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Abstract

One microenvironment alteration during prostate tumor progression involves changes in
synthesis of the extracellular matrix component hyaluronan (HA). HA is a high molecular
weight anionic polysaccharide that increases in tumors and is important for facilitating
tumor growth and progression. CD44 is a transmembrane type 1 cell surface receptor that
binds to hyaluronan and activates multiple downstream pathways associated with tumor
growth and invasion. A major phenotypic change associated with malignant progression
of carcinomas involves abnormalities in regulation of translation driven by the initiation
complex elF4F which recognizes the m7GpppN cap structure on the 5’-end of mMRNA.
Subsets of MRNASs most affected by elF4F-mediated control are those encoding proteins
that promote abnormal proliferation, survival and malignant progression. This study
assessed if HA/CD44 signaling promoted hyperactivation of elF4F-dependent translation.
We first established that highly metastatic prostate cancer cells depend on high levels of
CD44 to promote cell proliferation, cell cycle progression and anchorage independent
cell growth. We next used several cell lines to determine that activity status of the elF4F
complex increases as a function of malignant potential. Translation profiling identified a
subset of carcinoma-associated mRNAs differentially recruited into polyribosomes in a
manner dependent on levels of CD44. The data show that CD44 signaling robustly
stimulates the translational efficiency of mMRNAs encoding the crucial cell cycle
promoters Cyclin D1 and c-Myc, both of which are associated with metastatic prostate
cancer. This increased translation of Cyclin D1 and c-Myc are associated with a
shortened cell cycle, which may be important for increasing tumor burden in cancer

patients.
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Introduction

Cancer, a collection of over a hundred different types of disease, is the second leading
cause of death in the United States. SEER (Surveillance, Epidemiology and End Results)
statistics reported by the National Cancer Institute estimate that for 2011 newly
diagnosed cases will top 1.5 million and half a million people will die of cancer related
causes (http://cancer.gov/statistics). Research has identified risk factors that lead to the
development of cancer and discovered mutations in both oncogenes and tumor
suppressors which underlie the cause of tumorigenesis. Despite advances in the early
diagnosis of many cancer types and new treatments the 5 year survival rate for all cancers
is only 65%. Ongoing research strives to improve effectiveness and reduce toxicity of

current therapies in addition to identifying new druggable targets.

Recent studies have looked at the regulation of cap-dependent translation as a target for
novel therapeutics (Graff, Konicek et al. 2007; Moerke, Aktas et al. 2007; Bordeleau,
Robert et al. 2008; Siegele, Cefalu et al. 2008; Soni, Akcakanat et al. 2008). Elevated
cap-dependent translation has been observed in several cancers including prostate, breast,
colon, lung, bladder and others (De Benedetti and Graff 2004; Mamane, Petroulakis et al.
2004). Upregulation of protein synthesis is utilized by cancer cells in part to help sustain
elevated rates of cell proliferation in addition to selectively enhancing translation of
malignancy related proteins that also function to promote cell growth, survival,
angiogenesis and invasion (De Benedetti and Graff 2004; Larsson, Li et al. 2007; Graff,
Konicek et al. 2009; Kim, Von Weymarn et al. 2009; Muta, Makino et al. 2011).

Regulation of cap dependent translation is tightly controlled in normal cells, with the rate

limiting step being translation initiation. The loading of ribosomes onto capped MRNASs

is guided by the formation of the elF4F tri-parte complex. Subunits of elF4F include the

cap-binding protein elF4E, the RNA helicase elF4A and the scaffolding protein elF4G

which brings messenger RNAs and ribosomes together (Sonenberg 2008). In addition to

cap-dependent translation there exists another process by which ribosomes can be loaded
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onto internal entry sites of MRNA, a mechanism that is independent of elFAE and
regulated separately (Pisarev, Shirokikh et al. 2005). The cap binding protein elF4E is the
central critical component of cap-dependent translation initiation and thus multiple
signaling pathways feed into and regulate the activity of elF4E (Polunovsky and
Bitterman 2006). When the cell is in a translationally repressed state elF4E is kept
inactive by a family of three inhibitory binding proteins terms 4E-BPs. Signaling through
the PI3K/AKT axis terminates with the phosphorylation of 4E-BPs by activated mTOR.
This results in disassociation of 4E-BPs from elF4E and allows for binding of elF4E to
the scaffolding protein elF4G (Raught and Gingras 1999; Hay and Sonenberg 2004).

Additionally, elF4E can be phosphorylated directly by mitogen activated protein kinase-
interacting kinases 1 and 2 (Mnk1 and Mnk2) or indirectly as a result of the activated
stress kinase p38 (Roux and Blenis 2004; Ueda, Watanabe-Fukunaga et al. 2004). While
elF4E phosphorylation has been associated with increased translational efficiency,
(Bianchini, Loiarro et al. 2008; Graff, Konicek et al. 2009; Furic, Rong et al. 2010; Muta,
Makino et al. 2011), not all studies support this conclusion. Specifically, it has also been
demonstrated that phosphorylation of elF4E deceases its affinity for the cap and thus
phosphorylation could possibly serve as a negative regulatory mechanism of cap
dependent translation (Knauf, Tschopp et al. 2001; Scheper, van Kollenburg et al. 2002).
Furthermore, increased elFAE phosphorylation has been associated with cellular stress
when translation is depressed (Morley and McKendrick 1997; Wang, Flynn et al. 1998).
One possible explanation for the apparent paradox relates to the kinetics of elF4E
phosphorylation with respect to the timing of translation initiation. Thus, it has been
proposed that phosphorylation of elF4E early in cap dependent translation may increase
the affinity of elF4E for the cap complex, increasing the residence time of elFAE on the
cap thus slowing down turnaround of the complex on the ribosomes. Alternatively
phosphorylation of elF4E later during initiation may enhance translation initiation by
promoting dissociation with the cap-complex thus allowing for a new round of initiation
to proceed (Scheper and Proud 2002).



Cancer cells utilize several mechanisms to enhance cap-dependent translation including
direct overexpression of elF4E. Additionally, oncogenic mutations in upstream signaling
pathways can enhance activation of elF4E dependent translation. One such example is
the deletion of PTEN in prostate cancer which facilitates constitutive PI3K activation
(Sarker, Reid et al. 2009). Regardless, the end result is an increase in the translational
efficiency of proteins associated with malignant progression. The 5’UTR (untranslated
region) of cap-dependent mMRNAs are typically highly structured and translated at a low
level in normal cells when compared to the relatively simple structure of genes such as -
actin (Graff and Zimmer 2003). By contrast, elevated elF4F activity is observed in cancer
cells, leading to an increase in the translation of mMRNAs with highly structured 5’UTRs.
There are several categories of malignancy associated mRNAs including growth factors,
protein kinases, transcription factors, regulators of cell cycle transit, survival factors,
regulators of polyamine biosynthesis and enzymes associated with invasion (Graff and
Zimmer 2003; De Benedetti and Graff 2004; Mamane, Petroulakis et al. 2004;
Polunovsky and Bitterman 2006). Of particular importance for the scope of these studies
is the role elF4E plays in the translation of CyclinD1 and C-Myc. CyclinD1, which is
expressed at elevated levels in several cancers, functions at the G1/S checkpoint to
promote transition through the cell cycle (Guo, Wu et al. 2003; Hui, Howe et al. 2003;
Miyamoto, Uzawa et al. 2003). Translation of CyclinD1 mRNA can be regulated by
elF4E through a mechanism that involves increased transport from the nucleus following
elF4E binding to CyclinD1 mRNA (Rousseau, Kaspar et al. 1996; Lai and Borden 2000;
Topisirovic, Culjkovic et al. 2003). The transcription factor c-Myc, a well-studied
oncogene, forms a feed-back loop with elF4E (Lin, Cencic et al. 2008; Lin, Malina et al.
2009). Elevated elF4E upregulates c-Myc translation which in turn also enhances the
transcription of elF4E (Jones, Branda et al. 1996; De Benedetti and Graff 2004; Schmidt
2004; Lin, Malina et al. 2009).

Another focus area of cancer research involves the role played by the tumor-associated
stromal tissue. Previous work in the McCarthy lab has focused on understanding how the

tumor microenvironment can participate in aberrant signaling during tumor progression.
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Early studies have demonstrated in Xenograft tissue recombination experiments the
importance of carcinoma associated fibroblasts in promoting prostate tumor progression
(Cunha, Hayward et al. 2003). In addition multiple growth factors and cytokines of the
tumor reactive stroma have been defined and are proposed to promote tumorigenesis by
mediating angiogenesis, cell migration, metastasis and tumor associated remodeling of
the extracellular matrix itself (Tuxhorn, Ayala et al. 2001; Condon 2005).

The McCarthy lab has focused on the importance of changes in ECM metabolism,
specifically the role played by hyaluronan (HA). HA is a large anionic polysaccharide
that contributes to the structure of the tumor associated stroma and tumor cell pericellular
matrix, functioning in cell migration, cell adhesion and growth (Toole 2004; Evanko,
Tammi et al. 2007). The expression of HA is elevated in several cancer types including;
breast, prostate, lung and ovarian cancer (Ropponen, Tammi et al. 1998; Anttila, Tammi
et al. 2000; Lokeshwar, Rubinowicz et al. 2001; Pirinen, Tammi et al. 2001).
Additionally increased HA levels in prostate cancer are associated with a poor prognostic
outcome (Lipponen, Aaltomaa et al. 2001; Tammi, Kultti et al. 2008; Josefsson, Adamo
et al. 2011). Previous work in our lab (and others) has demonstrated a role for HA in
facilitating prostate cancer growth and metastasis. These studies have implicated high
levels of HA in promoting both in vitro and in vivo cell growth in addition to homing of
metastatic cells to bone (Simpson, Reiland et al. 2001; Simpson, Wilson et al. 2002;
Simpson, Wilson et al. 2002; Lokeshwar, Cerwinka et al. 2005; Bharadwaj, Rector et al.
2007; Bharadwaj, Kovar et al. 2009). HA also promotes angiogenesis in multiple tumor
models by interacting with specific receptors on the endothelial cell surface (Slevin,
Kumar et al. 2002; Bharadwaj, Rector et al. 2007; Matou-Nasri, Gaffney et al. 2009).

HA exerts its tumor promoting function in large part through the action of several HA
binding cell surface receptors including CD44 and RHAMM (Turley, Noble et al. 2002).
Interactions between HA and its cell surface receptors form a pericellular matrix to
facilitate interactions between the cell and the tumor microenvironment (Evanko, Tammi
et al. 2007; Itano, Zhuo et al. 2008). Although CD44 levels are generally observed to
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decrease as a function of progression, this effect is mediate by epigenetics mechanisms
which could increase CD44 in specific subclones of tumor cells (Kito, Suzuki et al. 2001;
Palapattu, Wu et al. 2009). Furthermore, the highly metastatic cell line PC3MLN4
expresses high levels of CD44, which is one of the indicative characteristics of a
subpopulation of tumor initiating cells identified in prostate and other cancers (Al-Hajj,
Wicha et al. 2003; Collins, Berry et al. 2005; Hurt, Kawasaki et al. 2008). The current
studies focus on the CD44 receptor which has been studied in multiple tumor models and
plays a role in many aspects of tumor cell behavior including; cell migration, growth,
survival, drug resistance and maintenance of a cancer stem cell phenotype (Naor,
Nedvetzki et al. 2002; Jothy 2003; Naor, Wallach-Dayan et al. 2008; Toole and Slomiany
2008; Pure and Assoian 2009). This study examines the role CD44 plays in prostate
tumor cell growth and proliferation. It also links CD44 expression and function in

advanced prostate cancer cells to elevated cap-dependent translation.



Results

CD44 promotes cell growth and proliferation

PC3MLN, a highly tumorigenic and metastatic prostate cancer cell line, expresses high
levels of CD44. To address the role CD44 plays in promoting tumor cell growth, cells
were placed in a soft agar anchorage independent growth assay. PC3MLN4 cells were
embedded in soft agar along with various doses of the CD44 blocking antibody A3D8 or
isotype matched control IgG1 antibody. Cells were incubated for 3 weeks prior to
counting the number of colonies formed. A dose dependent reduction of anchorage
independent growth (Figure 1A) was observed, which was statistically significant at 10
ug/ml (Figure 1B). The data shown represent combined results of two experiments
performed in triplicate in graph A and quadruplicate in graph B. Anchorage independent
growth was also measured when CD44 levels were reduced using RNA interference.
PC3MLN4 cells were transfected with SiRNA against CD44 prior to embedding in soft
agar. siRNA treatment reduced CD44 levels by 60% (Figure 2B) and resulted in a
significant reduction in anchorage independent growth (Figure 2A). Data in Figure 2A

are the combined results of 2 experiments performed in quadruplicate.

Next the effect of CD44 on the rate of cell proliferation was examined using an MTS
colorimetric assay that quantifies cell number by measuring metabolism of a tetrazolium
compound to a colored formazan byproduct. Using a standard curve to calculate the
number of cells per well, proliferation can be measured over time. PC3MLN4 cells were
plated in triplicate wells of 96 well plates and treated with 10 pg/mL of the function
blocking CD44 antibody A3D8 or isotype matched control and cell proliferation was
measured over a 5 day period. Treatment with the anti-CD44 antibody significantly
reduced cell proliferation at 5 days (Figure 3). The graph in Figure 3 is a representative
example of an experiment repeated 3 times. Technical difficulties in accurately replating
PC3MLN4 cells following siRNA transfection prevented the use of MTS when CD44

was knocked down by siRNA. Alternatively PC3MLN4 cells were plated in triplicate
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wells of 6-well plates, SIRNA treated and cells were trypsin released and manually
counted with a hemocytometer. Utilizing this approach, it was observed that CD44
SiRNA knockdown 72 hours post transfection was required to inhibit tumor cell
proliferation, the time at which maximum proliferation in the negative control group was

observed (Figure 4).

These results suggest that CD44 signaling contributes to the high rate of proliferation in
prostate cancer cells. To further address the rate of cell proliferation in PC3MLN4 cells
when CD44 is inhibited, progression through the cell cycle was next analyzed.

Following siRNA treatment, PC3MNL4 cells were synchronized in early S phase using a
double thymidine block. After release from the second thymidine block cells were
collected over a time course of 48 hours, then fixed and stained with propidium iodide.
Flow cytometry was used to monitor progression through the cell cycle by measuring
DNA content. It was observed that 48 hours post release from synchronization, cells in
which the level of CD44 is inhibited begin to accumulate in G1 (Figure 5). This delay in
cell cycle progression agrees with the reduction in cell number seen in cell proliferation
experiments (Figures 3 and 4). To further confirm that CD44 affects cell proliferation and
not apoptosis, CD44 siRNA treated PC3MLN4 cells were labeled with PE-AnnexinV, an
early marker of apoptosis and analyzed by flow cytometry. No increase in AnnexinV
staining was seen indicating that inhibiting CD44 levels do not affect apoptosis in these

cells (Figure 6).

CD44 promotes elevated cap-dependent translation
Many cancers have elevated cap-dependent translation resulting in upregulation of
oncogenes that in turn help promote increased growth rates and we hypothesized this was
also true of our PC3MLN4 cells. To get a baseline level of cap dependent translation
PC3MLN4 cells were compared to 22RV1 cells, a poorly tumorigenic cell line that
expresses low levels of CD44 and benign hyperplastic prostate cells (BPH1), which are
nontumorigenic. Cells were either serum starved or fed for 24 hours before collecting cell
lysate which was used in a cap-analog pull down assay. In this experiment the lysate is
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incubated along with 7-Methyl-GTP cap analog bound to a Sepharose bead. Subsequent
western blotting can was performed to look for elF4E and other members of the elF4F
complex. To assess the basal rate of cap-dependent translation the amount of elF4G, the
scaffold protein that binds to elFAE when translation is active is compared to the amount
of 4E-BP1, an inhibitory protein that binds to elF4E and prevents loading of the active
elF4F complex. A higher ratio of elF4G to 4E-BP1 corresponds to more translationally
active state of the cell. PC3MLN4 cells had a higher ratio of elF4G to 4E-BP1 than
compared to either the 22RV1 or BPH-1 cells (Figure 7). It was also observed in
PC3MNLA4 cells the rate of cap-dependent translation was not dependent on serum
stimulation, in contrast to 22RV1 and BPH-1 cells (Figure 7).

The next step was to determine if elevated rates of cap-dependent translation in
PC3MNLA cells were due to elevated signaling through CD44. To test this hypothesis,
CD44 was knocked down in PC3MLN4 cells with siRNA (Figure 8B) prior to
performing cap-binding pull down (Figure 8A). For each experiment the levels of elF4G
and BP1 were calculated by performing densitometry on the bands and normalizing to
tubulin from the input lysate. In order to pool data from separate experiments, the ratio
of elF4G to 4E-BP1 was set to one in the samples serum stimulated and treated with
negative control siRNA. The results indicate that inhibiting CD44 levels leads to a

reduction in the basal rate of cap-dependent translation (Figure 8C).

To further study the impact of CD44 on cap-dependent translation of specific messages
polyribosome profiling was utilized. Ribosomes/mRNA complexes were stabilized by
treatment with cyclohexamide and then separated on a sucrose gradient and fractionated.
Higher fraction numbers correspond to heavier loading of polyribosomes and highly
translated messages. Looking at a small panel of oncogenes previously found to be
differentially translated in other cancers, we found that CD44 inhibition resulted in a
decrease in the translation of CyclinD1 and C-Myc, but not ODC or VEGF (Figure 9).
There was a decrease in the amount of message found in heavier fractions 5-10 for both
CyclinD1 and C-Myc, indicating that both mRNAs were less effective at associating with
8



multiple ribosomes when CD44 was inhibited. Additionally in CD44 knockdown cells
there was a downward shift in ribosome loading to lighter fractions for the CyclinD1
message, indicating that in contrast to C-Myc, CyclinD1 mRNA was less effectively
loaded onto ribosomes when CD44 expression was decreased. Importantly, the total
unfractionated message level was unchanged for C-Myc (Negative control 9.71 versus
CD44 knockdown 9.30) and levels of CyclinD1 mRNA were slightly higher in the CD44
knockdown samples (14.29) versus negative control (11.89). These data indicate that
CD44 selectively inhibits the translation and not the overall level of the mRNA for these
two oncogenes. A decrease in protein levels of CyclinD1 following CD44 inhibition was
also observed (Figure 10). This decrease in cap-dependent translation of CyclinD1 is
consistent with the growth and proliferation defect observed when CD44 is inhibited
(Figures 3-5).

Regulation of cap-dependent translation is a highly complex cellular process that
integrates signaling from multiple upstream pathways, which include AKT, mTOR and
4E-BP1, the latter of which directly interacts with elF4E to inhibit translation initiation.
To determine the mechanism of CD44 action in our cell system we evaluated the
phosphorylation status of these signaling components. No change in phosphorylation of
these three components was observed (Figure 11). These results indicate that CD44 does
not appear to directly regulate cap-dependent translation through the AKT/mTOR
signaling axis or by affecting the ability of 4E-BP1 to bind to elF4E and inhibit
translation. An increase in the phosphorylation of elF4E when CD44 is inhibited was also
observed (Figure 12). Additionally there is an increase in the phosphorylation of ERK1/2
seen when CD44 is inhibited that can be blocked by treatment with the MEK inhibitor
UO126 (Figure 13). However treatment with the MEK inhibitor does not decrease the
CDA44 dependent increase in elF4E phosphorylation (Figure 13) indicating the increased
level of pERK1/2 when CD44 is inhibited does not appear to be related to the increased
phosphorylation of elFAE. These preliminary results indicate that CD44 regulates cap-
dependent translation through yet undetermined mechanism not directly dependent on
MAPK or AKT signaling. Alternate possibilities for CD44 signaling mechanisms are

9



examined in the discussion.
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Discussion

Recent studies have illustrated the impact of dysregulation of cap-dependent translation
on multiple aspects of carcinogenesis (De Benedetti and Graff 2004; Mamane,
Petroulakis et al. 2004; Polunovsky and Bitterman 2006). Pharmacologic studies in
prostate cancer models indicate the combinatorial use of inhibitors of multiple signaling
pathways that lead into elF4AF regulation are more effective than single drug therapy
(Kinkade, Castillo-Martin et al. 2008; Dent, Curiel et al. 2009; Wedel, Hudak et al.
2011). CDA44 is an attractive alternate therapeutic target due to its ability to coordinate
signaling of multiple downstream pathways. The studies presented here demonstrate
CD44 promotes both anchorage independent growth and cell proliferation of prostate
cancer cells. The studies also show CD44 promotes increased cap dependent translation
in PC3MLNA4 cells and that CD44 expression seems to specifically enhance translation of

a subset of mRNAs including CyclinD1 and C-Myc.

These results implicate CD44 in promoting growth of prostate cancer cells by supporting
the elevated cap-dependent translation of CyclinD1. Collectively the data indicate that
inhibiting CD44 leads to a specific decrease in CyclinD1 that slows progression through
the cell cycle. We conclude that highly tumorigenic PC3MLN4 cells utilize high levels of
CD44 to support elevated cap-dependent translation of CyclinD1 to drive cell
proliferation. CD44 stimulates cell growth in several cell types but a link between CD44
signaling and the regulation of cap-dependent translation has not been studied
(Kothapalli, Flowers et al. 2008; Naor, Wallach-Dayan et al. 2008; Pure and Assoian
2009). Strategies and rationale for further studies examining possible mechanisms for
CDA44/HA signaling in promoting growth and activating downstream signaling pathways

that lead into the regulation of cap-dependent translation will be discussed subsequently.

The current studies demonstrate the importance of CD44 in facilitating cell growth. This
included inhibiting CD44 function using specific monoclonal antibodies or RNA
11



interference to inhibit CD44 mRNA translation. Alternative approaches by others have
demonstrated that CD44 signaling can also be inhibited by interfering with pericellular
hyaluronan matrices, which can limit CD44 signaling. CD44/HA signaling can be
targeted by the use of small HA oligosaccharides, drugs that inhibit the production of
HA, or by targeting the enzymes responsible for HA degradation (Ghatak, Misra et al.
2002; Bharadwaj, Rector et al. 2007; Lokeshwar, Lopez et al. 2010). Previous work in
our lab has shown PC3MLNA4 cells express high levels of hyaluronan synthases 2 and 3
(HAS2/3) and make large quantities of hyaluronan that is organized into a pericellular
matrix to help promote tumor growth (Simpson, Wilson et al. 2002). Simpson, et al. went
on to demonstrate that the signaling properties of HA in cancer cells are a results of the
balance of HAS dependent HA synthesis to degradation by HY AL expression (Kovar,
Johnson et al. 2006; Bharadwaj, Rector et al. 2007).

While manipulating HA levels through expression vectors and siRNA transfection are
useful tools for studying HA biology in a laboratory setting, alternate approaches are
needed to translate this knowledge into viable therapeutic treatments. To this end
collaborators in the laboratory of Eva Turley (University of Western Ontario, London,
ON, CA) have been examining the use of small peptides to block CD44/HA interactions.
These compounds mimic the binding of HA to CD44 and are being evaluated as lead
compounds to develop small molecule inhibitors to block activation of downstream
signaling pathways. Initial preliminary data (not shown here) utilizing peptides that can
inhibit HA binding to cognate tumor cell surface receptors demonstrate that they can
inhibit anchorage independent cell growth. Further studies utilizing these peptides need to
be extended to determine how these peptides are inhibiting cell growth. Future
experiments will examine cell proliferation through MTS assays and monitor apoptosis
by flow cytometry. We are also interested in determining if treatment with HA binding
peptides inhibits cap-dependent translation and CyclinD1 levels in a similar fashion to

inhibiting CD44 function or expression.
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Though the current studies implicate CD44 in driving cell proliferation through elevated
cap-dependent translation, a mechanism linking CD44 to regulation of the elF4AF complex
has yet to be clearly defined. Increased phosphorylation of elF4E is observed in this
system when CD44 is inhibited. Several models for the functional importance of elFAE
phosphorylation have been proposed (Scheper and Proud 2002). It is possible that
increased elFAE phosphorylation cold limit cap dependent translation by stabilizing the
association of elF4E with the mRNA cap, thus inhibiting dissociation the elF4F/ribosome
complex. This decrease in the availability of elF4E could slow re-initiation on other
messages. If this were the mechanism, it would be anticipated that inhibition of cap
dependent translation would be more general that the effect observed here. Alternatively,
it is possible that limiting CD44 expression or function and the subsequent increase in
elF4E phosphorylation somehow inhibits CyclinD1 mRNA export from the nucleus. The
ability of elFAE to differentially regulate the translation of CyclinD1 has been linked to
binding of elF4E to CyclinD1 message in the nucleus and subsequent export (Culjkovic,
Topisirovic et al. 2005; Culjkovic, Topisirovic et al. 2006). In addition, activated CD44
can be internalized from the plasma membrane through endosomal sorting and
translocated to the nucleus (Lee, Wang et al. 2009). The nuclear/cytoplasmic localization
of elF4E, CyclinD1 and CD44 needs to be examined to determine if this mechanism is

attributing to the effect of CD44 on CyclinD1 levels and cell proliferation in this system.

While the exact mechanism by which decreases in CyclinD1 mRNA translation is
achieved in this system remains unclear, this decrease in translation is correlated to an
increase in the phosphorylation of elF4E when CD44 is inhibited. Formation of the larger
elF4F complex of which elF4E is an integral component is a complicated process
regulated in part by phosphorylation of elF4E. This phosphorylation is controlled by
multiple upstream signaling pathways which include activation of AKT and ERK1/2. The
data shown here indicate that AKT activation is unchanged in our system following
CD44 inhibition. This is not surprising as PC3MLN4 cells are PTEN deleted and thus
exhibit constitutive AKT activation. As the PI3K/AKT pathway exhibits cross talk with
other signaling pathways, this makes determining what the downstream mechanism for
13



CD44 signaling in these cells difficult. It has been shown in the parental PC3 cell line
that AKT activation forms a negative feed-back loop to downregulate MAPK signaling.
The authors found that ERK activation is only observed in PC3 cells upon inhibiting
AKT activation with wortmannin. They concluded that activated AKT resulted in the
phosphorylation and inactivation of Raf-1 and prevented the activation of ERK (Lee,
Steelman et al. 2008). These studies demonstrate that ERK1/2 activation is observed in
PC3MLN4 cells following inhibition of CD44, suggesting that CD44 signaling may
facilitate crosstalk between the PI3K and MAPK signaling pathways. Further studies
examining the activation of the Raf/MEK/ERK pathway following inhibition of both
CDA44 function and AKT activation need to be carried out to determine if CD44 is
involved in facilitating the negative regulation of the ERK signaling via the AKT

pathway.

Increased ERK1/2 phosphorylation can be blocked when CD44 is inhibited by use of the
MEK inhibitor UO126. However UO126 treatment did not affect increased elF4E
phosphorylation observed in combination with inhibiting CD44. While MAPK signaling
through MNK1/2 is the best studied route of elF4E phosphorylation, signaling through
p38 can also result in elF4E phosphorylation (Roux and Blenis 2004; Ueda, Watanabe-
Fukunaga et al. 2004). Future experiments need to be performed to determine the
activation status of the p38 pathway when CD44 expression is downregulated. In addition
the phosphorylation status of elF4E should be examined when CD44 is inhibited in
combination with the p38 inhibitor SB203580. Initial studies using this approach in this

system were inconclusive

HA/CDA44 signaling can promote the expression of MAP Kinase Phosphatase (MKP-1)
which is a negative regulator of ERK signaling (Hashizume and Mihara 2010). elF4E is
dephosphorylated by the action of protein phosphatase 2A (PP2A) (Li, Yue et al. 2010).
CD44 may in fact be coordinating signaling events by regulating the activity of specific
protein phosphatases, which are responsible for negatively regulating elF4E and ERK
phosphorylation.

14



Cap-dependent translation is regulated by the complex activation of multiple signaling
events. CD44 has been shown to regulate the activity of several downstream signaling
pathways. These studies indicate that elevated cap-dependent translation in the advanced
prostate cancer cell line PC3MLN4 is supported by high levels of CD44 and is
independent of serum stimulation. Based on the data presented here a working model for
CD44/HA signaling in advanced prostate cancer is proposed in Figure 14. In cells
expressing high levels of CD44/HA we speculate that that CD44 may play a role in
promoting cross-talk between PI3K that results in negative regulation of the MAPK
pathway. High levels of CD44 combined with PTEN deletion in prostate cancer cells
results in constitutive activation of AKT/mTOR which among other things maintains 4E-
BP phosphorylation and increased elF4F cap-dependent translation (Figure 14 A).
Inhibiting CD44 results in ERK activation and phosphorylation of elF4E through an as of
yet undefined mechanism, which results in a decrease in cap-dependent translation
(Figure 14B). Combining the inhibition of CD44 with mTOR inhibition could be an
effective strategy to target tumor growth by inhibiting cap-dependent translation of

specific oncogenes.

The results presented here link CD44 signaling to elevated translation of a small subset
of mMRNA transcripts associated with tumor growth and malignant progression. This
study has mainly focused on CyclinD1 and the corresponding proliferation defect in
PC3MLN4 cells when CD44 is inhibited. A decrease in translation of c-Myc when CD44
is inhibited was also observed. Studies also need to be completed to determine if a
decrease c-Myc activity occurs. This could be done by examining the transcription of c-
Myc target genes. In addition, microarray analysis could be performed on the
polyribosome fractioned samples to expand the search for differentially translated
MRNAs controlled by CD44 expression. Other studies of elevated cap-dependent
translation in cancer have seen an increase in the translation of pro-survival mMRNAs
(Avdulov, Li et al. 2004; Larsson, Li et al. 2007; Mamane, Petroulakis et al. 2007). No
increase in apoptosis when CD44 is inhibited was observed, suggesting that translation of
15



pro-survival genes may also be upregulated in PC3MLN4 cells. It is also tempting to
speculate the CD44 control of cap-dependent translation may be fundamentally involved
in tumor invasion (De Benedetti and Graff 2004; Graff, Konicek et al. 2008). High levels
of CD44 are expressed in tumor initiating prostate cancer cells and can also promote
invasive potential (Hurt, Kawasaki et al. 2008; Maitland and Collins 2008; Klarmann,
Hurt et al. 2009).

Thus for multiple reasons, CD44 is an attractive therapeutic target due to its ability to act
at the apex of and activate several intracellular signaling pathways. The implication being
that HA in the microenvironment facilitates cap-dependent translation and could explain
in part the prognostic importance of HA levels in prostate tumors. The microenvironment
has been demonstrated to play an important role in facilitating tumor progression and
response to treatment (Evanko, Tammi et al. 2007; Toole and Slomiany 2008). The
studies discussed here suggest that CD44 signaling (via local increases in the level of
HA) may promote tumorigenesis by regulating increased cap-dependent translation of
oncogenes. Thus targeting CD44 signaling may be one way to reverse the negative
prognostic relationship between increased levels of HA and malignant progression and
allow for the better management of prostate cancer patients.
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Conclusions

CD44 promotes cell growth and proliferation in prostate cancer cells. We believe that
CD44 enhances these tumor cell behaviors by upregulating the cap-dependent translation
of a subset of oncogene associated mRNAs including CyclinD1. The exact mechanism of
CD44 signaling in cap-dependent translation is yet to be determined in our cell system,
but may be functioning to regulate phosphorylation of elF4E. Future studies will examine
the effect of CD44 signaling on the activation of downstream signaling pathways
including ERK and p38. Additional studies to determine the effect of CD44 on translation
of mMRNAs involved in promoting tumor cell survival and invasion will also be carried

out.
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Materials and Methods
Cell Culture

PC3MLN4 cells were maintained in 1x MEM (Gibco) containing 10% fetal bovine serum
(Hyclone), 1X non-essential amino acids and 1x sodium pyruvate (MediaTech). 22RV1
and BPH-1 cells were maintained in RPMI (MediaTech) containing 10% fetal bovine
serum. All cells were grown at 37° C and 5% CO..

SiRNA Transfection

Cells were pre-plated at 40% confluence in various tissue culture dishes depending on
downstream application. Cells were rinsed once with serum free media prior to addition
of siRNA complexes. CD44 siRNA (Qiagen) (target sequence aac tcc atc tgt gca gca aac)
or a non-specific control sequence were incubated for 10 minutes along with RNAIiFect
transfection reagent diluted in buffer EC-R (Qiagen RNAI Transfection kit) prior to
addition to cells. siRNA complexes and serum free media were incubated on cells for 4
hours, then 10% serum containing media was added and cells were incubated overnight.
The next day cells were then used various experiments

Anchorage independent growth/Soft Agar

A bottom layer of 1% agarose in 2x MEM was first placed in 12 well tissue culture
plates. Cells were released and counted prior to embedding in a .6% agarose in 2X MEM
layer. 2 mL of 1X MEM was added to the well and changed weekly. For experiments
using the anti-CD44 antibody A3D8 (Sigma) or the isotype control mouse IgG1 (Kappel)
antibody was added to the cell/agarose layer.

Cell proliferation

Cells were plated at low density in 96 well tissue culture plates in normal growth media.
Cells were allowed attach to the plate for 6 hours prior to serum starvation overnight.
Cells were placed in 5% serum containing media and followed for 5 days. MTS reagent
(Promega Cell Titer 96AQueos One Solution) was added to the cells and incubated for 3
hour prior to reading on a plate reader at 490 nm. Cell number was determined by

calculating a standard curve.
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Flow cytometry- cell death

Cells were released from culture dishes and rinsed 1x PBS. Cells were then placed in 1x
Binding buffer (BD Bioscience PE AnnexinV apoptosis detection Kit) and stained with
Annexin PE / 7TAAD for 15 minutes prior to analysis on a BD FACS caliber flow
cytometer. Cell Quest Pro software was used to analyze collected data.

Flow cytometry — Cell cycle analysis

Cells were synchronized with 2.5 ug/mL thymidine (Sigma) for 18 hours overnight,
rinsed in 1x PBS and placed in 5% serum containing media for 8 hours. Cells were again
placed in thymidine containing media overnight. The following morning cells were rinsed
in PBS to release from cell cycle arrest and samples were collected up to 48 hours post
release. Cells were fixed in a 10% fetal bovine serum/PBS solution along with a final
concentration of 70% ethanol and stored at -20° C. Cells were removed from fixative,
rinsed with PBS and resuspended in FACS staining buffer containing RNaseA, .5% fetal
bovine serum, triton X-100 and propidium iodide. Cells were then collected on a BD
FACS calibur and analyzed using Cell Quest Pro software.

Cap binding

Cells were released from tissue culture dishes with trypsin EDTA, rinsed with 1XxPBS and
pelleted. Cells were resuspended in freeze than lysis buffer (150 mM NaCl, 50 nM Tris
pH7.5, 50 mM NaF, 10 mM Na pyrophosphate, 1 mM EDTA,1 mM EGTA, 1 mM DTT,
50 mM B-glycerolphosphate, 0.1 mM Na orthovanadate plus a Roche complete mini
protease inhibitor tablet) and underwent 3 freeze/rapid thaw cycles. After the 3" thaw
cells were spun down and the supernatant was collected. Pierce microBCA protein assay
kit was used to determine the protein concentration of each sample. 400 ug of protein
lysate was used in subsequent cap-binding pull-down. 7-Methyl- GTP sepharose beads
(GE Amersham) were prepared by washing with lysis buffer. Cell lysate/ 7-Methyl GTP
beads were mixed and underwent rotating incubation at 4° C for 90 minutes. Lysate/bead
mixture was rinsed with lysis buffer then 2 mM 7-Methyl-GTP (Sigma) was added to
elute samples from beads. Beads were pelleted and supernatant was collected and run on
a precast (Jule Inc) 8-16% SDS page gradient gel and subjected to subsequent western

blotting.
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Cell lysis and western blotting
Cells were released with trypsin EDTA, rinsed with 1x PBS and pelleted prior to being
resuspended in 1x Cell lysis buffer (Cell Signaling) containing 1 mM PMSF plus a Roche
complete mini protease inhibitor tablet. Lysates were incubated for 30 minutes on ice
then sonicated, centrifuged for 10 minutes and supernatant was collected. Pierce micro
BCA protein assay kit was used to determine protein concentration. Samples were diluted
in 4x sample buffer containing BME, boiled for 5 minutes then loaded onto SDS PAGE.
Proteins were transferred to a nitrocellulose membrane (Millipore). The membrane was
blocked in 5% skim milk TBST prior to addition of primary antibody. Primary antibodies
used included CD44, elF4G, P-4EBP1 (S65), P-elF4E, CyclinD. P-ERK1/2 and ERK1/2
(Cell signaling) Tubulin (Calbiochem), elF4E (BD Bioscience), 4E-BP1 (Abcam).
Membranes were rinsed and then incubated in the corresponding HRP anti-Rabbit or anti-
mouse secondary antibodies (Jacksonlmmuno). Pierce ECL or Pierce Super Signal ECL
was used to develop western blots.
Poly-ribosome profiling
Cells were treated with 100 ug/ml cyclohexamide for 5 minutes prior to trypsinization,
cell lysis and homogenization. Lysate was centrifuge to remove the nuclear pellet.
Cytoplasmic extract was layered on top of a 0.5- 0.15 M sucrose gradient and centrifuged
at 200,000 x g in a Beckman SW50 rotor for 90 minutes. Gradients were fractionated
using an ISCO density gradient fractionators monitoring absorbance at 254 nm. 10
fractions were collected.
cDNA synthesis and Real-time PCR
The RNA from each fraction was extracted using a Tri-reagent (Sigma) and quantified.
RNA from each fraction was then treated with DNase | (Ambion) and cDNA was
synthesized with a Tagman reverse transcriptase reagent kit primed with oligo —dT
(Applied Biosystems). Real time PCR was performed with a LightCycler FastStart
SYBR green kit (Roche) Primer sets were as follows B-Actin F5° CTG GAA CGG TGA
AGG TGACA 3 R5AAG GGACTT CCT GTAACAATG CA 3’ C-Myc F5’ TCT
TGG CAG CAG GAT AGTCCT T3R5 GCCACG TCT CCACACATCAG Y3
VEGFF5 CTGCTGTCTTGGGTGCATTG3I RS TTCACATTT GTT GTG CTG
20



TAG 3 ODCF5 TGC TGC TGC CTG TAC GTT CA3’R5” CCA CGC AGG CCC
TGAC3 CyclinDF’ CGT GCC CGT GTGCATGTCCT 3 R5 TGG CCTTTC
CCGACCCTGCT 3
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Figure 1 Inhibiting CD44 function decreases anchorage independent cell growth

PC3MLN4 cells were embedded in soft agar along the function blocking CD44 antibody
A3D8 or an isotype matched control IgG1 antibody. Cells were cultured for 3 weeks and
the number of colonies formed was counted. Graphs were generated using Graph Pad
Prism software and One-way ANOVA statistical analysis was performed to determine P
values. Lower doses of A3D8 treatment show a dose dependent trend towards inhibiting
anchorage independent cell growth (A). A3D8 treatment significantly reduces PC3MLN4

growth in soft agar at a concentration of 10 ug/mL (B).
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Figure 2 Knockdown of CD44 levels inhibits anchorage independent cell growth

PC3MLN4 cells were mock transfected or treated with siRNA against CD44 or a non-
specific negative control sequence prior to embedding in soft agar. Colony formation was
counted after three weeks of growth and graphed using Graph Pad Prism. P values were
obtained using a One-way ANOVA statistical test. Densitometry values for western
blotting were obtained using Alpha Imager software. Decreasing the level of CD44
expressed by PC3MLN4 cells inhibits anchorage independent cell growth (A). Western
blot demonstrating CD44 knockdown (B).
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Figure 3 Blocking CD44 function decreases cell proliferation

PC3MLN4 cells were plated in triplicate in a 96-well plate and treated with 10 pg/ml
A3D8 CD44 blocking antibody or IgG1 isotype matched control. Cell proliferation was
tracked by MTS. A standard curve was used to generate the number of cell per well and
Graph Pad Prism software was used to perform statistical analysis. A significant
reduction in cell proliferation is observed after 5 days of treatment with the CD44

function blocking antibody A3D8.
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Figure 4 CD44 knockdown slows cell growth

PC3MLN4 cells were plated in triplicate wells of 6-well plates and transfected with
SiIRNA against CD44 or a non-specific negative control sequence. Cells were trypsinized
and counted using a hematcytometer. At 72 hours post SiRNA treatment there was a

reduction in the number of cells treated with the CD44 siRNA.
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Figure 5 Knockdown of CD44 slows cell proliferation

PC3MLN4 cells were treated with CD44 siRNA or a negative control sequence. Cells
were synchronized in early S phase using a double thymidine block. Following release
from synchronization cells were fixed and stained with propidium iodide over a time
course of 48 hours. At 48 hours post release a higher proportion of cells treated with
CD44 siRNA remained in G1 as compared to cells treated with negative control sSiRNA.
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Figure 6 Decreasing CD44 levels does not increase apoptosis

PC3MLN4 cells were transfected with a CD44 siRNA, negative control, or mock treated.
48 hours post transfection cells were trypsinized and labeled with AnnexinV-PE. In two
separate experiments no increase in AnnexinV staining was seen indicating that

inhibition of CD44 does not lead to an increase in apoptosis.
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Figure 7 PC3MLNA4 cells have a high basal rate of cap- dependent translation

PC3MLN4 (LN4), 22RV1 or benign hyperplastic prostate cells (BPH1) were treated with
or without 10% FBS for 24 hours. Cell lysate was collected and a cap-analog pull down
was performed. Densitometry was performed on the subsequent western blots to
determine the ratio of 4G to 4E-BP-1 pulled down with the cap analog. Higher ratios of
4G/BP1 indicate a higher basal rate of cap-dependent translation in PC3MLN4 cells as
compared to 22RV1 or BPH1 cells. Additionally cap-dependent translation does not seem

to be sensitive to serum starvation in PC3MLN4 cells.
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Figure 8 CD44 promotes elevated cap-dependent translation in advanced prostate

cancer cells

PC3MLN4 cells were first transfected with CD44 siRNA or negative control siRNA.
22RV1 and the transfected PC3MLNA4 cells were then serum starved or fed with 10%
FBS for 24 hours and cell lysate was collected. Cap-binding analog pull down and
densitometry of western blots was performed to determine the ratio of 4G to 4E-BP1 in
the pull down (A). Western blot showing CD44 knockdown (B). To pool data from
separate experiments the ratio of 4G/4E-BP1 was normalized to tubulin levels from the
input cell lysate and set to 100 for the negative control samples that were serum
stimulated. There was a decrease in cap-dependent translation as measured by 4G/4E-
BP1 ratios when CD44 was knocked down in PC3MLN4 cells (C).
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Figure 9 CD44 promotes translation of CyclinD1 and C-Myc

PC3MLN4 cells were transfected with CD44 siRNA or a negative control siRNA. Cells
were treated with cyclohexamide prior to lysis and separation on a sucrose gradient. RNA
from each of the 10 fractions was isolated and used in reverse transcription reactions to
generate cDNA for real time PCR. In the polysome prolife for CyclinD1 and C-Myc
there was a decrease in the amount of message found in fractions 5-10. Additionally for
CyclinD1 there was an overall shift in messages to smaller fractions or less heavily
loaded polyribosomes. This indicates that when CD44 is inhibited mMRNA for CyclinD1
and C-Myc are translated at a lower rate. CD44 levels have no effect on the translation of
actin, VEGF or ODC.
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Figure 10 Knockdown of CD44 inhibits CyclinD1 protein level
PC3MLN4 cells were treated with CD44 siRNA or negative control siRNA. Cell lysate

was collected and western blotting for CyclinD1 was performed. There is a decrease in

protein level of CyclinD1 when CD44 levels are inhibited.
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Figure 11 Knockdown of CD44 does not inhibit activation of PI3K/AKT signaling

PC3MLN4 cells were treated with CD44 siRNA or negative control siRNA. Cells were
serum starved or fed for 24 hours and cell lysate was collected. Western blotting was
performed with the indicated antibodies. Inhibiting CD44 levels has no effect on the
phosphorylation of mTOR, 4E-BP1 or AKT.
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Figure 12 Knockdown of CD44 increases phosphorylation of elFAE

PC4AMLNA4 cells were treated with siRNA against CD44 or a negative control. Cells were
serum starved or fed for 24 hours prior to cell lysis. When CD44 is inhibited there was an
increase in phosphorylated elF4E both in the whole cell lysate and in the cap analog pull-

down.
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Figure 13 MEK inhibition blocks the CD44 dependent increase in ERK
phosphorylation but not elF4E phosphorylation

Cells were treated with an siRNA against CD44 or a negative control and serum starved
for 24 hours. Cells were then treated with the MEK inhibitor UO126, a control compound
UO124 or DMSO alone prior to lysis and subsequent western blotting. Treatment with
the MEK inhibitor abrogated the increase in ERK phosphorylation seen when CD44 is
inhibited but not the increase in elF4E phosphorylation.
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Figure 14 Model for CD44 signaling to cap- dependent translation in advanced
prostate cancer

Elevated CD44/HA signaling may support crosstalk between PI3K and Ras signaling
pathways and result in negative regulation of the MAPK pathway. In addition
PC3MLN4 cells are PTEN deleted and have activation of AKT/mTOR signaling that
phosphorylates and inactivates 4E-BP. Cap-dependent translation of CyclinD1 is elevated
in cells with high levels of CD44 (A). When CD44 expression or function is inhibited the
negative regulation of MAPK is abrogated and allows for phosphorylation of ERK1/2. In
addition elFAE becomes phosphorylated through a yet to be determined mechanism and
the cap-dependent translation of CyclinD1 is decreased. Additional pharmacologic
inhibition of the AKT/mTOR signaling pathway would lead to increased 4E-BP1
function (B). This model proposes that combining inhibition of CD44/HA signaling
along with AKT/mTOR inhibitors could result in greater efficacy in treatment of

advanced prostate cancer.
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