates of control
and ts1-infected mice. Figure 6A and B show that ts1
infection induced a significant increase in p53 lev-

els at both 23 and 30 d.p.i. (*p < .05; **p < .01).
This finding is in agreement with results from Kim
et al (2002), which indicated that MoMuLV-ts1 in-
fection increases the expression and accumulation of
p53 protein and its dependent genes in astrocytes and
brainstem.

Decreased levels of Jab1, HIF-1α, and VEGF in
ts1-infected CVE cells
We also studied the expression of these proteins in
CVE cells because among all cell types in the CNS,
endothelial cells are the most conspicuous in virus
replication and production, although they are not
killed by the infection (Shikova et al, 1993). To deter-
mine the expression of Jab1, HIF-1α, and VEGF pro-
teins in ts1-infected CVE cells, we performed WB and
RT-PCR analysis using whole-cell extracts of control
and ts1-infected CVE cells at 24, 48 and 72 h post in-
fection. Figure 7A and B show that the level of Jab1
increases at 24 h post infection and then starts to de-
crease at 48 and 72 h post infection. The levels of HIF-
1α and VEGF also significantly decreased at 48 and
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Figure 3 Expression of HIF-1α in brainstem of control versus ts1-infected mice. (A) Intense HIF-1α immunoreactivity in the cytoplasm
and nucleus of neurons and glial cells in the brainstem of control mice (at 30 d.p.i.). (B) Higher-magnification view of black boxed area from
A. Note strong nuclear and cytoplasmic staining in glial cells (arrowhead) and neurons (arrow). (C) Decreased HIF-1α immunoreactivity
in the cytoplasm and nucleus of neurons and glial cells in ts1-infected brainstem tissue showing spongiform changes (at 30 d.p.i.). (D)
Higher-magnification view of black boxed area from C. Note the weak or absent nuclear and cytoplasmic staining in glial cells (arrowhead)
and neurons (arrow).

72 h post infection (Figure 7A and B) compared with
noninfected cells. The levels of all three proteins,
Jab1, HIF-1α, and VEGF, were significantly decreased
at 72 h post infection compared to noninfected CVE
cells. We also determined the levels of Jab1, HIF-1α
and VEGF mRNA expression by RT-PCR. Figure 8A
and B shows that the levels of Jab1 and VEGF mRNA
were increased at 24 h after infections and started
to decrease at 48 and 72 h post infection compared
to noninfected cells. Compare with Jab1 and VEGF
mRNA levels, HIF-1α mRNA level was unchanged in
ts1-infected CVE cells (Figure 8A).

Increased expression of p53 in the ts1-infected
CVE cells
The level of p53 protein was analyzed by WB to
determine whether p53 protein accumulates in ts1-
infected CVE cells. We show that p53 protein in-
creased in ts1-infected CVE cells at 24, 48, and 72
h post infection compared with controls (Figure 9A
and B; *p < .05).

Discussion

The present study shows that MoMuLV-ts1 infection
leads to a decrease in Jab1, HIF-1α, and VEGF pro-

tein and an increase in p53 protein in ts1-infected
brains and CVE cells. These results were obtained
by WB analysis and confirmed by IHC. Overexpres-
sion of p53 is known to lead to cell cycle arrest or
apoptosis (Liu et al, 1994), and although we have
demonstrated an increase expression of p53 in CVE
cells, we could not detect cell death even 72 h after
ts1 infection. The result is not surprising to us be-
cause it was demonstrated that among all cell types
in the CNS, endothelial cells are the most conspicu-
ous in terms of virus replication and production but
they are not killed by the infection (Shikova et al,
1993). Indeed, it is intriguing that endothelial cells
do not show any pathological abnormality upon ts1
infection. It may be that endothelial cells have the
ability to adapt to ts1 infection by activating their
defense system. For example, it was demonstrated
that CVE cells promptly respond to the oxidative
stress by enhancing expression of several antioxida-
tive enzymes, including superoxide dismutase and
glutathione peroxidase (Lu et al, 1993). CVE cells
may use a similar mechanism of adaptation as astro-
cytes by mobilizing Nrf2-mediated thiol antioxidant
defenses, with up-regulation of plasma membrane
cystine/glutamate antiporter (xCT), cystine uptake,
and glutathione (GSH) synthesis (Qiang et al, 2006).



MoMuLV-ts1 down-regulates Jab1, HIF-1α, and VEGF
244 GF Lungu et al

Figure 4 Expression of VEGF in brainstem of control versus ts1-infected mice. (A) Intense VEGF immunoreactivity in the cytoplasm and
nucleus of neurons and glial cells in the brainstem of control mice (at 30 d.p.i.). (B) Higher-magnification view of black boxed area from
A. Note strong VEGF staining in glial cells (arrowhead) and neurons (arrow). (C) Decreased VEGF immunoreactivity in the cytoplasm and
nucleus of neurons in ts1-infected brainstem tissue showing spongiform changes (at 30 d.p.i.). (D) Higher-magnification view of black
boxed area from C. Note the weak or absent nuclear and cytoplasmic staining in the neurons (arrows). Glial cells nuclei appear labeled
(arrowhead).

Additionally, we found that ts1-infected CVE cells
significantly increased the expression and secretion
of mature nerve growth factor (NGF), an important
factor for cell survival (data not published).

Here we demonstrate that ts1 infection leads to a
decrease in Jab1 protein and mRNA levels in the brain
and in CVE cells. The mechanism that leads to this de-
crease is not yet known and requires further in vitro
and in vivo investigation. However, virus infection
can affect cell division by interfering with cell cycle
regulation or altering cellular gene expression. Thus,
Jab1 protein expression might be altered due to viral
infection. This may trigger a variety of events. Over-
expression of p53 is a constant feature of viral infec-
tion in the central nervous system (Genini et al, 2001;
Ehsan et al, 2000; Kim et. al, 2002). We show that ts1
infection leads to an increase in p53 expression in
the brain and in CVE cells. We speculate that a re-
duction in Jab1 protein levels would lead to further
accumulation of p53 in the cells because previous
studies showed that Jab1 is involved in p53 localiza-
tion, subsequently leading to the degradation of p53
(Oh et al, 2006), and suggesting that the maintenance

of p53 homeostasis requires the presence of Jab1. Reg-
ulation of p53 protein levels is achieved primarily via
posttranslational mechanisms, although there might
be other signals responsible for regulation of p53 be-
sides Jab1.

According to the previous studies, hypoxia is
a physiologic inducer of p53 (Blagosklonny et al,
1997). HIF-1α can undergo protein-protein interac-
tion with either Jab1 or p53 during hypoxia and Jab1
and p53 compete for binding, because Jab1 and p53
interact with the same domain on HIF-1α (Bae et al,
2002). Binding of p53 to HIF-1α results in HIF-1α
degradation facilitated by a HIF-1α ubiquitination by
the Hdm2-complexes, whereas binding of Jab1 sta-
bilizes HIF-1α and increases the capacity of HIF-1α
to act as a transactivator (Bae et al, 2002). Although
some reports demonstrated that association of HIF-
1α and p53 results in inhibition of HIF-stimulated
transcription, other studies showed that p53 not only
promotes the proteasomal degradation of the α sub-
unit of HIF-1 but also inhibits angiogenesis by down-
regulating VEGF (Ravi et al, 2000; Blagosklonny
et al, 1997). Another report (Pal et al, 2001) showed
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Figure 5 Decreased expression of Jab1 and VEGF mRNA in the ts1-infected mice brains. (A) Semi-quantitative RT-PCR analyses for Jab1,
HIF-1α, and VEGF mRNAs from whole brains of control and ts1-infected mice sacrificed at 30 d.p.i. Notice the decreased levels of Jab1
and VEGF mRNAs in ts1-infected brains compared with uninfected brains. For VEGF two alternative splicing variants were identified.
A 514-bp product, corresponding to the VEGF188, and a second 462-bp product, corresponding to the VEGF164 isoform, were detected.
VEGF188 isoform expression was greater than of VEGF 164. The HIF-1α mRNA levels were unchanged in control and ts1-infected brains.
(B) Densitometric analysis of Jab1 and VEGF mRNA levels in the brain of ts1-infected versus control mice. Amounts of Jab1 and VEGF
mRNAs in brain of ts1-infected mice were significantly decreased (*p < .05), compared to those of the brains of control mice. The results
represent the mean ± standard deviation for three independent experiments.

that, like normoxic conditions, p53 down-regulates
the hypoxic induction of VEGF transcription by
preventing the binding of Sp1 to its promoter. The
authors concluded that like HIF-1α, Sp1 also plays a
significant role in promoting VEGF transcription in
breast cancer cells under hypoxic conditions.

We found that ts1 infection leads to a reduction
of HIF-1α protein levels, but not mRNA expression
in the infected brain and CVE cells, which proba-
bly is due to accumulation of p53 in ts1-infected
CNS and binding to HIF-1α in favor of Jab1. A post-
translational alteration of HIF-1α protein levels may
account for unaltered HIF-1α mRNA levels in ts1-
infected samples compared with controls. Therefore,
the ratio of Jab1:p53 is likely to play a crucial role in
determining the direction of the cellular response to
acute hypoxia and cellular stress (Ravi et al., 2000;
Blagosklonny et al, 1998; Hansson et al, 2002). Our
IHC analysis showed a weak staining of HIF-1α in the
cytoplasm and a weak or absent staining for HIF-1α
in the nucleus in ts1-infected brainstems compared
with control brain where HIF-1α showed intense la-
beling in both compartments. This suggests that HIF-
1α is rapidly degraded in the cytoplasm due to ts1
infection. Very interesting is the fact that a previous

study (Goda et al, 2003) demonstrated that loss of
HIF-1α abolished hypoxia-induced growth arrest in
a p53-independent fashion. It was demonstrated that
loss of HIF-1α in B cells results in progression into
S phase during hypoxia and, along with other find-
ings, that p53 did not contribute directly to hypoxia-
induced growth arrest (Goda et al, 2003). This is par-
ticularly relevant for our study because we showed
that the level of p53 is elevated and that level of HIF-
1α is down-regulated in endothelial cells without any
significant cell loss.

VEGF, in general, is neuroprotective and signifi-
cantly contributes to neuronal protection under hy-
poxic conditions. Decreases in VEGF production
could therefore be detrimental to neurons. A faster
degradation of HIF-1α would lead to a decrease in
VEGF expression in the infected brain and a loss of
neuroprotection. We found that VEGF protein and
mRNA levels were reduced in ts1-infected brains and
ts1-infected CVE cells. IHC showed a dramatic de-
crease in levels of VEGF in the neurons of ts1-infected
brainstem compared with control brainstems. Fur-
ther investigation will be necessary to determine if
VEGF levels were also decreased in the ts1-infected
glial cells, such as astroctytes and microglial. The
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Figure 6 Increased expression of p53 in brains of ts1-infected
mice. (A) Western blots showing increased levels of p53 proteins in
whole brain of controls versus ts1-infected mice at 23 and 30 d.p.i.
β-Actin served as a loading control. (B) Densitometric analysis of
p53 protein levels in the whole brain of ts1-infected versus control
mice. Levels of p53 proteins were significantly increased in ts1-
infected brain at 23 (*p < .05) and 30 (**p < .01) d.p.i. compared
to those of the brains of control mice. The results represent the
mean ± standard deviation for three independent experiments.

exact mechanism of decreased VEGF levels in ts1
infection is not known and needs to be further
investigated, both in vitro andin vivo. This finding
does not mean that a reduction in HIF-1α is the only
factor involved in VEGF reduction.

A proposed sequence of events from a decrease in
Jab1 protein expression to a decrease in VEGF pro-
duction and release from CVE cells in ts1-infected
brains is described in Figure 10. The data presented
here support the idea that ts1-mediated neurodegen-
eration it might be caused by a reduction in VEGF
level from endothelial cells or other cells, resulting
from a decrease in Jab1 protein. Elucidation of the
mechanism (s) for decreased Jab1 expression will re-
quire further analysis, both in vivo and in vitro.

Materials and methods

Reagents
Sodium orthovanadate (Na3VO4), sodium β-
glycerophosphate, sodium fluoride (NaF), and
phenylmethylsulfonyl fluoride were purchased from
Sigma-Aldrich Chemical Company (St. Louis, MO,
USA). Leupeptin, pepstatin, and aprotinin were
purchased from Boehringer Mannheim (Indianapo-

lis, IN, USA). Iscove’s modified Dulbecco’s medium
(IMDM) was purchased from Invitrogen (Carlsbad,
CA, USA).

Virus
ts1, a spontaneous temperature-sensitive mutant of
MoMuLV, was propagated in TB cells, a thymus-bone
marrow cell line. Virus titers were determined us-
ing a modified direct focus assay in the 15F cell
line, a murine sarcoma-positive, leukemia-negative
cell line, as described previously (Wong et al, 1981).

Animals and virus inoculation
Animals used for these experiments, FVB/N, were ob-
tained from Taconic Farms (Germantown, NY, USA).
Newborn FVB/N mice were inoculated intraperi-
toneally with 0.1 ml of ts1 viral suspension con-
taining 106 to 107 infection units/ml, as previously
described (Kim et al, 2002). Control mice were inoc-
ulated with medium only. The mice were observed
daily for clinical signs of disease and euthanized at
23 and 30 d.p.i. The experimental protocol was ap-
proved by the Texas A&M University Institutional
Animal Care and Use Committee.

Cell culture and virus infection
CVE cells were obtained from the brain of 2- to 4-
week-old BALB/c mice and were kindly provided
to us by Dr. Jane Welsh, Texas A&M University
(Tennakoon et al, 2001). The cells were maintained
IMDM supplemented with 10% fetal bovine serum
(Invitrogen) and antibiotics (100 units/ml penicillin
and 100 μg/ml streptomycin). Cells were grown at
37oC in a humidified incubator containing 5% CO2.
For virus infection, CVE cells (4 × 105) in IMDM con-
taining 2% fetal bovine serum (FBS) and 4 μg/ml
polybrene were seeded in 100-mm tissues culture
dishes. After culturing overnight, the medium was
removed and the cells were infected with ts1 virus
at a multiplicity of infection of 10 in IMDM contain-
ing 2% FBS and 4 μg/ml polybrene and incubated
for 1 h at 37oC under 5% CO2. After virus absorp-
tion, the medium containing the virus was removed
and IMDM containing 10% FBS added to the culture.
The plates were then incubated for various times. As
a control, CVE cells were treated identically, except
that the medium used was IMDM containing poly-
brene only.

Tissue processing
For histopathology and immunohistochemistry
(IHC), ts1-infected (n = 3) and control (n = 3) mice
were euthanized with using an intraperitoneal injec-
tion of pentobarbital (150 mg/kg) and perfused with
10% buffered formalin, using a peristaltic pump.
For RT-PCR and Western blotting (WB) analyses of
mRNAs and proteins, respectively, control (n = 3)
and ts1-infected (n = 3) mice were sacrificed, their
whole brain removed, snap-frozen in liquid nitrogen,
and stored at −80◦C.
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Figure 7 Expression of Jab1, HIF-1α, and VEGF proteins in controls and ts1-infected CVE cells. (A) Western blots showing levels of Jab1,
HIF-1α, and VEGF proteins in ts1-infected CVE cells at 24, 48, and 72 h post infection compared with uninfected cells. (B) Densitometric
analysis of Jab1, HIF-1α, and VEGF protein levels in ts1-infected CVE cells. Jab1 protein expression increases at 24 h and decreases at
48 h and significantly decreases at 72 h post infection (*p < .05) compared with uninfected cells. Levels of HIF-1α proteins significantly
decreases at 48 (*p < .05) and 72 (*p < .05) h post infections but were unchanged at 24 h post infection compared with untreated cells.
VEGF expression levels increases at 24 h post infection and significantly decreases at 48 and 72 h post infection (*p < .05). β-Actin served
as a loading control. The results represent the mean ± standard deviation for three independent experiments.

Tissue and cell extracts
For WB analysis, tissues lysates were prepared by
homogenization of frozen tissues (whole brain) in
15 volumes of lysis buffer containing 50 mM Tris-
HCl (pH 7.4), 150 mM NaCl, 1 mM CaCl2, 1 mM
MgCl2, 0.1% Triton X-100, 50 mM NaF, 10 mM
phenylmethylsulfonyl fluoride, 10 μg/ml papstatin,
10 μg/ml leupeptin, and 5 μg/ml aprotinin. The
lysates were cleared by centrifugation at 13,000 × g
at 4◦C for 30 min and the supernatant kept frozen
at −80◦C. The CVE cells were washed twice with
cold Hanks’ balanced salt solution and lysed in lysis
buffer. The lysates were cleared by centrifugation at
13,000 × g at 4◦C for 30 min and the supernatant kept
frozen at −80◦C. The protein content of the lysates
was determined using the Bradford Assay (Bio-Rad
Laboratories, Hercules, CA), with bovine serum al-
bumin as the standard.

Immunohistochemistry
Because we determined previously that histologi-
cally detectable neuronal loss is evident at 25 to 30

d.p.i. (Choe et al, 1998), we performed all of the im-
munohistochemical analyses using brains from ts1-
infected mice and age-matched noninfected control
mice at 30 d.p.i. Five-micron paraffin-embedded sec-
tions were used for immunohistochemical study. Af-
ter deparafinization, the sections were subjected to
an antigen retrieval protocol by heating them in 10
mM citrate buffer (pH 6.0) for 10 min. Potential non-
specific binding sites were blocked with 5% normal
goat or rabbit serum in phosphate-buffered saline. Af-
ter blocking, the sections were incubated for 1 h to
overnight with primary antibody. Primary antibod-
ies, specific for Jab1, HIF-1α, and VEGF-A, were pur-
chased from Santa Cruz Bitotechology (Santa Cruz,
CA, USA) and a 1:50 dilution was used. Follow-
ing primary antibody reaction, sections were washed
and incubated with either biotin-conjugated anti-
rabbit or anti-mouse immunoglobulin G (IgG) (Vector
Laboratories, Burlingame, CA, USA). A Vector-ABC
streptavidin-peroxidase kit (KPL, Maryland, USA)
with a benzidine substrate for color was used for color
development. Counterstaining was done with diluted
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Figure 8 Expression of Jab1, HIF-1α, and VEGF mRNA in ts1-infected CVE cells. (A) RT-PCR showing levels of Jab1, HIF-1α, and VEGF
mRNA in ts1-infected CVE cells at 24, 48, and 72 h post infection compared with uninfected cells. (B) Densitometric analysis of Jab1,
HIF-1α, and VEGF mRNA levels in ts1-infected CVE cells. Jab1 mRNA expression increases at 24 h and decreases at 48 and 72 h post
infection (*p < .05). The levels of HIF-1α mRNA were unchanged in ts1-infected versus control CVE cells. The levels of VEGF mRNA
decreases at 48 and 72 h post infection (*p < .05) after an increase at 24 h post infection. β-Actin served as a loading control. The results
represent the mean ± standard deviation for three independent experiments.

hematoxylin. Sections that were not incubated with
primary antibody served as negative controls.

Western blot analysis
Proteins (15 to 30 μg) were separated by elec-
trophoresis and transferred to nitrocellulose mem-
branes (Schleicher and Schuell, Keene, NH, USA).
Membranes were incubated for 1 h in blocking
buffer (20 mM Tris-HCl–buffered saline containing
5% nonfat milk powder and 0.1% Tween 20) at
room temperature, then probed with appropriate an-
tibodies in blocking buffer or blocking buffer includ-
ing 5% bovine serum albumin instead of 5% non-
fat milk overnight at 4◦C. Blots were incubated at
4◦C overnight with anti-Jab1 (1:200), anti-p53 (1:200),
anti-HIF-1α (1:200), or anti-VEGF-A, (1:200) antibod-
ies (all antibodies from Santa Cruz Biotechnology).
Monoclonal mouse IgG antibody against β-actin was
purchased from Sigma-Aldrich Chemical (St. Louis,
MO, USA). The blots were washed extensively, and
then incubated for 1 h with a 1:5000 or 1:10000 dilu-
tion of secondary antibody. Peroxidase labeled anti-
rabbit (1:10000) and anti-mouse secondary antibody
(1:5000) were purchased from Kirkegaard and Perry

Laboratories (Gaithersburg, MD, USA). After addi-
tional washes, the blots were incubated with Super
Signal West Pico chemiluminescent substrate accord-
ing to directions in the kit (Pierce, Rockford, IL, USA).

Total RNA extraction and semi-quantitative RT-PCR
Total RNA was extracted from whole-brain tissues
and CVE cells using an SV RNA extraction kit
(Promega, Madison, WI, USA), according to manufac-
turer’s directions. RNA was quantified by absorbance
at 260 nm. Using a Super Script III First Strand Syn-
thesis System (Invitrogen), 100 ng of total RNA was
amplified by reverse transcriptase–polymerase chain
reaction (RT-PCR) and the cDNAs were amplified.

• Jab1 primers: forward, 5′-GTGATGGGTCTGATGCT
AGGAA -3′; reverse, 5′-AGCAAGCTAGAAGAA
CTCAACG-3′ (Korbonits et al, 2002)

• HIF-1α primers: forward, 5′-GTCGGACAGCCTCA
CCAAACAGAGC-3′; reverse, 5′-GTTAACTTGAT
CCAAAGCTCTGAG-3′; (Turcotte et al, 2003)

• VEGF primers: forward, 5′-GACCCTGGTGGACAT
CTTCCAGGA-3′; reverse, 5′-GGTGAGAGGTCTAG
TTCCCGA-3′; (Wang and Keiser, 1998)



MoMuLV-ts1 down-regulates Jab1, HIF-1α, and VEGF
GF Lungu et al 249

Figure 9 Increased expression of p53 protein in ts1-infected CVE
cells. (A) Western blots showing increased levels of p53 proteins in
ts1-infected CVE cells at 24, 48 and 72 h post infection compared
with uninfected cells. β-Actin served as a loading control. (B) Den-
sitometric analysis showing increase in p53 levels in ts1-infected
cells at 24, 48 (*p < .05), and 72 (*p < .05) h post infection. The
results represent the mean ± standard deviation for three indepen-
dent experiments.

• β−Actin primers: forward, 5′- ATGTACGTAAGCC
AGGC-3′; reverse, 5′-AAGGAACTGGAAAAGAGC
-3′ (Mendes et al, 2006)

Expected size for the Jab1 PCR product was 539
base pairs (bp). For Jab1, 26 cycles were carried out
with 1 min at 91◦C, 1 min at 58◦C, and 1 min at 72◦C,
after a denaturing cycle of 95◦C, 15 s. Expected size
for the HIF-1α PCR product was 487 (bp). For HIF-1α,
25 cycles were carried out with 30 s at 95◦C, 1 min
at 55◦C, and 2.5 min at 72◦C. A final extension of 7
min at 72◦C was carried out. For VEGF, one set of rat
primers, which amplified two splice variants of a rat
VEGF mRNA (VEGF164 and VEGF188) was used. The
PCR profile consisted of initial denaturation at 94◦C
for 7 min, followed by 35 cycles of denaturation at
94◦C for 30 s, annealing at 58◦C for 30 s, extension at
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