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Down-Regulating Cold Shock Protein Genes Impairs
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ABSTRACT

The microenvironment of the cancer cell is pivotal to its phenotypic regulation. One of the central components of the microenvironment is
temperature. An elevation in environmental temperature has been shown to increase the cancer cell’s susceptibility to chemo- and radiation
therapy. The goal of the studies described here was to identify some of the pathways that are modified by a mild increase in temperature in
cancer cells. Using prostate cancer cells as a model system we found that in addition to the well described and anticipated up-regulation of the
heat shock family of proteins, there is a significant down-regulation of certain members of the “cold shock™ family of proteins such as, RNA
binding motif protein 3 (RBM3) and cold inducible RNA binding protein (CIRBP). siRNA-mediated down-regulation of the cold shock protein
(CSP) encoding mRNAs dramatically attenuates cell survival in the absence of any heat application. Furthermore, we also demonstrate that
knocking down the CSPs can enhance the therapeutic response of prostate cancer cells to chemotherapy. Our findings suggest that down-
regulating CSPs in cancer cells may “mimic” the stress response the cells experience when exposed to heat treatment rendering them more
susceptible to therapy. Thus, the pharmacological modulation of RBM3 and CIRBP may represent novel therapeutic approaches for prostate
cancer. J. Cell. Biochem. 107: 179-188, 2009. © 2009 Wiley-Liss, Inc.
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T he microenvironment plays a pivotal role in tumor cell
activity. While classically studies on the environment
have focused on cell-cell and cell-extracellular matrix interactions,
other environmental features that appear to influence tumor biology
remain relatively unexplored. Heat is an important microenviron-
mental and epigenetic regulatory factor in many biological
processes including growth and differentiation [Ferguson and
Joanen, 1982; Guan et al., 2006]. An innate cellular response to
microenvironmental temperature fluctuations includes not only the
heat shock family of proteins but several other pathways that
ultimately minimize the deleterious effects of heat stress, prevent
apoptosis and ensure cell survival [Shamovsky and Nudler, 2008].

At the same time, numerous clinical and basic studies have
demonstrated that tumor cells are less adaptive to heat stress
resulting in decreased survival both in vivo and in vitro [Dewhirst
et al., 2005]. Further, with many tumor types a mild increase in heat

(41-43°C) synergizes the response with other therapies such as
radiation therapy, chemotherapy, and immunotherapy. Perhaps one
of the most clinically relevant examples of heat synergism may be
seen in testicular cancer. It has been suggested that metastatic
testicular cancer cells that spread into the body cavity—and thus
experience a relatively higher temperature—may be more sensitive
to therapeutically induced cell death by radiation or chemotherapy
[Coffey et al., 2006].

The most sensitive cellular target of heat is the nuclear matrix, a
dynamic scaffold that organizes many functions within the nucleus.
It plays an important role in several cellular activities such as
maintaining cell morphology, three-dimensional organization of
the nucleus, DNA replication and transcription. As a result, the
nuclear matrix is intimately associated with cell proliferation and
differentiation, as well as carcinogenesis [Berezney et al., 1995;
Pederson, 2000]. In cancer cells, the nuclear matrix is not only
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abnormal in morphology, but is also different in its composition
[Getzenberg et al., 1996]. Studies of the thermal effects on the
nucleus by Roti Roti et al. [1998] and Lepock et al. [2001] have
demonstrated thermally induced unfolding of the nuclear matrix
and subsequent changes in the binding of specific proteins to the
matrix. Taken together these data strongly suggest that changes
in the structure and composition of the nuclear matrix in response
to heat treatment of cancer cells may account for some of the
underlying mechanisms. However, despite significant progress in
uncovering the effects of heat shock on cellular processes [Roti Roti,
2008], understanding the molecular mechanisms underlying its
effects in treating cancer still represent significant challenges.

In this article a comprehensive study aimed at uncovering
molecular changes in prostate cancer cells in response to mild heat
was performed. During the course of these investigations it was
observed that in addition to the expected up-regulation of the heat
shock proteins (HSPs), there is a significant down-regulation of
the cold shock proteins (CSPs), namely RNA binding motif protein
3 (RBM3) and cold inducible RNA binding protein (CIRBP). The
CSPs are a conserved group of proteins that are induced upon
hypothermia and other forms of cellular stress such as UV radiation
and hypoxia [De Leeuw et al.,, 2007]. Experimentally down-
regulating their expression has a dramatic impact of prostate cancer
cell survival even in the absence of heat treatment. Furthermore,
when coupled to drug treatment, there is a significant increase in
cell death. Taken together, the present findings may have identified
a new pathway that can be pharmacologically manipulated to
enhance therapeutic approach for prostate cancer.

CELL CULTURE AND TREATMENT

The prostate cancer cell lines PC-3 and LNCaP were obtained from
the American Type Culture Collection (Rockville, MD). The cells were
cultured at 37°C in routine RPMI (Invitrogen, Carlsbad, CA) media
supplemented with 10% fetal bovine serum (FBS) and treated by
mild heat for an indicated duration in an incubator at 41°C, or
simultaneously treated with chemical drug for 4 h.

RNA ISOLATION, MICROARRAY EXPERIMENTS,

AND DATA ANALYSIS

Total RNA isolation, fragmentation and microarray hybridization
and scanning procedures were carried out following the suppliers
protocol (Agilent Technologies). Lowess normalization was used
to normalize the intensity log ratio M of the non-control probes.
All computations were performed under R environment (http://
www.r-project.org).

REVERSE TRANSCRIPTION (RT) AND REAL-TIME PCR

RNA samples were treated with DNase I (Invitrogen), and cDNA was
synthesized using the iScript cDNA synthesis kit (BioRad, Hercules,
CA). Real-time PCR was done in triplicate on an iCycler iQ
Multicolor Real-time PCR Detection system (BioRad). Target gene
expression was related to TATA box binding protein (TBP) for
normalization. PCR sequences used were shown in Supplemental
Table L.

WESTERN BLOTTING

Twenty-five micrograms of protein were separated on 10-20% SDS-
PAGE and transferred onto PVD filters (Millipore, Bedford, MA).
Membranes were incubated with primary antibodies overnight at
4°C followed by horseradish peroxidase-conjugated secondary
antibodies, and developed with the Super Signal West Dura
Extended Duration Substrate kit (Pierce). Rbm3 antibody was
generated in a rabbit against a peptide (Sigma-Gneosys, The
Woodlands, TX). Hspala and cirbp antibodies were obtained from
Lifespan Biosciences (ProteinTech Group, Chicago, IL). Phospho-
histone H2A.X (y-H2A.X) antibody was obtained from Millipore.
Other antibodies were purchased from Cell Signaling (Danvers, MA)
and Santa Cruz (Santa Cruz, CA).

NUCLEAR MATRIX PROTEIN (NMP) ISOLATION,
TWO-DIMENSIONAL GEL ELECTROPHORESIS,

AND PROTEIN IDENTIFICATION

NMP extraction and high resolution, two-dimensional electro-
phoresis was performed as previously described [Inoue et al., 2008].
Protein identification was done by LC matrix-assisted laser
desorption/ionization mass spectrometry (LC/MALDI MS) using
an ABI Tempo LC MALDI mass spectrometer in the reflector mode
using delayed extraction. Peptides were analyzed by collision-
induced dissociation (CID) using nano-LC tandem mass spectro-
metry analysis on a LTQ (Thermo Fisher Scientific, Waltham, MA)
[Shevchenko et al., 1996]. Peptide sequences were identified by
screening the fragmentation data against the NCBI non-redundant
database (uniprot_sprot_20070123) using the Mascot sequence
query search engine (Matrix Science, Boston, MA). Identified
sequences were confirmed by manually inspecting CID spectra.

CELL VIABILITY INHIBITION ASSAY

Five thousand cells per well were seeded in 96-well plates.
Seventy-two hours after drug treatment, cell proliferation reagent
WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-
1,3-benzene disulfonate) was added to each well, as specified by
the supplier (Roche, Nutley, NJ). After 4-h incubation, WST-1
absorbance at 450 nm was measured.

SIRNA TRANSFECTIONS

RBM3 and CIRBP ON-TARGETplus SMARTpool siRNA were obtained
from Dharmacon (Lafayette, CO; sequences available on request).
siRNA was transfected with 2.5 x 10° PC-3 cells or 5 x 10°> LNCaP
cells at 100 nM total oligo concentration, using 0.2 .l DharmaFECT-
3 transfection reagent, and plated simultaneously in a 96-well plate.
Chemical treatment was conducted 24-48 h after transfection.

CLONOGENIC ASSAYS

PC-3 and LNCaP cells were transfected with 100 nM RBM3 or CIRBP
siRNA. Forty-eight hours after transfection, cells were plated at
500 cells (PC-3) or 1,000 cells (LNCaP) in 10-cm dish and grown
without being disturbed. Colonies were counted after 2 weeks. Only
colonies containing more than 50 cells were included.
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FACS ANALYSIS OF APOPTOSIS AND CELL CYCLE

Apoptosis and cell cycle were detected on a Guva system (Guava
Technologies, Hayward, CA) using Terminal Transferase dUTP
Nick End Labeling (TUNEL) kit (Guava Technologies) and Guava Cell
Cycle Reagent (Guava Technologies), respectively.

STATISTICAL ANALYSIS
Comparisons were made using the Student’s f-test. Two-sided P of
less than 0.05 was considered significant.

In order to elucidate the changes in cellular pathways in response to
mild heat, an experimental design which focuses on a single mild
temperature increase was implemented (Fig. 1). Earlier in vitro
studies have demonstrated that 1-4 h of heating (depending on the
sequence of modalities) at 41°C produces substantial heat-induced
radiosensitization with little or no cell killing by heat alone
[Myerson et al., 2004]. This temperature is also one which is
clinically feasible. The goal of this study was to examine the
designed heat response in prostate cancer cells lines. The androgen-
responsive LNCaP prostate cancer cells and the aggressive
androgen-insensitive PC-3 cancer cells representing relatively
diverse forms of the disease were utilized. Cells were grown at
the normal temperature of 37°C or at 41°C to discern their response
to heat-shock for the designated time periods (Fig. 1).

CHANGES IN NMP COMPOSITION IN RESPONSE TO HEAT

Since changes in NMP composition have often been accompanied by
changes in cellular pathology, proteomic analysis of the nuclear
matrix preparations from both cell lines was performed. Several
spots appeared to be distinctly over-expressed upon heat shock that
were identified by mass-spectrometric peptide sequencing as heat
shock 70 kDa protein 1A (hspala), heat shock 70 kDa protein 8
(hspa8) and heat shock 70 kDa protein 6 (hspa6) (Supplemental Fig.
1 and Supplemental Table II). However, no protein spots were
observed that appeared to be significantly down-regulated upon
heat treatment at 41°C.

MILD HEAT TREATMENT UP-REGULATES HEAT SHOCK PROTEINS
BUT DOWN-REGULATES COLD SHOCK PROTEINS

In order to correlate the changes in protein expression with
concomitant changes in gene expression global gene expression

=24 h

profiles were interrogated using DNA microarrays. Only those genes
that had Odds ratios of >10 and a fold change of >1.5 were selected
as being significantly different. In LNCaP and PC-3 cells, 216 and
158 genes are dysregulated, respectively (Supplemental Tables III
and IV). Of the dysregulated genes, 54 genes are shared by both cell
lines (Table I) suggesting that there may be common pathways that
cancer cells utilize to counter the stress response. The majority of the
differentially regulated genes are up-regulated genes in both cell
lines. Of these, as one would expect, the most abundant genes are
those encoding the HSPs and proteins related to modulating HSPs
such as AHSA1, corroborating the results from the proteomic
analysis. Among other classes of genes are those that encode
transcription factors such as CAMTA2 and WBP5, transporters such
as SLC1A3, and those related to apoptosis such as BAG3 and THAP2.
Unlike the proteomic analysis, gene expression profiling also
revealed genes that are significantly down-regulated including
those encoding the RNA-binding proteins many of which belong to
the “cold shock protein” family such as RBM3 and CIRBP (Table I).

REAL-TIME RT-PCR VALIDATION OF MICROARRAY DATA

Gene expression changes identified using microarrays were
independently verified by real-time RT-PCR. Representative
members from both up- and down-regulated genes were selected.
As shown in Figure 2A, both HSPA1A and HSPAG6 are also found to
be up-regulated upon heat treatment at 41°C while both the CSPs
RBM3 and CIRBP are down-regulated at the same temperature in
both the prostate cell lines. Notably, the decrease of CSP expression
was enhanced when the exposure time at mild heat was extend from
4 to 24 h, suggesting a dose-dependent modulation of heat on
expression of these genes.

IMMUNOBLOTTING CONFIRMS DIFFERENTIAL EXPRESSION AT
PROTEIN LEVEL

Having confirmed the gene expression changes at the RNA level, the
protein levels were evaluated. Immunoblotting analysis of total cell
lysates from both cell lines demonstrated that Hspala increased in
expression within 4 h of heat administration (Fig. 2B). However,
unlike the RNA levels, a sustained increased expression of the
Hspala protein was observed over the 24 h study period.
Alternatively, both the rbm3 and cirbp proteins are significantly
down-regulated during the same period (Fig. 2B). Considered
together, the data demonstrate that mild heat treatment results in the
up-regulation of a family of HSPs and down-regulation of members
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Fig. 1. Experimental design for mapping cellular response to mild heat treatment. Prostate cancer cells PC-3 and LNCaP were cultured at 41°C for indicated duration and

subjected to RNA or protein analysis.
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TABLE 1. Representative Common Dysregulated Gene in PC-3 and LNCaP Cells*

PC-3 LNCaP
Systematic name Description Gene name fold change fold change
NM_005345 Heat shock 70 kDa protein 1A HSPAIA 7.7 5.8
NM_005527 Heat shock 70 kDa protein 1-like HSPAIL 6.0 4.7
NM_006644 Heat shock 105 kDa/110 kDa protein 1 HSPH1 2.8 3.6
NM_004281 BCL2-associated athanogene 3 BAG3 2.5 3.8
NM_014278 Heat shock 70 kDa protein 4-like HSPA4L 2.4 2.4
NM_130469 Jun dimerization protein 2 JDP2 2.1 2.2
NM_007034 Dnaj (Hsp40) homolog, subfamily B, member 4 DNAJB4 2.1 3.6
NM_001114 Adenylate cyclase 7 ADCY7 2.1 1.9
NM_001539 Dnaj (Hsp40) homolog, subfamily A, member 1 DNAJA1 2.1 2.1
NM_005347 Heat shock 70 kDa protein 5 HSPA5 2.0 2.7
NM_001540 Heat shock 27 kDa protein 1 HSPB1 1.9 1.7
NM_001040141 Heat shock protein 90 kDa alpha, class A member 2 HSP90AA2 1.9 1.7
NM_004172 Solute carrier family 1, member 3 SLCI1A3 1.8 1.7
NM_006145 Dnaj (Hsp40) homolog, subfamily B, member 1 DNAJBI 1.8 2.6
NM_006010 Arginine-rich, mutated in early stage tumors ARMET 1.8 2.2
NM_012111 AHA1, activator of heat shock 90 kDa protein atpase homolog 1 AHSA1 1.8 1.6
NM_015099 Calmodulin binding transcription activator 2 CAMTA2 1.8 1.6
NM_001005199 Olfactory receptor, family 8, subfamily H, member 1 OR8H1 1.7 1.7
NM_052957 Acidic repeat containing ACRC 1.7 1.8
NM_182972 Interferon regulatory factor 2 binding protein 2 IRF2BP2 1.7 1.7
NM_031435 THAP domain containing, apoptosis associated protein 2 THAP2 1.7 1.6
NM_016303 WW domain binding protein 5 WBP5 1.6 2.1
NM_003124 Sepiapterin reductase SPR 1.6 1.6
NM_015513 Cysteine-rich with EGF-like domains 1 CRELDI 1.6 1.9
NM_000164 Gastric inhibitory polypeptide receptor GIPR 1.6 2.0
NM_032356 LSM domain containing 1 LSMD1 1.6 1.7
NM_002155 Heat shock 70 kDa protein 6 HSPA6 1.6 2.0
NM_014660 PHD finger protein 14 PHF14 —1.6 —1.6
NM_001280 Cold inducible RNA binding protein CIRBP —-1.6 —-1.7
NM_001356 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, X-linked DDX3X -1.6 -1.5
NM_005033 Exosome component 9 EXO0SC9 —1.6 —1.5
NM_001017430 RNA binding motif protein 3 RBM3 —-1.7 —1.5
NM_194460 Ring finger protein 126 RNF126 —-1.7 —2.0
NM_031372 Heterogeneous nuclear ribonucleoprotein D-like HNRPDL -1.9 —-1.7

“All dysregulated gene were selected by Odd ratio >10, fold change >1.5.

of the cold shock proteins both at the mRNA as well as the protein
level.

SIRNA-MEDIATED KNOCKDOWN OF COLD SHOCK PROTEIN
GENES ATTENUATES PROSTATE CANCER CELL GROWTH

As a class the CSPs include RNA-binding proteins and have been
reported to be up-regulated in response to cold and other forms of
stress analogous to the HSPs [Sutherland et al., 2005]. Despite
this, the functional significance of this down-regulation in response
to heat-induced stress is not readily apparent. In order to gain
additional insight, the expression of the cold shock transcripts was
reduced to determine if this could, at least in part, “mimic” the heat-
shock effect and thereby, enhance the susceptibility of these cells
to therapeutic treatment in the absence of any heat. As shown in
Figure 3A, siRNAs specific to either RBM3 or CIRBP decreased the
levels of their respective mRNAs by 85-95% compared to a non-
specific (scrambled) siRNA used at the same concentration. The
rbm3 and cirbp proteins were also similarly effected by the
knockdown and as evident from Figure 3B the proteins were reduced
to almost undetectable levels.

DOWN-REGULATING RBM3 AND CIRBP IMPAIRS CELL SURVIVAL

Having confirmed that the siRNAs abolished the expression of the
rbm3 and cirbp proteins, the CIRBP or RBM3 knockdown were
evaluated to determine if they could “mimic” the stress effects of

heat shock in impairing cancer cell survival. Down-regulation of
RBM3 or CIRBP significantly inhibited cell growth in both PC-3 and
LNCaP cells (Fig. 4A). Furthermore, colony formation that relies on
the intactness of cell survival ability was inhibited by the RBM3 or
CIRBP knockdowns by 36% or 62%, respectively, in PC-3 cells and
50% or 46% in LNCaP cells (Fig. 4B). However, unlike in the case of
CIRBP where knockdown had a similar effect on cell survival in both
cell lines, RBM3 knockdown was more effective in LNCaP cells than
in PC-3 cells suggesting that at least a component of RBM3 function
may be cell type-dependent.

DOWN-REGULATING RBM3 AND CIRBP ENHANCES
CHEMOSENSITIVITY IN PROSTATE CANCER CELLS

To investigate whether CSP down-regulation could also “mimic”
the synergistic effect of heat on chemotherapy, RBM3 or CIRBP
expression was knocked down and the cells subsequently treated
with adriamycin (ADM) or cisplatin (cDDP). As shown in Figure 5,
reducing the expression of these genes resulted in a marked
reduction of cell survival by ~25-50% in PC-3 and LNCaP cells,
respectively compared to the drug treatment alone. Again, RBM3
knockdown showed a larger enhancement on chemosensitivity
in LNCaP cells than in PC-3 cells, which is consistent with the
above cell survival results. The enhancement of RBM3 and CIRBP
knockdown on chemosensitivity was also confirmed by detecting
apoptosis using the TUNEL assay (Supplemental Fig. 2). Heating the
cells at 41°C combined with drug treatment also resulted in a similar
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Validation of representative gene expression changes in microarray analysis. A: mRNA levels were determined by real-time RT-PCR. Values are expressed relative to the

expression of TATA box binding protein (TBP) mRNA. Data are represented as mean + SD. B: Cold shock protein levels are decreased upon heat treatment. PC-3 and LNCaP cells
were subjected to 41°C heat treatment for indicated duration or maintained at 37°C, and Western blotting was performed to detect hspa1a, rbm3 and cirbp proteins. Actin was

used as a control for protein loading.
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Fig. 3.  Knocking down RBM3 and CIRBP by siRNA in PC-3 and LNCaP cells.

PC-3 and LNCaP cells were transfected with 100 nM RBM3 or CIRBP SMART-
pool siRNA. Forty-eight hours after transfection, total RNA was isolated and
mRNA levels of RBM3 and CIRBP were detected by real-time RT-PCR (A), or cells
were lysed and subjected to Western blot to detect Rom3 and Cirbp levels (B).

decrease in cell survival (Supplemental Fig. 3) highlighting the heat
mimicking effects of the siRNAs on chemotherapy.

RBM3 AND CIRBP ACT VIA DIFFERENT MECHANISMS

To address the mechanism by which RBM3 and CIRBP might
modulate the heat mimic, potential cellular pathways were explored.
A TUNEL assay revealed that reducing the expression of RBM3 or
CIRBP alone (in the absence of any drug) failed to induce apoptosis
in either prostate cancer cell line (data not shown). In contrast,
RBM3 down-regulation induced a cell cycle arrest prior to the
S phase and G2-M phase in LNCaP but not PC-3 cells (Supplemental
Fig. 4A and B). Consistent with the cell cycle analysis, knocking
down RBM3 reduced cyclin B1 protein levels in LNCaP but not in
PC-3 cells (Fig. 6). More importantly, cyclin B1 levels were not
increased in response to drug treatment in RBM3 knocked-down
LNCaP cells as it was in the scrambled siRNA-treated control cells
(Fig. 6B) corroborating the fact that RBM3 down-regulation is more
effective in LNCaP cells than in PC-3 cells (Fig. 5).
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Fig. 4. Reducing the expression of RBM3 and CIRBP inhibits cell survival and colony formation in prostate cancer cells. A: PC-3 (1,000 cells) and LNCaP cells (2,500 cells)
were transfected with 100 nM RBM3 or CIRBP SMARTpool siRNA. Cell viability was evaluated by WST-1 assay on 3-6 days after transfection. Magnifications 100x on left
panels. B: Forty-eight hours after RBM3 or CIRBP transfection, cells were re-plated in 10-cm dish with 500 cells (PC-3) or 1,000 cells (LNCaP) per dish, and colonies were
counted after 2-week growing. All experiments were repeated at a minimum of two times. "P< 0.01 compared to scrambled siRNA-treated control.

Alternatively, reducing expression of CIRBP in either PC-3 or
LNCaP cells did not have a significant impact on either cell cycle or
cyclin B1 and D1 levels (Supplemental Fig. 4A and B). However, the
levels of cyclin B1 and/or cyclin D1 in CIRBP knocked-down in
either cell line were significantly lower than scrambled siRNA-
treated control after treating cells with drug (Fig. 6). Together with
the fact that CIRBP knockdown similarly enhanced chemosensitivity
in both PC-3 and LNCaP cells, these results suggest that CIRBP acts
via a mechanism distinct from that of RBM3.

RBM3 AND CIRBP MAY BE INVOLVED IN DNA DAMAGE REPAIR

It is generally accepted that DNA damage and subsequent cell death
may be the primary cytotoxic mechanism of ADM and other DNA-
binding antitumor drugs. However, since reducing the expression of
RBM3 or CIRBP did not induce apoptosis or only partly impeded the
cell cycle, it was determined if the effect of knocking down their
expression impaired DNA damage repair that results in decreasing
cell survival during proliferation and rendering the cells more

susceptible to the effects of chemotherapy. Since phosphorylation of
H2A.X at serine 139 correlates well with DNA damage [Plesca et al.,
2008], we determined the y-H2A.X content to evaluate the impact of
the knockdown on DNA damage and repair response. As shown in
Figure 6B, both RBM3 and CIRBP down-regulation significantly
enhanced DNA damage triggered by drugs in LNCaP cells as judged
by the increase in accumulation of y-H2A.X. Again, only decreased
expression of CIRBP but not RBM3 increased ¢cDDP and ADM
induced DNA damage in PC-3 cells, further suggesting that RBM3
function is different between two cell lines (Fig. 6A). Notably, even
without any chemical stress, reducing the expression of CIRBP still
can induce a slight but identifiable increase of DNA damage marker.

Finally, since p53-p21 proteins play a key role in protecting the
cell from DNA damage-induced cell death [Garner and Raj, 2008],
their expression in LNCaP cells that expresses wild-type p53 was
determined. As expected, knocking down both RBM3 and CIRBP
significantly inhibited the activation of p53. In contrast, p53 was
activated by cDDP and ADM treatment in scrambled siRNA controls.
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Knocking down RBM3 and CIRBP by siRNA enhances chemosensitivity in PC-3 cells and LNCaP cells. PC-3 and LNCaP cells were transfected with 100 nM RBM3 or

CIRBP SMARTpool siRNA. Twenty-four hours after siRNA transfection, PC-3 cells and LNCaP cells were treated with increasing doses of cisplatin (cDDP) or adriamycin (ADM) for
4 h and then moved back to normal medium for another 72 h. Cell viability inhibition was determined using the WST-1 assay. Data are represented as mean =+ SD.

The up-regulation of p21 induced by ADM was also impeded in
LNCaP cells. Furthermore, the significant inhibition in colony
formation after knocking-down these two genes in both cell lines in
the early experiment also supports the plausible impairment of DNA
damage response pathway (Fig. 6). These results suggest that RBM3
and CIRBP may be involved in the DNA damage response process.
Consequently, down-regulating them, impairs cell survival and
enhances chemotherapy.

The benefit of combining heat treatment along with other
therapeutic approaches is an area of significant promise in the
treatment of cancer. However, the mechanisms leading to favorable
clinical results of heat therapy are not fully understood. By
interrogating global gene expression profiles and the nuclear
matrix-associated proteome, we have identified some of the key
heat-induced alterations in the tumor microenvironment using cell
models of cancer.

As expected, an overwhelming up-regulation of HSPs and genes
related to the cancer cell’s innate heat shock response were observed.
However, of the dozens of stress-induced HSPs in a cancer cell, only
a few have been found to have critical cytoprotective roles in cancer
such as HSP27 and HSP70 [Garrido et al., 2006]. Both proteins
are powerful chaperones, inhibit key effectors of the apoptotic

machinery, and participate in the proteasome-mediated degradation
of proteins under stress conditions, thereby contributing to the so
called “protein triage.” In cancer cells, both HSP27 and HSP70
appear to participate in oncogenesis and in resistance to chemo-
therapy [Zhao et al., 2004; Rocchi et al., 2006; Didelot et al., 2007;
Kamada et al., 2007]. HSP27 and HSP70 were up-regulated in both
cell lines studied here. However, while HSP70 was detected both in
gene expression and nuclear matrix proteomic analyses, HSP27
over-expression was only observed in the gene expression profiling
studies. Consistent with this result, it has been reported by other
investigators that hsp70 binds to the nuclear matrix [Lepock et al.,
2001], hsp27, however, interacts indirectly by associating with Saf-
b a constituent of the nuclear matrix [Oesterreich et al., 1997] and
thus, may not withstand the harsh extraction procedures underlying
nuclear matrix preparations. Interestingly, after a quick increase in
response to heat, hsp expression was still maintained at the high
level even when exposure time to heat was extended as long as 24 h,
at which point the cells become more fragile to survival than those
heated for 1 or 4 h. Through exploring the globe gene expression
under heat stress, it is of particular interest to identify a decreased
expression of two CSPs, which was further confirmed as slow but
persistent reduction over heating.

Notably, all organisms from prokaryotes to plants and higher
eukaryotes respond to cold shock in a comparatively similar
manner. Cold shock invokes the rapid over-expression of a small
group of proteins called cold shock proteins, and a coordinated
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Fig. 6. RBM3 and CIRBP knockdown enhances DNA damage induced by
chemotherapy. Prostate cancer cells PC-3 (A) and LNCaP (B) were transfected
with 100 nM RBM3 or CIRBP SMARTpool siRNA. Forty-eight hours after
transfection, cells were treated with 4 p.g/ml cDDP or 1 pg/ml ADM for 4 h, and
then moved back to normal medium for another 16 h. Cell lysates were
subjected to Western blotting to detect cyclin B1, cyclin D1, phospho-histone
H2A.X (Ser139) (y-H2A.X), phospho-p53 (Ser15), and p21. Actin was used as
a control for protein loading.

cellular response involving modulation of transcription, translation,
metabolism, the cell cycle and the cell cytoskeleton. In mammals
however, to date, only two cold shock proteins have been described
in detail, cirbp and rbm3 [Al-Fageeh and Smales, 2006]. There is
now growing evidence that in addition to their role in cold stress
response, the CSPs also play critical roles in cancer cell survival
and growth. For example, CIRBP is induced by stresses such as
UV irradiation and hypoxia [De Leeuw et al., 2007]. We also found
that ADM administration in vitro increased CIRBP expression in
LNCaP cells (unpublished observation). Indeed, using the RKO
colorectal carcinoma cells, Yang and Carrier [2001] observed that
cells expressing reduced levels of CIRBP are more sensitive to UV
radiation than those over-expressing CIRBP.

The extraordinary success in treating distant metastasis of
testicular cancer is speculated to be due, at least in part, to its
susceptibility to the increased body temperature experienced by the
metastatic cells [Coffey et al., 2006]. Interestingly, when the mouse
testis was exposed to heat stress by experimental cryptorchidism
or immersion of the lower abdomen in warm (42°C) water, the
expression of cirbp was decreased in the testis within 6 h after either
treatment [Nishiyama et al., 1998]. The present results verify that
CIRBP expression in cancer cells is also modulated by microenvir-

onmental temperature. Importantly, experimentally lowering CIRBP
expression by siRNA to reflect its down-regulation under heat stress
decreased cell survival and increased cytotoxic killing, which indeed
is an expected therapeutic benefit of heat treatment. Whether
testicular cancer cells lose this CSP expression in metastatic sites
due to the increased body temperature and therefore result in their
high susceptibility to cytotoxic reagents needs to be further
clarified. However, targeting CIRBP may represent novel therapeutic
approach for prostate cancer.

RBM3 is one of the first proteins synthesized in response to cold
shock [Danno et al., 1997]. Although the exact biological function of
RBM3 is not fully understood, members of the RBM protein family
contain the primary structural motif most commonly referred to as
the RNA-recognition motif (RRM) and are thought to function as
RNA binding apoptosis regulators [Sutherland et al., 2005]. RBM3
in particular, appears to be a novel proto-oncogene that induces
transformation when over-expressed and is essential for cells to
progress through mitosis [Sureban et al., 2008]. While over-
expression increases cell proliferation and development of compact
multicellular spheroids in soft agar, down-regulating RBM3 in
HCT116 colon cancer cells with specific siRNA decreases cell growth
in culture and tumor xenografts [Sureban et al., 2008]. Down-
regulation also increases caspase-mediated apoptosis coupled
with nuclear cyclin B1, and phosphorylated cdc25c, chkl and
chk2 kinases, implying that under conditions of RBM3 down-
regulation, cells undergo mitotic catastrophe [Sureban et al., 2008].
Like in colon cancer, RBM3 is also up-regulated in prostate cancer.
However, unlike in colon cancer wherein there is a stage-dependent
increase [Sureban et al., 2008] RBM3 is apparently down-regulated
in late-stage prostate cancer (www.oncomine.org, unpublished
observations). Further, in contrast to colon cancer wherein its down-
regulation leads to mitotic catastrophe, the present data indicate that
in androgen-sensitive but not in androgen-independent prostate
cancer cells, down-regulation of RBM3 leads to a cell cycle arrest
and an enhancement of DNA damage induced by drug suggesting
tumor-specific differences and warrants further investigation.

Our results on the differential effects of knocking down RBM3
on the cytotoxic drugs in two prostate cancer cell lines may be
predicated on the p53 status of the cell models utilized. In response
to DNA damage, induction of p53 protein either causes the cells to
arrest in different phases of the cell cycle, or if DNA damage is
excessive, p53 leads the cells through apoptosis by regulating the
bel-2 family of genes [Weinberg, 1991; Lane, 1992]. Of particular
note is the fact that LNCaP cells possess wild-type p53 while PC-3
has mutant p53 that cannot be functionally activated following
DNA damage [0’Connor et al., 1997]. It has been shown that the
susceptibility of these prostate cancer cells to cDDP and its analogs
appears to be linked to the p53 status [Mujoo et al., 2005]. Indeed,
in the present study it was observed that knocking down RBM3
impedes p53 activation and the subsequent p21 expression, both of
which previously have been shown to render DNA damage repair
[Garner and Raj, 2008], when LNCaP cells was subjected to a
cytotoxic stress. Considered together, it is tempting to conjecture
that RBM3 may be involved in p53-linked DNA damage repair. In
contrast, while CIRBP knocked-down similarly altered p53-p21
proteins and increased y-H2A.X expression under the chemical
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stress in LNCaP cells, it is also able to enhance DNA damage and
cytotoxic killing in PC-3 cells in which p53 regulation is deficient.
This p53-independent pathway appears to impair cyclin B1 increase
and enhance cyclin D1 decrease after drug treatment. Furthermore,
in contrast to the up-regulation of CIRBP by adding ADM to LNCaP
cells, RBM3 was significantly down-regulated in response to ADM
treatment (unpublished observation). Together, the data suggest that
RBM3 and CIRBP appear to involve different cell death resistant
mechanisms in different types of cancer cells.

In summary, the down-regulation of the CSPs in response to heat
treatment suggests that the CSPs may account for, at least in part,
the impairment in cell survival and enhanced sensitivity of heat-
treated prostate cancer cells to subsequent therapeutic modalities
albeit, by different mechanisms. Perhaps, a combination of
modalities such as a double knockdown of the HSPs and CSPs
for example, coupled with other forms of chemo- or radiation
therapy, could further enhance the synergism. Although additional
studies are needed, the pharmacological attenuation of their
activities in the absence of any heat treatment appears a promising
strategy in enhancing the cancer cell’s sensitivity to chemo- and/or
radiation therapy while minimizing their undesirable effects.
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