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Rapamycin Selectively Reduces the Association of
Transcripts Containing Complex 5" UTRs With
Ribosomes in C4-2B Prostate Cancer Cells
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ABSTRACT

mTOR pathway inhibitors, specifically rapamycin and its derivatives, are promising therapeutics that targets downstream pathways including
protein translation. We examined the effects of a series of inhibitors targeting various pathways on ribosomal polysome distribution, overall
translation rates, and translation of specific mRNAs in the bone derived prostate cancer cell line, C4-2B. Treatment with either rapamycin,
PD98059 or LY294002 failed to change the distribution of polysomes in sucrose gradients. Although no change in the accumulation of heavy
polysomes was observed, there was an overall decrease in the rate of translation caused by treatment with rapamycin or LY294002. Inhibiting
the MAPK pathway with PD98059 decreased overall translation by 20%, but had no effect on mRNAs containing a 5 terminal oligopyrimidine
tract (TOP) sequences or those with complex 5 UTRs. In contrast, treatment with rapamycin for 24 h reduced overall translation by
approximately 45% and affected the translation of mRNAs with complex 5 UTRs, specifically VEGF and HIF1a. After 24 h, LY294002
treatment alone decreased overall translation by 60%, more than was observed with rapamycin. Although LY294002 and similar inhibitors are
effective at blocking prostate cancer cell growth, they act upstream of AKT and PTEN and cancer cells can find a way to bypass this inhibition.
Thus, we propose that inhibiting downstream targets such as mTOR or targets of mTOR will provide rational approaches to developing new
combination therapies focused on reducing growth of prostate cancer after arrival in the bone environment. J. Cell. Biochem. 107: 473-481,
2009. © 2009 Wiley-Liss, Inc.
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and breast cancer [reviewed in Petroulakis et al., 2006], as well as
prostate cancer [Kremer et al., 2006] demonstrate increased mTOR
signaling, which is inhibited by rapamycin. When normal cells

P rostate cancer is one of the leading causes of cancer death
among males. When prostate cancer is diagnosed early,
treatment options include prostatectomy or brachytherapy along

with androgen ablation therapy. Despite the reasonably good
prognosis when detected early, there remain few biomarkers to
identify the best therapies and drugs for patients in whom the cancer
has progressed to a state of androgen insensitivity. At this point,
often the cancer has metastasized, primarily to bone. Once prostate
cancer metastasizes, the 5-year survival rate drops dramatically
from nearly 100% to 32% (http://www.cancer.org/docroot/CRI/
content/CRI_2_2_6x_Prostate_Cancer_Survival_Rates.asp?sitearea=).

Because many prostate cancer patients have mutations in PTEN or
mutations that hyperactivate AKT, much interest has been directed
towards the mTOR pathway, which functions downstream of AKT
and PTEN. Many cancers including lymphoma, pancreatic, colon

become stressed, signaling through mTOR is reduced and protein
translation occurs by a cap-independent mechanism rather than a
cap-dependent mechanism. This switch permits the cell to translate
only a few transcripts that are necessary for the cell to survive. By
hyperactivating AKT and therefore mTOR signaling, prostate cancer
cells that become resistant to therapy can avoid this switch and
continue with cap-dependent translation, making the mTOR
pathway an ‘“escape route.”

A serine/threonine kinase, mTOR behaves as a nutrient
sensor, linking the environment to translation. Once the
mTOR-raptor complex is activated, it phosphorylates S6K1 and
4E-BP1.
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S6K1 phosphorylates ribosomal protein S6 (RPS6), which can
increase translation rates by stimulation of ribosome biogenesis
facilitated by increased translation of mRNAs containing 5 (TOP)
sequences. These mRNAs contain a stretch of uninterrupted
polypyrimidines (4-14 bases) following the 5’ cap region. Such
sequences are found primarily in ribosomal protein transcripts
and some elongation factor transcripts [Hamilton et al., 2006].
Hyperphosphorylation of 4E-BP1 releases the initiation factor
elF4E. Once released, eIF4E can become phosphorylated by MNK1/2
and join with other initiation factors to form the elF4F initiation
complex which scans the 5’ cap of the mRNA. An increase in mTOR
signaling would create an excess of free elF4E, which is the rate
limiting factor for initiation, providing an “escape route” for cancer
cells. Normally mRNAs compete for the available el[F4E but with an
excess of unbound elF4E, mRNAs with a complex 5’ UTR are readily
translated. These mRNAs have 5 UTRs that are long and contain a
high degree of secondary structure and do not necessarily contain a
TOP sequence. Some of these transcripts include VEGF, HIFl«,
cyclin D1, FGF2, and c-myc; all of which are involved in cell growth,
proliferation and transformation [reviewed in Mamane et al., 2006].

Initially, it was believed that inhibiting translation of transcripts
that contained a 5" TOP sequence was regulated by S6K1 and its
phosphorylation of RPS6 [Gressner and Wool, 1974; Thomas and
Thomas, 1986; Nemenoff et al., 1988; Jefferies et al., 1994a,b].
More recently, research has demonstrated that translation of
mRNAs containing TOP sequences is independent of S6K1 and
RPS6 [Stolovich et al., 2002; Pende et al., 2004]. In fact, mutating all
of the serines on RPS6 did not alter the translational control of TOP
mRNAs, but it did affect cell size [Ruvinsky et al., 2005]. Several
laboratories have shown that the translation of TOP mRNAs remains
sensitive to rapamycin treatment [Terada et al., 1994; Jefferies et al.,
1994a, 1997; Amaldi and Pierandrei-Amaldi, 1997]. In various cell
lines, the degree of TOP inhibition by rapamycin varies [Tang et al.,
2001], indicating that the effects of rapamycin are most likely cell
type dependent.

Originally rapamycin was used as an immunosuppressive drug
and was given to patients undergoing organ transplants. Anti-
cancer activity of rapamycin was identified and since then it
has become important for cancer therapy and many efforts are
being developed to synthesize derivatives with lower toxicities.
Rapamycin exerts its effects by binding to FKBP12, a cytosolic
immunophilin, and this complex then binds mTOR, inhibiting its
kinase activity. However, mTOR can be incorporated into two
different functional complexes, one containing rapamycin-insensi-
tive companion of mTOR (rictor) and one containing regulatory
associated protein of mTOR (raptor). Only the complex containing
raptor is rapamycin sensitive. The mTOR-rictor complex is
rapamycin insensitive and is not involved in protein translation,
but rather in cytoskeletal rearrangements. It is the raptor containing
complex that is important for translation and regulates the
phosphorylation of S6K1 and 4E-BP1. This signaling complex is
overactive in many cancers [reviewed in Huang and Houghton,
2001; Kurmasheva et al., 2006] with pleiotrophic effects including
cell motility [Liu et al., 2006].

By inhibiting mTOR, it has been possible to re-sensitize prostate
cancer cells to chemotherapeutics, indicating that increased

signaling through the mTOR pathway helps prostate cancer cells
survive [Grunwald et al., 2002; Wu et al., 2005]. For this reason,
rapamycin and its derivatives are being explored in clinical trials
with many different cancers, including, but not limited to, solid
tumors, renal cancer, glioblastomas, non-small-cell lung cancer
[Duran et al., 2006; Hidalgo et al., 2006; Fouladi et al., 2007; Gridelli
et al., 2007; Milton et al., 2007; Motzer et al., 2007; Pandya et al.,
2007; Sarkaria et al., 2007; Mita et al., 2008] and prostate cancer
[reviewed in Majumder and Sellers, 2005]. They are most useful
in combinational therapies because in many cases the increase in
mTOR signaling results in a resistance to other therapeutic drugs
[Grunwald et al., 2002; Oh et al., 2008]. By giving patients
derivatives of rapamycin to reduce mTOR signaling and elF4E
availability, tumor cells are no longer able to use the “escape route”
to overcome additional therapy.

This study was undertaken to evaluate the effects of rapamycin
treatment on pathways involved in mTOR signaling specifically in
prostate cancer cells that have become androgen insensitive and
capable of homing to bone. Specifically, the study assesses mTOR
signaling in prostate cancer cells with mutated PTEN that mimic
cells in more than half of patients with advanced prostate cancer
[McCall et al., 2008]. Understanding the mTOR signaling pathway is
key to finding the best combination therapy for advanced prostate
cancer treatment.

CELL CULTURE

C4-2B cells were a generous gift from Dr. Leland Chung (Winship
Cancer Center, Emory University College of Medicine, Atlanta, GA).
The cells were maintained in T-medium (Gibco BRL/Life Technol-
ogies, Carlsbad, CA) supplemented with 5% (v/v) heat-inactivated
fetal bovine serum (FBS). The media were changed every 48 h and
the cells were kept at 37°C and 5% CO,.

POLYSOME ISOLATION

The protocol was performed as described [Miillner and Garcia-Sanz,
1997] with the following modifications: the gradient used was a 15-
45% (w/v) sucrose gradient and the fractions were collected by hand.
An 181> gauge needle was used to puncture the bottom of the
gradient and 22 half milliliters fractions were collected into RNase
free Eppendorf tubes. After the proteinase K digestion, RNA was
isolated with a phenol-chloroform extraction and precipitated
overnight with isopropanol. The RNA pellet was resuspended in
RNase free water (20 pl) and the RNA (3 pl) was diluted with RNase
free water (7 pl) and glyoxal load dye (10 1) (Ambion, Austin, TX).
The samples were heated for 30 min at 55°C and electrophoresed on
a 1.5% (w/v) agarose gel to examine the distribution of 18S and
28S rRNA. Densitometry of images captured using an Alphalmager
(Alpha Inotech) allowed us to express the amount of 18S and 28S
rRNA as a percentage of the total rRNA in all fractions. The data were
graphed in Prism (Graphpad, San Diego, CA) and the curves were
reconstructed using a 9 point smoothing procedure.
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RT-PCR

The RNA from the polysome fractions was reverse transcribed using
the Omniscript RT kit (Qiagen, Valencia, CA). For consistency, the
cDNA from several fractions was pooled based on the percent
sucrose (as determined using a refractometer) in each fraction to
yield six pooled fractions which could be analyzed. Typically,
the pools consisted of (in wt% sucrose): 32.5-37 (fully assembled
polysomes), 28-32, 24.5-27.5, 20.5-24, 17-20, and 5-16.5 (free
transcripts) and each contained 3-4 fractions. Equal volumes from
the pooled fractions provided the template for PCR using Promega’s
GoTaq*"7 Green mastermix (Madison, WI) (see Table I for primers and
annealing temperatures). In some cases, results were confirmed by
real time PCR, but because there were no inconsistencies in the data
this cost and time intensive analysis was not performed for all
samples.

INHIBITOR TREATMENTS

C4-2B cells were plated at high density (5 x 10° cells/100 mm dish)
and were allowed to attach overnight, after which they were
switched to serum-free, phenol red-free RPMI 1640 medium (Gibco/
BRL Life Sciences) for 24 h. Inhibitors were diluted in fresh serum-
free, phenol red-free RPMI 1640 medium and added to the cells
for 24 h following serum starvation unless stated otherwise. All
cells received IGF-1 (100 ng/ml) alone (control) or in addition to
LY294002 (40 pM; Cayman Chemical, Ann Arbor, MI), rapamycin
(20 nM; Biosource International, Camarillo, CA) or PD98059
(50 wM; Biosource International). Doses were chosen based on
commonly used concentrations in the literature for LY294002 [Lin
et al.,, 1999; Barb et al., 2007] and PD98059 [Moro et al., 2007;
Mukhopadhyay et al., 2007], however for rapamycin we conducted
our own dose-response based on inhibition of phosphorylation of
S6 at 30-min intervals over a 2-h period (not shown). Twenty
nanomolars was the lowest effective dose and hence was chosen for
use in all experiments. We expected that at this low dose, which was
lower than many reported doses in the literature [Lin et al., 1999;
Ghosh et al., 2005; Recchia et al., 2009], off target effects would be
minimized as well.

TABLE I. List of Primers and Gene Products Used for RT-PCR

RADIOACTIVE INCORPORATION OF *H-LABELED AMINO ACIDS
C4-2B cells were plated at high density (1.25 x 10° cells) into 6-well
plates and treated as described above. After 21 h of drug treatment,
*H-labeled amino acid mixture (40 wCi; MP Biomedicals, Inc.,
Irvine, CA) was added to the medium. At 24 h (3 h after addition of
radioactivity) cells were washed carefully three times with PBS
and total cell lysate was harvested using 100 pl RIPA buffer
supplemented with 1% (v/v) protease (Sigma, St. Louis, MO) and
phosphatase (Calbiochem) inhibitors. Lysate was scraped off the
plate and 50 pl was placed on a glass filter disk similar to that
previously described [Carson et al., 1985]. The disks were added to
boiling 10% (w/v) trichloroacetic acid (TCA) for 5 min and then
washed twice in 10% (w/v) TCA. The disks were washed with 70% (v/
v) ice cold ethanol and then 100% ice cold acetone. Once the disks
were dried, they were placed into scintillation vials. Scintillation
fluid was added and radioactivity was counted in a liquid
scintillation counter (Packard BioScience Company, Meriden, CT).
Protein concentration of the lysate was determined using a BCA kit
(Pierce, Rockford, IL) and data are presented as a ratio of
radioactivity to amount of protein.

WESTERN BLOT

C4-2B cells were plated as described above. Protein was harvested
from wells of a 6-well plate unless otherwise specified using Sample
Extraction Buffer (SEB: 0.05 M Tris, pH 7.0, 8 M urea, 1% [w/v] SDS,
1% [v/v] B-mercaptoethanol, and 1% [v/v] protein inhibitor cocktail
[Sigma] and 1% [v/v] phosphatase inhibitor cocktail [Calbiochem]).
The protein concentration was determined using a Lowry Assay
[Lowry et al., 1951] and was subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Briefly, gels were
electrophoresed using the NUPAGE system (Gibco BRL/Life
Technologies) for 1.5 h at 160 V. Following electrophoresis,
proteins were transferred to a nitrocellulose membrane at 4°C for 5 h
at 40 V. The membrane then was blocked overnight in tris-buffered
saline with 0.5% (v/v) Tween-20 (TBST) with 3% (w/v) bovine serum
albumin (BSA) at 4°C while shaking. Either the total S6 antibody
(Cell Signaling Technology, Inc., Danvers, MA) at a 1:2,000 dilution

Gene product Primer sequence

Annealing temperature (°C) Product size (bp)

Cyclin D for [Cozar-Castellano et al., 2004]
Cyclin D rev [Cozar-Castellano et al., 2004]

ATGGAACACCAGCTCCTGTGCTGC 65 888
TCAGATGTCCACGTCCCGCACGT

EF1a2 for® CAGTTCACCTCCCAGGTCAT 55 156
EFla2 rev GTTGTCCTCCACTTCTTGC

L32 for AGGCATTGACAACAGGGTTC 55 130
L32 rev GACGTTGTGGACCAGGAACT

B-actin for GATGAGATTGGCATGGCTTT 55 100
B-actin rev CACCTTCACCGTTCCAGTTT

VEGF for [Muir et al., 2006] CCTCCGAAACCATGAACTTT 55 637
VEGF rev [Muir et al., 2006] AGAGATCTGGTTCCCGAAAC

L29 for TCTTCCGGTTCTAGGCGCTT 55 556
L29 rev GTCCTCATGTTGGCAGAGAT

HIF 1« for CTCAAAGTCGGACAGCCTCA 55 460
HIF1a rev CCCTGCAGTAGGTTTCTGCT

The primer sequence for each primer as well as the annealing temperature and product size are given for each primer pair used.

“Primers were made specifically for this project unless otherwise noted.
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(v/v), or p-S6 antibody (Cell Signaling Technology, Inc.) at a 1:2,000
dilution (v/v) was added to the blot and incubated overnight at 4°C
with continued agitation. The following day, the blot was washed
three times with TBST and incubated for 1 h at room temperature
(RT) with an anti-rabbit horseradish peroxidase (HRP)-conjugated
secondary antibody (Sigma). The blot was washed an additional
three times and exposed using ECL (Pierce). The blots containing
total or p-S6 antibody were stripped prior to being reprobed by
using Restore Plus Western Blot Stripping Buffer (Pierce). For the
p-4E-BP1 and tubulin blot, protein was harvested using boiling
Laemmli buffer (Biorad) and equal volumes loaded on a 12% (w/v)
acrylamide Bis-Tris gel. Protein was transferred to a polyvinylidene
fluoride membrane (Biorad) and transferred for 1 h at 100 V at 4°C.
The membrane was blocked in 5% (w/v) BSA in TBST and anti-
tubulin (1:1,000) or anti-p-4EBP-1 (1:1,000) was added. The
membrane was washed with distilled H,0 before the addition
of the HRP-conjugated secondary antibody for 2 h at RT. The
membranes were washed and incubated with ECL Plus®™ chemilu-
minescent detection reagent (Amersham) and exposed to film.

SECRETED VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF)
PRODUCTION

Cells were plated as described above in 6-well tissue culture plates.
After 24 h of treatment with the inhibitors, conditioned medium
was removed and stored at —80°C. After thawing, the conditioned
medium was centrifuged to remove cell debris and subjected to
a VEGF Enzyme-Linked ImmunoSorbent Assay (ELISA; R&D
Systems, Inc., Minneapolis, MN). Concentration of VEGF in the
conditioned medium was determined based on a standard curve.

STATISTICS

All statistics were performed using InStat3 (Graphpad). Data were
analyzed using a one-way analysis of variance (ANOVA) and
Dunnetts’ post-test.

To elucidate the mTOR pathway in the C4-2B prostate cancer cell
line and to determine how inhibiting different pathways affected the
downstream regulators we used a variety of inhibitors and examined
downstream target activation. To determine the effect of these
inhibitors on the mTOR pathway, we examined the phosphorylation
of S6 and 4E-BP1. Treatment of C4-2B cells with either rapamycin,
an inhibitor of mTOR, or LY294002, an inhibitor of PI3K, greatly
reduced the level of phosphorylation of S6 seen in the control
(Fig. 1A). Doses used in this study were chosen based on values in the
literature which are known to be effective for LY294002 and
PD98059 and a dose and time curve was performed for rapamycin
(see Materials and Methods Section). PD98059, an inhibitor of
MEK1/2, had only a small effect, if any, on the phosphorylation of
S6. The results are the same for the phosphorylation of 4E-BP1.
Treatment with either LY294002 or rapamycin decreased the
phosphorylation of 4E-BP1, but PD98059 only had a modest effect
(Fig. 1B).
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Fig. 1. Inhibiting PI3K and mTOR decreases protein phosphorylation of
downstream targets. C4-2B cells were plated at high density and cultured

in serum free medium for 24 h. They were given IGF-1 with or without
PD98059, LY294002, or rapamycin for 24 h. Cells were lysed and total protein
extracted. Western blots were performed looking at (A) total and p-S6 and (B)
p-4E-BP1 after each treatment.

Because these drugs were affecting the phosphorylation of key
proteins involved in translation, we determined if these inhibitors
also were affecting the rate of general protein translation (Fig. 2A,B).
We included IGF-1 in all treatments to ensure maximal stimulation
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Fig. 2. Inhibitors reduce rates of translation to different extents. C4-2B cells
were plated at high density and serum starved for 24 h before being given IGF-
1 with or without PD98059, LY294002, or rapamycin for the specified
time. Radioactive amino acids were added 3 h before the time point ended.
Radioactive counts are expressed as a measure of protein for (A) IGF-1 or (B)

normalized to the IGF-1 treatment for each time point.
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of the PI3K pathway and to maintain cell viability (Fig. 2A) but there
was no effect on the rate of radioactive amino acid incorporation
compared with the serum free control (data not shown). After 24 h of
drug treatment, there was an effect on translation by all inhibitors.
PD98059 reduced translation by ~25%, LY294002 by ~65%,
and rapamycin by ~45%, similar to the inhibition seen on the
phosphorylation of downstream targets of mTOR. However, from the
time course of radioactive incorporation it is clear that LY294002
acts more quickly than rapamycin or PD98059. In fact, no
statistically significant decrease in accumulation of *H-amino acids
with PD98059 treatment was seen compared to the control until
after 24 h of treatment. In contrast, with rapamycin treatment a
significant decrease was observed by 12 h and with LY294002
treatment a significant decrease in accumulation occurred by 6 h. By
24 h, all three inhibitors had significantly reduced translation,
though LY294002 was the most potent inhibitor of translation,
followed by rapamycin.

With such large effects on translation, we expected to see
large changes in polysome profiles after treatment with each of
these inhibitors. Using a continuous sucrose gradient, we isolated
fractions of different densities and examined the 18S and 28S rRNA
distribution to assess the distribution of assembled and unassembled
ribosomes (Fig. 3A). The fully loaded polysomes are found in the
fractions with the highest percentage of sucrose at the bottom of the
tubes (see Materials and Methods Section). Differences in polysome
profiles after inhibitor treatments were seen primarily in the lighter
fractions instead of the heavier fractions containing loaded
ribosomes. By determining the percentage of 18S and 28S rRNA
in each fraction and aligning it with the measured percentage of
sucrose in each fraction, we determined that there was a minor
decrease in heavy polysomes (fractions on the far right with equal

A 12 346 7 8 910112 13 141518 1718 192021

Fig. 3. Polysome formation is disrupted by pathway inhibitors. C4-2B cells
were treated with the indicated drug for 24 h with IGF-1 and cell lysates were
layered over a 15-45% sucrose gradient and centrifuged. A: Half milliliters
fractions were collected and the RNA isolated from each fraction was analyzed
on an agarose gel to identify 18S and 28S rRNA. The triangle below the gels
indicate the where the light and heavy fractions are found. B: Densitometry of
each fraction was determined and the amount of 18S and 28S rRNA was
expressed as a percentage of the total in all fractions. This was graphed as a
function of percentage sucrose in each fraction and the curves were subjected
to a 9 point smoothening. The arrows correspond to the increase in the pre-
initiation complexes after LY294002 treatment and the corresponding
decrease in heavy polysomes.

amounts of 18S and 28S rRNA) in samples treated with LY294002
and a corresponding increase in pre-initiation complexes (fractions
towards the left with only 18S or an unequal amount of 18S and 28S
rRNA; Fig. 3A,B). Interestingly, only very minor shifts in polysome
distribution, if any, were seen with both rapamycin and PD98059
treatments when compared to the control.

Our failure to find a large change in the polysome profiles in
drug-treated cells compared to control cells prompted us to examine
the association of specific transcripts with polysomes. We first
examined selected transcripts that had a known 5" TOP sequence
including rpl29, rpl32, and EFla2—encoding two ribosomal
proteins and an elongation factor (Fig. 4A). We used B-actin,
which does not contain a 5 TOP sequence, as a control. Only
LY294002 affected the association of these transcripts with
polysomes and the effect was most evident in the heaviest fractions
(fraction 6). Interestingly, rapamycin caused an increase in the rpl29
and rpl32 transcript in the lightest fraction (fraction 1). Because
we did not see the magnitude of changes that we would have
anticipated from the effects of rapamycin on protein synthesis rates,
we examined another subset of transcripts, those that had a complex
5" UTR, such as VEGF, HIF1a, and Cyclin D (Fig. 4B). A decrease in
the association of these transcripts with the ribosome was seen in
samples treated with either LY294002 or rapamycin. Although the
changes were more striking in the samples treated with LY294002,
the decrease also was significant in the rapamycin treated samples.
Treatment with PD98059 did not significantly alter the ribosomal
association of any of the transcripts that we studied. There were
also significant decreases in the total association of the ribosome
with cyclin D1, HIF1«, and VEGF with LY294002 treatment and
rapamycin treatment (Fig. 5). There were no significant differences
seen with PD98059 treatment for any of these transcripts. In
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Fig. 4. Treatment with rapamycin reduces the association of ribosomes with
transcripts having complex 5" UTRs. Samples from the polysome isolations
(shown in Fig. 3) were pooled into 6 fractions based on sucrose concentrations.
The RNA from the pooled fractions was used to make cDNA and then used for
RT-PCR. A: Primers for transcripts that contain TOP sequences and B-actin as a
control and (B) transcripts that have a complex 5' UTRs were used to analyze
the association of these groups with the ribosome.
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Fig. 5. Relative amounts of transcripts in polysome fractions. Densitometric
values for the labeled transcripts from the RT-PCR were calculated for each of
the six fractions and added together. The total densitometric values were
normalized to the IGF-1 treated samples for each transcript. There are
significant differences in the total amount of VEGF, HIF1«, and Cyclin D in
samples treated with rapamycin and LY294002 compared to IGF-1 or PD98059
treatment. There was no significant change in B-actin between any of the
treatments.

addition, none of the treatments affected the association of B-actin
with the ribosome assessed by densitometry of the fractions. To
verify that these changes in the association of transcripts with the
ribosome produced corresponding changes in the protein expres-
sion, we performed a VEGF ELISA using conditioned medium from
cells given each treatment, and found that the level of secreted
VEGF protein was significantly decreased in samples treated with
LY294002 or rapamycin (Fig. 6). Once again, treatment with
PD98059 did not produce a significant decrease compared to the
control. Thus, the affects we see on the translation of specific
transcripts by RT-PCR corresponds to decreases in the resulting
protein.

The initiation factor e[F4E binds to the 5’ cap structure of mRNAs
and joins other initiation factors to form the elF4F complex
which scans the RNA and unwinds the 5" UTR to begin translation.
Because eIF4E is the rate limiting factor for translation initiation,
its overexpression results in not only increased cap-dependent
translation, but translation of transcripts that contain a complex 5’
UTR. Many cancers overexpress elF4E [De Benedetti and Harris,
1999; Graff et al., 2008], and this results in an increase in translation
of mRNAs coding cell cycle regulators (such as cyclin DI) and
promoters of cell growth and angiogenesis (such as VEGF).
Inducible overexpression of elF4E results in enhanced translation
of ribosomal proteins, factors related to cell growth and anti-
apoptotic factors [reviewed in Mamane et al., 2004]. In C4-2B cells,
we did not see a change in the association of ribosomal protein
transcripts with the ribosome. However, we examined specifically
alterations in the mRNA association with the ribosome and not
expression of these ribosomal proteins. It is possible that changes in
expression of ribosomal proteins occur through a mechanism that
causes changes in protein stability and degradation.
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Fig. 6. Blocking the mTOR pathway with LY294002 or rapamycin decreases
secreted VEGF levels in the conditioned medium. Cells were plated as described
in Materials and Methods Section and after 24 h of treatment with the
indicated inhibitors, conditioned medium was collected and subjected to a
VEGF ELISA.

Cells treated with inhibitors for MAPK, PI3K or mTOR decreased
global translation. Although the decrease in translation that was
observed with treatment of PD98059, a MEK 1/2 inhibitor, is modest,
it remains significantly decreased compared to the IGF-1 stimulated
translation. This indicates that in our model, the MAPK pathway
plays only a small role in general translation. This may be due to the
ability of MINK1/2 to phosphorylate e[F4E. While the phosphoryla-
tion of eIF4E increases its affinity for the 5° UTR, availability of
elF4E for phosphorylation is not affected and is more important.
However, the decreases in overall translation that we observed with
LY294002, an inhibitor of PI3K, and rapamycin, an mTOR inhibitor,
are more striking, indicating that the PI3K pathway plays an
important role in translational activation, most likely through mTOR
in our model of prostate cancer that is androgen independent and
has metastasized to the bone. In addition, we saw decreases in the
association of ribosomal protein transcripts with heavy polysomes
when cells were treated with LY294002, but not when they were
treated with rapamycin. This suggests that rapamycin does not affect
the translation of these transcripts to a large degree. However, the
most striking observation was that treatment with rapamycin
decreased the association of transcripts with complex 5" UTRs with
polysomes. The translation of these transcripts is regulated through
the availability and abundance of elF4E. This suggests that while
mTOR can signal both through S6K1 and 4E-BP1, in the C4-2B
model of prostate cancer the signaling through 4E-BP1 is
predominant (Fig. 7). It also suggests that these pathways should
be potential targets for therapy in bone metastatic prostate cancer
because of the large effect that these inhibitors had on translation,
specifically on transcripts necessary for tumor survival.

47 8 RAPAMYCIN REDUCES COMPLEX 5 UTR TRANSLATION

JOURNAL OF CELLULAR BIOCHEMISTRY



@_rz}l— PD380SS %

sEe) i Y -
ST Eos & — ) |
|Ik M "_‘_j T VEGF, HIF1a,
o Cipte U Cyelin 011
s \\n Germeral
Irarebafen

SUTH

Complay [ VEGF, HiF i,
Copecin 01

Fig. 7. Control of 5’ UTR transcript translation depends on mTOR signaling.
In prostate cancer cells, PD98059 seems to have little effect on translation and
most likely is not acting through the phosphorylation of MNK1/2 via ERK1/2
otherwise an effect on translation of transcripts with complex 5’ UTRs would
be observed. On the other hand, treatment with LY294002 blocks far upstream
and causes the largest decrease on translation because all different arms of the
pathway are inhibited. However, rapamycin targets further downstream at
mTOR and while it decreases the phosphorylation of S6 and 4E-BP1, it has only
an effect on the translation of transcripts with complex 5’ UTRs, indicating that
it acts primarily through 4E-BP1 in our cell system.

While rapamycin effectively reduces the translation of specific
transcripts necessary for cancer cell growth and progression,
rapamycin treatment alone may not be the best therapeutic strategy.
Patients that have alterations in PTEN that render it inactive or
activating mutations in AKT will be more sensitive to rapamycin
therapy [Huang and Houghton, 2001]. Rapamycin can reverse
multidrug resistance [Arceci et al., 1992] and can specifically reverse
resistance to chemotherapeutic agents such as doxorubicin and
EGFR inhibitors [Grunwald et al., 2002; Bianco et al., 2008; Oh et al.,
2008] by thwarting the ability of the cancer cells to signal through
mTOR and translate proteins necessary for survival and resistance.
However, there are still complications surrounding the use of
rapamycin in the clinic. For example, studies have found that
rapamycin, through inhibition of S6K1, is involved in a negative
feedback mechanism that when disrupted increases AKT activity
[Wan et al., 2007]. In addition, long-term treatment with rapamycin
affects both the mTOR-raptor complex as well as the mTOR-rictor
complex. The links between these feedback loops and drug
resistance as occurs in the clinic however are currently not known.
Finally, there are certain cancers that have mutations in PTEN
that do not respond to rapamycin therapy in the clinic when
administered alone [reviewed in Abraham and Gibbons, 2007].
Therefore, giving rapamycin in combinational therapy to those
patients who have demonstrated resistance to an individual
chemotherapeutic drug may be beneficial.

Rapamycin was previously demonstrated to selectively inhibit the
translation of mRNAs that have a 5’ TOP sequence [Jefferies et al.,
1994a, 1997]. Rapamycin and LY294002 further were shown to
inhibit the expression of VEGF [Dichtl et al., 2006; Bianco et al.,
2008] and HIF 1 [Zhong et al., 2000] both of which have complex 5
UTRs without TOP sequences. In this work, we have shown that these
two drugs directly affect translation of VEGF and HIF 1« by reducing

the amount of transcript associated with the ribosome. The reduction
in transcript association with assembled polysomes is likely
responsible for the reduction in secreted VEGF protein that we
found in C4-2B cells. One group found that rapamycin has no effect
on HIF 1o expression during hypoxia in a number of cell lines when
serum is present, but under low serum and hypoxic conditions
rapamycin can affect HIFla expression, indicating that HIFla
expression can be modulated by different pathways [Pore et al.,
2006]. Both VEGF and HIF 1« have IRES sequences that are predicted
to be activated under conditions of stress [Lang et al., 2002].
For some cell lines, serum starvation is enough to induce stress,
although we did not observe a decrease in translation and these cells
demonstrate activated AKT after several days of serum starvation
(unpublished data). While the debate about the existence of a
mammalian IRES is highly controversial [Kozak, 2001; Schneider
et al., 2001; Merrick, 2004], IRES-mediated translation most likely
does not play a role in our system, although if it did, rapamycin
would have no effect on this translation. It has been reported that
IRES-mediated translation does not involve eIlF4E [Pestova et al.,
2001]. Therefore, rapamycin should not inhibit this translation and
there would be no decrease in the expression of secreted VEGF
protein. Because we observed a decrease in secreted VEGF protein
(Fig. 6), IRES-mediated translation does not contribute significantly
to the protein translation of C4-2B cells after 24 h of serum
starvation.

We have shown that treatment of prostate cancer cells with
rapamycin under IGF-1 stimulated conditions causes a selective
repression of translation of transcripts that contain a complex 5’
UTR, specifically VEGF, cyclin D1, and HIFI«, all of which are
involved in cancer cell survival in hostile microenvironments. Each
of these proteins can be upregulated in cancers and is associated
with poor prognosis, especially VEGF. Secreted VEGF stimulates the
formation of blood vessels to feed the tumor following development
of local hypoxia. HIF1a expression can be upregulated by IGF-1 in
breast cancer cells [Sutton et al., 2007] even in the absence of
hypoxia. Such mTOR-dependent adaptations allow cancer cells to
proliferate and survive an otherwise hostile environment.

By determining the transcripts that have a reduced association
with the ribosome in prostate cancer cells treated with rapamycin,
we can determine whether rapamycin is targeting specific
transcripts associated with cell survival or generally decreases
translation. There are limited numbers of clinical trials currently
underway that explore the use of rapamycin in prostate cancer.
Because of the loss of PTEN function in a large number of prostate
cancer patients, rapamycin and its analogs remain viable candidates
for care. However, while the research on rapamycin and
its derivatives has grown tremendously, the pathway remains
complicated and incompletely understood. As we have demon-
strated here, in androgen-independent disease, rapamycin can be a
potent inhibitor of translation of proteins necessary for cancer cells
to survive, specifically those involved in cell cycle, angiogenesis,
and hypoxic response. A more comprehensive understanding of the
mechanism of action of rapamycin will create new avenues for use
of combinational therapies for patients with advanced prostate
cancer in the hopes that targeting multiple pathways will yield a
larger anti-tumor effect and negate development of resistance.
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