










Overexpression of survivin rescues cell survival in
response to IR

Downregulation of b3 integrin enhanced loss of survivin in
PC-3 cells (Fig. 4E) and subsequently survival of cells (Fig. 1D)

in response to IR. We further asked whether overexpression of
survivin in PC-3-avb3-shRNA cells could rescue the survival of
cells upon radiation. Cells were transiently transfected with
either the plasmid containing wild-type survivin (SV-WT) or

Figure 3.

cRGD increases radiosensitivity of avb3-LNCaP and PC-3 cells. A, cRGD peptide blocks avb3 integrin–mediated adhesion to VN, but not to FN (P < 0.01). Adhesion of
avb3-LNCaP cells to FN or VN was performed in the presence or absence of cRGD peptide (1.74 mmol/L) or control peptide cRAD (1.74 mmol/L). Triplicate
experiments were performed. B, SRB assay also showed that cRGD alone caused reduction of survival of avb3-LNCaP cells. Surviving fraction because of different
treatmentswas calculated asOD of treated cells/OD of cells treatedwith control cRAD. cRGD (2 mmol/L) alone caused significant reduction of cell survival (P <0.01).
For comparison, the absolute surviving fraction of cells treated with IR (4 Gy) or combination of cRGD and IR (4 Gy) were shown. C, cRGD produced
synergistic inhibition of avb3-LNCaP cell survival in combination with IR at dose-dependent manner. avb3-LNCaP cells were collected, counted, and incubated with
either cRGD or control cRAD for 1 hour prior to IR. Immediately after IR, cells were plated in 96-well plates and incubated at 37 �C in 5% CO2 in the presence
of the peptide. A fresh peptide–containing medium was exchanged every 3 days during the incubation. To determine the synergistic effect of peptide in
combination with IR, survival curves were corrected for the drug effect of the peptide itself: surviving fraction ¼ OD of irradiated cells with the peptide/OD of
nonirradiated cells with the peptide. Results were achieved in two experiments using two clones of avb3-LNCaP. D, cRGD in combination with IR completely inhibits
anchorage-independent growth of avb3-LNCaP cells. avb3-LNCaP or mock-LNCaP cells were incubated in the presence or absence of 2 mmol/L cRGD 1 hour
prior to irradiation. After either 0 or 5 Gy, 5� 104 cells were seeded in a 6-cm soft-agar disheswith duplicates. The experimentwas repeated twice with two different
clones of avb3-LNCaP with similar results. E, Representative images of anchorage-independent growth of LNCaP transfectants (0 Gy vs. 5 Gy) are presented.
The scale bar (equivalent to 400 mm) was added using a software Freehand. F, Soft-agar assay was used to determine anchorage-independent cell growth.
PC-3 cells were incubated in the presence or absence of 2 mmol/L cRGD 1 hour prior to irradiation up to 8 Gy. The experiment was repeated twice. The differences
between cRGD and cRAD (control) treatments are significant at high dose of IR (P < 0.01). G, Representative images of anchorage-independent growth of
PC-3 cells (0 Gy vs. 8 Gy) are presented. The scale bar equals to 400 mm as measured using a microscope.
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empty plasmid vector as a control. As shown in Fig. 5C, cells
transfected with SV-WT showed a significantly higher survival
at the doses higher than 6 Gy. The survivin levels in cells
postradiation were significantly lower (70% lower) in control
cells in comparison with the cells that overexpressed SV-WT
(30% lower; Fig. 5D). This suggests that the expression of
survivin in avb3 knockdown cells promotes cell survival in
response to IR.

Discussion
The avb3 integrin is attracting increased attention as a target for

cancer therapy; however, this is often related to its role in angio-
genesis (12, 13). The effect of integrins on tumor response with
conventional treatment modalities including radiotherapy is not
understood, and the molecular signaling mechanism affecting
cellular response to IR has not been defined. Our study demon-
strates a novel finding that introduction of avb3 integrin signif-
icantly increases the radioresistance of prostate cancer cells. Inhi-
bition of avb3 integrin by its antagonist cRGD reduces the radio-

protective effect of the integrin. Furthermore,we showed thatavb3
integrin regulates survivin level upon IR. Finally, disruption of
survivin expression using siRNA significantly abolishes avb3
integrin–mediated radioresistance of prostate cancer cells. Thus,
our study proposes a novel approach to target avb3 integrin prior
to and/or during radiotherapy for patients with prostate cancer
with integrin expression. Cilengitide, the cyclic peptide antagonist
of avb3 integrin, has demonstrated a very tolerable toxicity profile
in phase I trial, although the drug produced minimal tumor
response in the limited number of patients tested (36). In our
previous study, our laboratory has demonstrated that IR exhibits
profound inhibitory effect on b1 integrin expression of prostate
cancer cells and has impact on the adhesion of androgen-depen-
dent prostate cancer cells treated with bicalutamide (37, 38).
Inhibitionofb1 integrin enhances the cytotoxicity inbothprostate
cancer and breast cancer cells exposed to IR (39, 40). Therefore,
combining integrin-targeted drug with radiotherapy can poten-
tially produce a synergistic effect. However, simply inhibiting
integrin with antagonist may not be sufficient. Selectively
targeting molecules of downstream signaling pathways may

Figure 4.

avb3 integrin prevents downregulation
of survivin in avb3-LNCaP cells
upon IR. Overexpression of avb3
integrin prevents radiation-induced
downregulation of survivin. Cells were
exposed to 0 Gy or 5 Gy and harvested
48 hours postradiation. Proteins in cell
lysates were separated in 15%
polyacrylamide gels, immunoblotted,
and probed with pAb specific to
survivin (A), XIAP (B), or Bcl-XL (C).
Experiment was confirmed at least two
times with two different clones
of the transfectants. ERK 1/2 was used
as a loading control. D,Downregulation
of b3-integrin does not change
the survivin level at 5 Gy 48 hours
postradiation as shown in
immunoblots. a-Tubulin was used as a
loading control. E, Downregulation of
b3 integrin in PC-3 cells significantly
reduces the survivin level and
XIAP levels at 10 Gy 24–48 hours
postradiation as shown in
immunoblots. a-Tubulin was
used as a loading control. Bcl-XL
does not show changes.
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further enhance radiation kill of tumors and prevent cancer cell
repopulation.

The relationship between avb3 integrin and survivin is novel
from a mechanistic perspective. Survivin is a member of the
IAP gene family. It plays an important role in the regulation
of cellular apoptosis and cell-cycle division (17). It is highly
expressed in most malignant tissues, and its expression has been

linked to resistance to radiotherapy and chemotherapy. Chakra-
varti and colleagues have previously shown that radioresistant
glioblastoma cell lines have higher level of survivin with addi-
tional upregulation after irradiation. The inhibition of survivin
function with dominant-negative survivin increases the radiation
response of the more radioresistant cell lines. They reported that
the mechanism of survivin-mediated radioresistance is caspase-

Figure 5.

Survivin siRNA or shRNA significantly enhances radiosensitivity of cells in anchorage-independent growth. A, Left, IR or survivin siRNA alone partially decreases
colony formation in avb3-LNCaP cells. The combination of IR and survivin siRNA inhibits anchorage-independent growth (colony formation) of avb3-LNCaP cells.
Results are displayed as mean� SEM. Two independent experiments were performed, and similar results were achieved. The differences of colony size and number
between irradiated and nonirradiated survivin siRNA transfected avb3-LNCaP cells are statistically significant (� , P < 0.01). Right, survivin siRNA (10 nmol/L)
downregulates survivin expression in avb3-LNCaP cells upon IR. The control siRNA (NS) was used to compare the effect of survivin siRNA. All survivin siRNA–
transfected cellswere exposed to0or 5Gy48hours after transfection. Aktwas used as a loading control.B, Left, IR or survivin shRNAalonepartially decreases colony
formation in avb3-LNCaP cells. The combination of IR and survivin shRNA inhibits anchorage-independent growth (colony formation) of avb3-LNCaP cells.
Results are displayed asmean� SEM. Two independent experiments were performed, and similar results were achieved. The differences of colony number between
irradiated and nonirradiated survivin shRNA–transfected avb3-LNCaP cells are statistically significant (� , P < 0.01). Right, Survivin shRNA downregulates survivin
expression in avb3-LNCaP cells upon IR. The control shRNA (NS) was used to compare the effect of survivin shRNA. C, Survival curves of PC-3-b3-sh cells
overexpressedwith the plasmids containing either SV-WTor empty vector PCDNA3-HA (control)were determined using clonogenic assay. Cellswere plated in 6-cm
plates at each radiation dose. Cells were incubated for 10–12 days in the culture postradiation. Survival of cells was scored with the colonies containing more
than 50 cells. D, Overexpression of SV-WT in PC-3-b3-sh cells significantly rescues the survivin level 10 Gy 24–48 hours postradiation as shown in
immunoblots. a-Tubulin is used as a loading control.
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independent and related to enhanced double-strand DNA repair
(20). In our data, avb3 integrin maintained survivin expression
after IR, which would be otherwise downregulated in the absence
of the avb3 integrin. In contrast, avb3 integrin itself does not
increase survivin levels in the absence of radiation (41). Radia-
tion-induced increase of survivin levels is found in several tumor
cells which also endogenously express avb3 integrin. By main-
taining survivin expression after irradiation (as shown in Fig. 4),
avb3 integrin increases the likelihood of cells to survive posttreat-
ment and leads to a more radioresistant phenotype (as shown
in Figs. 1 and 2). This is further supported by our rescue exper-
imentwhereby reintroduction of survivin into PC-3 cells thatwere
treated with avb3 shRNA enhances cell survival in response to
radiation. To our knowledge, such observation linking avb3
integrin with survivin has not been reported, and the pronounced
effect seen only after irradiation may open a new area of trans-
lational research. For example, upregulation of survivinmaywork
in synchrony with G2-checkpoint regulation to enhance cellular
survival because (i) avb3-LNCaP cells show significant increase in
G2–M population after IR; (ii) G2 delay of a variety of cell lines is
associated with increasing radioresistance (42); and (iii) avb3
integrin upregulates CDC2, which is the key regulator for main-
taining G2 arrest (10).

The link between integrin-mediated signaling pathway and
survivin expression has been found in a variety of cell types. In
keratinocyte stem cells, inhibition of b1 integrin signaling using
anti-b1 antibody downregulates SV-WT expression and induces
anoikis (43). Treatment of Keratin 8(-/-) mice with the anti-b1
integrin antibody upregulates survivin expression with decreased
activation of caspases (44). In pancreatic cancer cells chemore-
sistant to gemcitabine, the constitutive FAK activation induced by
laminin (a b1 integrin ligand) has been shown to be required for
AKT activation that mediates an increased expression of survivin
(45). In osteosarcomaMG64 cells, knockdown of survivin expres-
sion inhibits the invasion and migration of osteosarcoma in vitro
and the expression of a5 integrin on cell surface (46). In mela-
noma, knockdown of a5 integrin with siRNA abrogates the
enhanced tumor growth of melanoma cells overexpressed with
survivin. Xenograft of survivin-overexpressing cells in mice
demonstrated increased a5 integrin level in both the primary
tumor and metastatic colonies in the pulmonary parenchyma
(47). However, how integrin regulates survivin expression is
still not understood. In prostate cancer, adhesion of PC-3
cells to fibronectin via b1 integrin upregulates survivin expres-
sion. This prevents cells from apoptosis induced by TNFa in
which the regulation of survivin level is mediated by protein
kinase B/AKT mechanism (48). Moreover, overexpression of b6
integrin leads to enhancement of survivin level through
JNK pathway while inhibition of JNK activity with JBD signif-
icantly abolished the expression of survivin (41). In glioma
cells, a5b1 integrin cross-talks with p53 pathway in regulation
of survivin and PEA-15 (49). Although similar mechanisms
may be predicted for this pathway, the regulation of b3 integrin

on survivin level in prostate cancer cells in response to IR
remains to be explored.

In conclusion, the data observed in androgen-dependent pros-
tate cancer cell lines with endogenous b1 integrin expression
provide evidence for avb3 integrin as a promoter of radioresis-
tance through regulation of survivin expression that subsequently
may contribute to the radioresistance of prostate cancer. Our
results and other articles suggest the complexity of prostate
cancers in which the differential expression of molecular profile,
that is, integrins and antiapoptotic molecules, plays an important
role in regulation of various survival pathways in the heteroge-
neous subpopulations of prostate cancer cells. Future investiga-
tion on the signaling pathways downstream of integrins and
regulation of antiapoptotic molecules should be continued to
guide the design of novel therapeutic treatments with different
combination of radiotherapy, including avb3 peptide antagonist
and survivin antagonist.
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