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Abstract
Purpose—External beam radiation therapy is often used as in an attempt to cure localized prostate
cancer (PCa), but is only palliative against disseminated disease. Raf Kinase Inhibitory Protein
(RKIP) is a metastasis suppressor whose expression is reduced in approximately 50% of localized
PCa tissues and is absent in metastases. Chemotherapeutic agents have been shown to induce tumor
apoptosis through induction of RKIP expression. Our goal was to test if radiation therapy similarly
induces apoptosis through induction of RKIP expression.

Methods—The C4-2B PCa cell line was engineered to over express or under express RKIP. The
engineered cells were tested for apoptosis in cell culture and tumor regression in mice following
radiation treatment.

Results—Radiation induced both RKIP expression and apoptosis of PCa cells. Over expression of
RKIP sensitized PCa cells to radiation-induced apoptosis; whereas, short-hairpin targeting of RKIP,
so that radiation could not induce RKIP expression, protected cells from radiation-induced apoptosis.
In a murine model, knockdown of RKIP in PCa cells diminished radiation-induced apoptosis.
Molecular concept mapping of genes altered upon manipulation of RKIP expression revealed that
an inverse correlation with the concept of genes altered by irradiation.

Conclusion—The data presented here indicate that the loss of RKIP, as seen in primary PCa tumors
and metastases, confers protection against radiation-induced apoptosis. Therefore, it is conceivable
that loss of RKIP confers a growth advantage upon PCa cells at distant sites since loss of RKIP would
decrease apoptosis, favoring proliferation.
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Introduction
The phosphotidylethanolamine binding protein (PEBP) family is highly conserved and does
not share sequence homology to other proteins of known function (1). Yeung, et al. identified
a PEBP homolog that is a competitive inhibitor of Raf/MEK/ERK signaling (2,3) and named
it Raf Kinase Inhibitory protein (RKIP). RKIP is expressed in prostate, brain, liver, lung, testis,
muscle, and stomach (4,5).

RKIP is involved in many cellular activities (reviewed in (6)). Many of the pathways RKIP is
involved in are often dysregulated in cancer; therefore, it was postulated that RKIP plays a role
in cancer progression. We demonstrated that RKIP was abundant in non-cancerous prostate
tissue, decreased in primary PCa, and was weak or absent in PCa metastases (7) and that
increasing RKIP in human PCa cells inhibits their ability to metastasize (8). Taken together,
these results demonstrated that RKIP is a metastasis suppressor in PCa.

The mechanism through which RKIP contributes to PCa metastasis is not known. Loss of RKIP
could promote metastasis through effects on intravasation, extravasation, or growth of the
metastasis at distant sites. Chatterjee, et al. (9) suggested that RKIP can regulate apoptosis and,
therefore, regulate growth. They demonstrated that DNA damaging agents 9-
Nitrocamptothecin (9NC), cisplatin, and etoposide upregulate RKIP and induce apoptosis.
Genetic knock-down of RKIP reduced the apoptotic response to the drugs. These data indicated
that RKIP regulates apoptosis, suggesting that PCa cells that have lost RKIP during metastasis
may have a survival advantage at distant sites since RKIP is not present to promote apoptosis.

Radiation therapy is a widely used modality for the treatment of PCa. Prostate radiotherapy
can be used as curative treatment for clinically localized PCa. Recurrence after radiation
happens in approximately 30% of cases depending on the disease stage (10). Palliative radiation
therapy may be used if the disease is wide-spread. Radiation induces DNA damage, causing
tumor cells to undergo apoptosis (11–14). Since chemical DNA damaging agents promote
apoptosis through increasing RKIP levels, we investigated whether RKIP contributes to
radiation-induced apoptosis and if loss of RKIP confers radioresistance to cancer cells.

Materials and Methods
Cell culture

C4-2B cells, isolated from bone-metastasizing LNCaP cells (15,16), were maintained in T-
medium (80% DMEM-20% Ham’s F12 (GIBCO), 5ug/ml Insulin, 13.6 pg/ml triiodothyronine,
5ug/ml transferrin, 0.25 μg/ml biotin, 25 μg/ml adenine (Sigma, St. Louis, MO), 1× penicillin/
streptomycin and 10% FBS). Media for C4-2B cells expressing vector (pBP), fRKIP (over
expressing RKIP) or shRKIP (under expressing RKIP) were supplemented with 0.5 μg/ml
puromycin.

RKIP constructs
The RKIP gene was cloned into the CMV-FLAG vector (Sigma), then subcloned into pBP
(pBABE) by the Yeung laboratory. Retrovirus resulting from a transfection of this plasmid
into φNX-A cells was isolated as previously described (17) was used to infect C4-2B PCa cells.
Infected cells were selected with puromycin. An RKIP-specific shRNA expression construct
was generated by cloning the annealed oligonucleotides (5′
GATCCCCGATTCAGGGAAGCTCTACATTCAAGAGATGTAGAGCTTCCCTGAATC
TTTTTA-3′ and 5′
AGCTTAAAAAGATTCAGGGAAGCTCTACATCTCTTGAATGTAGAGCTTCCCTGA
ATCGGG-3′) into pSUPER.retro-puro (OligoEngine) according to the manufacturer¹s
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instructions. Virus was isolated from 293FT cells and used to infect C4-2B PCa cells. Infected
cells were selected with puromycin.

Protein blots
Cells were lysed in a buffer containing 20 mM Tris·HCl, pH 8.0, 137 mM NaCl, 1% NP-40,
10% glycerol, 1 mM Na3VO4, 1 mM PMSF, 1% aprotinin, and 20 μg/ml leupeptin. Protein
concentrations are equalized using the Løwry method. Equal amounts of protein are separated
by SDS-PAGE. The proteins are blotted to PVDF membranes and probed with antibodies for
RKIP (Cat #37–3300, Zymed Laboratories, Invitrogen Corporation, Carlsbad, CA; or PARP
(Cat#9542, Cell Signaling, Inc., Danvers, MA). Densitometry was performed using Scion
Image (Scion Corporation, Frederick, MD). All blots were performed at least 3 times.

Radiation treatment
In vivo and in vitro irradiation was carried out using a Philips 250 kV orthovoltage unite at a
dose rate of approximately 2 Gy/min. Dosimetry was carried out using an ionization chamber
connected to an electrometer system that is directly traceable to a National Institute of Standards
and Technology calibration.

Survival curves
Survival assays were performed as previously described (18). Briefly, cells were irradiated
then trypsinized, counted with the Coulter counter (Hialeah, FL), and plated at clonal densities
in 60mm tissue culture plates and fed once a week for 2 weeks. On the 14th day of culture, the
cells were fixed in 7:1 methanol:acetic acid and stained with 0.5% crystal violet. Colonies were
scored if they contained 50 or more cells. The colony forming efficiency (CFE) was calculated
from control plates as the number of colonies divided by the number of cells plated. The
surviving fractions of treated plates were calculated as the CFEs of plates from treated cells
divided by the CFE of control cells. Survival curves were performed in triplicate at least 3
times.

Apoptosis assays
Apoptosis assays were performed according to manufacturer’s instructions (CellTrace™ and
Caltag™ Invitrogen, Corp, Carlsbad, CA). Briefly, cells were plated onto chamber slides, fixed,
and stained with either Calcein AM, Annexin V, or propidium iodide (PI) and viewed under
fluorescence. These compounds indicate apoptosis. All immunofluorescence were performed
at least 3 times in duplicate.

Animal studies
All animal protocols were approved by the University of Michigan Institutional Animal Use
Committee. 1×106 cells were injected subcutaneously into each of the flanks of CB17 SCID
mice. Ten animals were injected with C4-2B pBP cells, 10 with C4-2B fRKIP, and 10 with
C4-2B shRKIP. When tumors were palpable (150–200 mm3), fifteen 2 GY fractions of ionizing
radiation were given on days 1–5, 8–12 and 15–19. Tumor sizes were measured throughout
the experiment. Mice were anesthetized with IP injections of ketamine (80 mg/kg) and xylazine
(4mg/kg), and were placed prone in custom made holders. Cerrobend shielding was placed
over the entire mouse minus the tumor creating a conformal treatment field. After radiation,
mice were kept warm with heating pads until fully recovered from anesthesia. The shRKIP
group lost one treated and one untreated animal 4 weeks after start of treatment due to extremely
large tumors. The other groups lost one animal each after 88 days. The experiments were
stopped around 100 days due to atrtion and large tumor growth in the shRKIP group.
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RNA isolation and microarray analysis
Total RNA from C4-2B cells harboring pBP (vector), fRKIP, and shRKIP were isolated using
TRIZOL reagent following the manufacturer’s instructions (Invitrogen). Oligonucleotide
microarray was performed on Affymetrix Genechip (Human genome U133 Plus 2.0) array.
Expression values were calculated after normalization of the data based on previously
published procedure (19). Gene expression fold changes for fRKIP over pBP (fRKIP vs vector),
and fRKIP over shRKIP (fRKIP vs shRKIP), shRKIP over pBP (shRKIP vs vector), and
shRKIP over fRKIP (shRKIP vs. fRKIP) were calculated from two independent biological
replicate array experiments. Expression values for each gene were calculated using a robust
multi-array average (RMA) (19). This is a modeling strategy that converts the PM probe values
into an expression value for each gene. The expression values are log2 transformed data.
Overlap of genes that showed greater than or equal to 1.5 fold changes (data not shown) were
used for Molecular Concepts Map (MCM) analysis.

Molecular concepts analysis
Affymetrix probe ids that showed changes due to RKIP over expression (fRKIP vs pBP and
fRKIP vs shRKIP) and RKIP knock-down (shRKIP vs pBP and shRKIP vs. fRKIP) consisted
of 59 and 111 ids, respectively, and were uploaded to Oncomine database (20). The uploaded
genes were subjected to biological concepts and pathway analysis using the integrated
Oncomine Concepts MaP (OCM) tool (20,21). As a result of the pairwise analysis between
the uploaded set of genes and a total of about 13,364 concepts in the database, several concepts
that showed significant association were obtained. However, only radiation related concepts
are reported in this manuscript.

Results
To study the radiation affects on RKIP expression, we used the C4-2B PCa cells. C4-2B is a
metastatic subline of LNCaP cells (reviewed in (22)). C4-2B cells have a low level of RKIP
compared to it’s non-metastatic counterpart LNCaP (8). C4-2B cells were used to demonstrate
that re-expression of RKIP could block PCa metastasis. Therefore, we chose to manipulate the
expression of RKIP in C4-2B cells and use the resulting engineered cell lines for the studies
presented here. Since chemical DNA damaging agents have been shown to increase RKIP
protein levels and apoptosis (9), we tested whether or not ionizing radiation, another type of
DNA damaging agent, could induce RKIP expression and apoptosis as well. We used a
metastatic PCa cell line that expressed relatively small amounts of RKIP, C4-2B (8). We
observed 28% and 85% increase in RKIP protein levels in C4-2B with 2 Gy of radiation at 1
hr after treatment and at 3 hr after treatment, respectively (Figure 1A). To assess for apoptosis
we stained cells with calcein AM and propidium iodide (PI). We observed apoptosis in the
irradiated samples and not in the un-irradiated samples as was evident by the bright/white
appearance of the PI stain 48 hours after 2GY irradiation (arrows in Figure 1B). The
background PI staining in the C4-2B cells is probably due to the fact that parental C4-2B cells
have relatively low levels of RKIP (Figure 2) and were capable of baseline levels of apoptosis.
Therefore, radiation-induced apoptosis correlated with radiation-induced RKIP expression.

To determine if increased RKIP expression promoted apoptosis, we used C4-2B PCa cells that
were engineered to express varying levels of RKIP. In polyclonal populations of C4-2B cells
RKIP expression was increased approximately 44% using a FLAG-tagged RKIP (fRKIP) or
knocked down approximately 70% using a shRNA to RKIP (shRKIP) (Figure 2A) compared
to the parental C4-2B cells. Again, there was a low level of apoptosis in the control cells
probably due to the relatively low level of RKIP in those cells. The over expression of RKIP
was confirmed by the presence of the FLAG tag (lane 3, Figure 2A).
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We next tested whether radiation-induced apoptosis requires RKIP. C4-2B cells with
modulated RKIP amounts were subjected to increasing amounts of radiation and used in a
clonogenic survival assay. Colony growth indicated radiation-resistant cell survival.
Knockdown of RKIP (shRKIP) resulted in cells exhibiting better survival than cells over
expressing RKIP (fRKIP) or vector-only cells (pBP) (Figure 2B). These results indicate that
radiation induces apoptosis through RKIP and are consistent with the concept that loss RKIP
confers radiation resistance.

To determine the effect of RKIP expression on the extent of radiation-induced apoptosis, cells
with modulated amounts of RKIP were subjected to ionizing radiation, stained with Annexin
V, and analyzed by fluorescent immunocytochemistry staining for Annexin V and PI after 2Gy
treatment (Figure 3A). Bright staining (at the arrows) indicates apoptosis. Only the cells over
expressing RKIP were undergoing apoptosis following radiation treatment. These data indicate
that RKIP promotes radiation-induced apoptosis.

As a further measure of the influence of RKIP on radiation-induced apoptosis, we measured
PARP cleavage. PARP, a poly (ADP-ribose) polymerase, is involved in DNA repair in response
to environmental stress (23) and is cleaved during apoptosis by caspases (24,25). Over
expression of RKIP (fRKIP) induced PARP cleavage products even at low levels of radiation
(1 Gy); whereas, cells with knocked down RKIP (shRKIP) did not contain PARP cleavage
fragments until they were treated with 5 Gy (Figure 3B). In cells over expressing RKIP
(fRKIP), PARP cleavage was increased by greater than 20 fold with 5Gy of radiation compared
to untreated cells and was not increased in cells that had RKIP knocked out (shRKIP). The
amount of PARP cleavage relative to untreated is given for each cell type under each blot
(Figure 3B) and in graphic form (Figure 3C). When comparing the amount of PARP cleavage
to the vector only cells (pBP), cells over expressing RKIP (fRKIP) contained greater than 10-
fold the amount of PARP cleavage product than pBP cells at 5 Gy, and the knockdown of
RKIP (shRKIP) slightly decreased PARP cleavage. The amount of PARP cleavage relative to
each treatment in the vector-only (pBP) cell blot is given for both the knockdown (shRKIP)
and the over expressor (fRKIP) in both numerical (Figure 3B) and graphic (Figure 3C; fRKIP
(rel) and shRKIP (rel)) form. These data indicate that RKIP deletion can protect cells against
apoptosis and that RKIP over expression promotes apoptosis.

To determine if the in vitro results were relevant to the in vivo setting, mice were injected
subcutaneously with C4-2B vector only cells (Figure 4A), C4-2B cells over expressing
RKIP (Figure 4B), or C4-2B cells under expressing RKIP (Figure 4C). Radiation induced a
strong anti-tumor response in control cells or cells expressing RKIP; whereas, the cells that
had knockdown of RKIP did not respond to irradiation. These data are consistent with the in
vitro data and indicate that loss of RKIP protects against radiation-induced apoptosis.

In an attempt to identify potential mechanisms through which RKIP sensitizes cells to
radiation-induced apoptosis, we performed molecular concept mapping using the Oncomine
Concepts Map function (OCM) analysis of genes that showed changes in response to either
over-expression or knock-down of RKIP (please see methods for details). OCM is a tool
designed to use microarray data to indicate phenotypes that are associated with gene expression
patterns (20,21) and is currently the largest database of cancer microarray data. Two of the
concepts from literature that defined the concept type of radiation-induced expression signature
are given in Table 1. Both of these concepts are comprised of genes down-regulated in
fibroblasts due to UV irradiation (26,27) and were associated with gene signatures over-
expressed in RKIP knock-down (shRKIP over vector, and shRKIP over fRKIP). Essentially,
we found that genes that are down-regulated in response to UV-irradiation were up-regulated
in C4-2B cells with RKIP knocked down (shRKIP); therefore, genes that are down-regulated
in the response to radiation were present in higher amounts in cells with a knockdown of RKIP.

Woods Ignatoski et al. Page 5

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Functions of the genes that were identified in this screen that have a role in apoptosis or tumor
progression are given in Table 2. Genes that were upregulated in response to loss of RKIP
include functions such as increasing cell migration, increasing proliferation, binding death-
domain containing proteins, and playing a role in regulating the balance between cell growth
and cell death. These data are supportive evidence that loss of RKIP promotes radioresistance.

Discussion
In this manuscript, we showed that ionizing radiation induced the expression of the metastasis
suppressor RKIP in the metastatic PCa cell line C4-2B. We then engineered the C4-2B cells
to express various amounts of RKIP. Cells with over expression of RKIP readily underwent
apoptosis when treated with radiation in vitro; whereas, cells with an under expression of
RKIP did not undergo apoptosis with radiation. Furthermore, we showed that C4-2B cells with
over expression of RKIP were treatable with radiation when grown as a subcutaneous tumor
in mice. However, tumors arising from C4-2B cells with an under expression of RKIP were
resistant to radiation therapy. The data presented here indicate that the loss of RKIP as PCa
progresses would favor a proliferative response, and that the presence of RKIP as seen in
localized PCa mediates apoptosis in response to a stress signal, such as trying to grow at a
distant site.

Patients with clinically-localized PCa can be cured with local therapy including surgery and
radiation therapy. However, once PCa advances beyond the localized stage, localized
treatments are no longer effective. Therefore, determining how regional PCa evades localized
treatment and becomes metastatic is necessary to identify patients who may be cured with local
therapy and to develop improved treatments for more advanced, metastatic PCa.

RKIP has been associated with metastasis suppressor activity both in vitro and in vivo (6). Loss
of RKIP has also been demonstrated in the progression of several human cancers (28–30),
including PCa (7). However, the mechanism of metastasis suppression by RKIP is unknown.

Metastasis suppression can occur at any number of steps along the metastatic cascade, including
blocking motility, intravasation, endothelial cell binding, extravasation, and growth at the
distant site. We have shown RKIP expression to be down-regulated in 50% of primary PCa
and in the majority of metastatic PCa (7) and have identified RKIP as a metastasis suppressor
(8).

Gamma radiation has been shown for some time to be capable of inducing DNA damage in a
variety of ways: inducing breakage of the thymine moiety of DNA (11,12), inducing double-
stranded breaks (13), and inducing incorporation of wrong bases into DNA (14). Extensive
DNA damage can lead to apoptosis, presumably through a p53-mediated process. However,
the immediate molecular consequences of radiation-induced DNA damage are not known. In
the current study, we showed that radiation induced a metastasis suppressor molecule, RKIP.
In turn, RKIP expression was associated with PARP cleavage and apoptosis. In concordance
with these data, we have observed that another PCa cell line that expresses very low levels of
RKIP, PC-3 cells, undergo apoptosis when forced to stably over express RKIP (data not
shown).

Millions of cells from primary tumors are shed into the blood stream daily; however, only a
few cells successfully develop into clinical metastases (31,32). Interestingly, some of the cells
that seed distant sites remain dormant for years (33,34). However, work by the Uhr group
(35,36) has shown that these dormant cells can proliferate but do not form clinical metastases
because ongoing apoptosis balances out the proliferation. Therefore, loss of the ability to
undergo apoptosis in dormant cells may lead to the formation of clinical metastases.
Accordingly, it is conceivable that loss of RKIP at distant sites confers a growth advantage
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upon PCa cells since loss of RKIP could decrease apoptosis and favor proliferative activity.
We have observed that genes which need to be down-regulated for a successful radiation-
induced apoptotic response are present in higher amounts in cells with a knockdown of RKIP
(Table 2). It is possible that down-regulating these genes to a level needed to induce apoptosis
may be impossible in cells where RKIP is knocked down. This hypothesis would explain how
PCa cells that have lost RKIP escape treatment and seed a distant site

Taken together, our data indicate that cells expressing RKIP can readily undergo apoptosis
under certain conditions. Therefore, we hypothesize that of the cells that disseminate in the
body, those expressing RKIP will undergo apoptosis, and those that have lost RKIP will be
able to survive.

Although radiation therapy is a highly effective local treatment for clinically localized PCa,
some aggressive cases of PCa may be resistant to radiation therapy and subsequently develop
metastatic potential. Our previous observation that approximately 50% of primary tumors have
low RKIP expression (7) along with the data from the current study, indicating that RKIP is
needed for radiation to induce apoptosis, suggest that these PCa tumors will be radioresistant.
New therapies for radioresistant PCa are needed in order to cure men with aggressive disease.
Based on the results presented here, we hypothesize that PCa may escape the initial radiation
therapy because of a loss of RKIP. Therefore, increasing RKIP in vivo may be a viable treatment
for advanced PCa or can be an effective adjuvant for radiation therapy.
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Figure 1.
RKIP is induced by ionizing radiation. (A) C4-2B cells were irradiated with 0.2 Gy, 2.0 Gy,
or 5.0 Gy. After 1 hour or 3 hours, proteins were harvested, separated on SDS-PAGE, blotted,
and probed for RKIP. Protein blots were stripped and reprobed for actin as a loading control.
Densitometry was performed using Scion Image. The amount of RKIP relative to the
corresponding actin amounts and relative to untreated are given. These experiments were
performed 3 times. A representative blot is shown. (B) Radiation induces apoptosis of C4-2B
PCa cells. PCa cells were either untreated or treated with 2Gy radiation. After 24 hrs, cells
were stained with Calcein Am and propidium iodide (PI). Bright staining in PI panels suggests
apoptosis and is indicated by the arrows. These experiments were performed at least 3 times.
A representative experiement is shown.
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Figure 2.
Knockdown of RKIP expression confers radioresistance. (A) C4-2B cells contained vector
(pBP), an over expression of a FLAG-tagged RKIP (fRKIP), or the shRNA knock-down for
RKIP (shRKIP). The protein blot was probed with RKIP, stripped and probed for FLAG, and
stripped again and probed for actin. Densitometry was performed using Scion Image. The
amount of RKIP relative to the corresponding actin amounts and relative to the parental C4-2B
cells are given. These blots have been performed numerous times with a representative one
being shown here. (B) C4-2B cells containing vector (pBP), RKIP over expression (fRKIP),
or RKIP knock-down (shRKIP) were subjected to a clonogenic survival assay after 2.0 Gy,
3.0 Gy, or 5 Gy. After 14 days, colonies of 50 cells or more were counted and the surviving
fraction was determined by number of colonies divided by the number of cells plated. This
experiment was performed at least 3 times.
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Figure 3.
RKIP expression confers radiation-induced apoptosis. (A) C4-2B cells, C4-2B cells over
expressing RKIP (fRKIP), and C4-2B cells with RKIP knocked-down (shRKIP) were stained
with Annexin V and propidium iodide (PI) 48 hrs after 2 Gy of radiation and viewed in a
fluorescent microscope. Bright staining suggests apoptosis and is indicated by the arrows. This
experiment was performed 3 times. (B and C) C4-2B cells, vector-only (pBP), cells over
expressing RKIP (fRKIP), and cells with RKIP knocked down (shRKIP) were treated with 0,
1, 5, or 10 Gy. After 3 hrs, protein was harvested, separated on SDS-PAGE, blotted, and probed
for PARP. (B). Western blot for PARP. Densitometry was performed using Scion Imgae. The
amounts of PARP cleavage (89 kd band) in treated cells relative to the untreated (0 Gy) are
given for each cell type. (C) The amounts of PARP cleavage relative to the untreated (0 Gy)
are shown in graphic form for the RKIP over expressors (fRKIP) (black bars) and under
expressors (shRKIP) (white bars/black slashes). The amounts of PARP cleavage relative to the
vector only cells (pBP) are shown for fRKIP (white bars/horizontal lines)and shRKIP (white
bars/black diamonds).
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Figure 4.
Knock-down of RKIP protects tumors from radiation. 1×106 C4-2B cells with (A) vector
(pBP), (B) overexpression of RKIP (fRKIP), or (C) RKIP knockdown (shRKIP) were injected
into the flanks of male CB17 SCID mice. When tumors were palpable (150–200 mm3), they
were either treated with 2 Gy for 15 cycles or sham treated. Tumor volumes are graphed.
Average surviving fractions are plotted versus radiation dose. Standard errors are given on the
graph.
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Table 2
Genes from Table 1 with links to apoptosis or cancer progression

Gene Activity
PDLIM5 LIM domains bind to ID2, PDZ domain binds actin (39)

ID2 Blocks proliferation and increases proliferation (40); affects the balance of cell growth and death (41)
DAPK1 Positive mediator of apoptosis (42)
ATRX In complex with death-domain protein DAXX (43)

SEMA3C Influences cell migration and may contribute to tumorigenesis and tumor progression (44, 45)
GNAI1 Mutations cause this gene to become an oncogene (46)
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