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ABSTRACT The molecular mechanisms underlying resistance to radiotherapy in
breast cancer cells remain elusive. Previously, we reported that elevated �1-integrin
is associated with enhanced breast cancer cell survival postirradiation, but how �1-
integrin conferred radioresistance was unclear. Ionizing radiation (IR) induced cell
killing correlates with the efficiency of DNA double-strand break (DSB) repair, and
we found that nonmalignant breast epithelial (S1) cells with low �1-integrin expres-
sion have a higher frequency of S-phase-specific IR-induced chromosomal aberra-
tions than the derivative malignant breast (T4-2) cells with high �1-integrin expres-
sion. In addition, there was an increased frequency of IR-induced homologous
recombination (HR) repairosome focus formation in T4-2 cells compared with that of
S1 cells. Cellular levels of Rad51 in T4-2 cells, a critical factor in HR-mediated DSB re-
pair, were significantly higher. Blocking or depleting �1-integrin activity in T4-2 cells
reduced Rad51 levels, while ectopic expression of �1-integrin in S1 cells correspond-
ingly increased Rad51 levels, suggesting that Rad51 is regulated by �1-integrin. The
low level of Rad51 protein in S1 cells was found to be due to rapid degradation by
the ubiquitin proteasome pathway (UPP). Furthermore, the E3 ubiquitin ligase RING1
was highly upregulated in S1 cells compared to T4-2 cells. Ectopic �1-integrin ex-
pression in S1 cells reduced RING1 levels and increased Rad51 accumulation. In con-
trast, �1-integrin depletion in T4-2 cells significantly increased RING1 protein levels
and potentiated Rad51 ubiquitination. These data suggest for the first time that ele-
vated levels of the extracellular matrix receptor �1-integrin can increase tumor cell
radioresistance by decreasing Rad51 degradation through a RING1-mediated protea-
somal pathway.
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Cell attachment to extracellular matrix (ECM) components triggers biochemically
and mechanically induced signaling for the stimulation of growth factor receptors,

ion channels, and cytoplasmic protein kinases, etc. Cell-matrix binding is mediated
primarily by integrins, a family of 18 � and 8 � transmembrane glycoproteins that form
24 distinct heterodimeric receptors (1). Most integrins recognize several ECM proteins,
and individual matrix proteins bind to several integrins. Activation of integrin-mediated
intracellular pathways regulates signaling elements in proliferation, survival, apoptosis,
invasion, metastasis, and tissue organization (2). Similar to other integrin receptors,
�1-integrins are overexpressed in various cancers, including breast cancers, where they
indicate a poor prognosis (3), and have been shown to affect mammary tumor
induction and proliferation of metastatic mammary carcinoma cells disseminated in the
lungs (4). Overexpression of �1-integrin has also been shown to mediate tumor cell
resistance to chemo- and radiotherapy (5, 6). Since about 50% of all cancer patients are
treated with radiotherapy, understanding the role of �1-integrin in DNA damage repair
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is crucial for the optimization and development of innovative drugs for improving
radiotherapy response rates.

�1-Integrin inhibitors have been reported to sensitize cancer cells to conventional
radio- and chemotherapies (7). Several investigators have reported that targeting of
�1-integrin disrupts resistance to anti-epidermal growth factor receptor (anti-EGFR) (8)
and antiangiogenic therapies (9). In addition to chemo- and radioresistance, �1-integrin
targeting has demonstrated an inhibitory effect on metastasis of colon, breast, and
refractory tumors (10). However, the underlying molecular mechanisms of �1-integrin-
mediated resistance to radiotherapy remain largely unclear.

One key determinant of cellular radiosensitivity is DNA double-strand break (DSB)
repair (11). Cells have evolved two main repair pathways, nonhomologous end joining
(NHEJ) (12) and homologous recombination (HR) (13), to cope with DSB genotoxicity.
Nonhomologous end joining, an intrinsically error-prone repair system that operates
throughout the cell cycle, involves direct sealing of DSB ends. Homologous recombi-
nation, an error-free repair system, requires sister chromatids and therefore is restricted
to S and G2 phases of the cell cycle. Homologous recombination starts with 5=-to-3=
resection of DNA ends that generates single-stranded DNA (ssDNA) ends. The ssDNA is
rapidly coated by replication protein A (RPA), which is then replaced by RAD51 (14).
RAD51 filaments are critical to promote DNA strand invasion and ensure HR. Although
the HR process for DNA DSB repair has been examined in various contexts, regulation
of Rad51 is not well understood.

Rad51, a key component of the HR pathway, is overexpressed in multiple tumor
types, including breast cancer (15). Cells overexpressing Rad51 exhibit cell cycle dis-
ruption, resistance to apoptotic signals, and associated resistance to DNA-damaging
agents (16, 17). It is thought that Rad51 overexpression may provide a mechanism to
compensate for any deficiency in alternative DNA repair pathways and thereby help
cancer cells to survive (18), and deletion of Rad51 results in mouse embryo and chicken
cell lethality (19). Cell lines lacking Rad51 are defective in DNA repair, which promotes
genomic instability and increases cancer risk (20). Depletion of nuclear Rad51 expres-
sion in breast cancers was significantly associated with an aggressive phenotype (21).
In addition, a relationship between Rad51, activation of the HR repair pathway, and
radio- and chemoresistance has been reported in breast and other carcinoma cell lines
(20, 22). Thus, the elevated Rad51 levels in irradiated human tumor cells may lead not
only to HR activation but also to radiation therapy resistance. However, the cooperative
function of Rad51 with other key stress elements in the activation of HR and conferral
of radioresistance remains to be elucidated.

A connection between �1-integrin and impaired DNA repair in head and neck
cancer cells has been reported (23), but whether integrins participate directly in DNA
repair regulation is currently unclear. Two groups have reported that �1-integrins
activate PARP-1/ligase III �/XRCC1-dependent base excision repair of bleomycin-
induced DNA damage (24, 25). However, there are no reported studies yet on the role
of �1-integrin in HR-mediated repair of DNA DSBs. Using an isogenic cell line pair,
nonmalignant S1 cells and the derivative malignant breast T4-2 cells, we show here that
HR repair and cell survival are increased in �1-integrin-overexpressing cells as �1-
integrin stabilizes Rad51 levels via inhibition of ubiquitination by RING1, resulting in
protection from proteasome-mediated Rad51 degradation.

RESULTS
IR-induced genomic instability and 53BP1/RIF1 foci are increased in nonma-

lignant S1 cells compared to their derivative radioresistant malignant breast T4-2
cells. We have previously shown that malignant T4-2 cells had increased �1-integrin
levels and were resistant to ionizing radiation (IR)-induced death in comparison to their
parental counterpart, nonmalignant breast epithelial S1 cells (26). To verify that T4-2
cells indeed had increased radioresistance to ionizing radiation, compared to S1 cells,
we preformed clonogenic survival assays (Fig. 1A). As expected, the T4-2 cells displayed
greater radioresistance than did the S1 cells. In addition, inhibition of �1-integrin with
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FIG 1 Ionizing radiation (IR)-induced chromosome aberrations and 53BP1/RIF1 cofoci are increased in S1 cells compared to T4-2 cells after IR.
(A) Inhibition of �1-integrin in T4-2 cells or ectopic expression of �1-integrin in S1 cells increased or decreased radiosensitivity, respectively. Malignant
breast T4-2 cells, derived from the nonmalignant S1 breast epithelial cell line, were left untreated, T4-2 cells were treated with �1-integrin inhibitory
antibody AIIB2 (0.1 �g/�l), or S1 cells were transiently transfected with expression vector for �1-integrin (pCMV6-Flag-�1-integrin) or control (pMax-GFP)
before exposure to 1, 2, 4, or 8 Gy X rays. Clonogenic survival was measured 14 days after IR. Colonies consisting of more than 50 cells were scored as

(Continued on next page)
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AIIB2 monoclonal antibody increased cell killing in T4-2 cells, while overexpression of
�1-integrin in S1 cells significantly decreased IR-induced cell killing (Fig. 1A), providing
further evidence for �1-integrin as an important determinant of cellular radiosensitivity.
To determine whether the increased radiosensitivity of S1 cells was due to defective
DNA damage repair, we measured IR-induced chromosome aberrations in S1 and T4-2
cells. Cell cycle phase-specific chromosome aberrations after IR exposure revealed no
significant differences in G1- or G2-phase-specific aberrations between S1 and T4-2 cells
(data not shown); however, S-phase-specific aberrations were higher in S1 cells than in
T4-2 cells. For the measurement of chromosome aberrations in the S phase of the cell
cycle, cells were irradiated with 2 Gy and metaphases were collected 4 to 5 h post-IR.
S1 cells showed higher frequencies of chromatid and chromosome aberrations at
metaphase post-IR than did T4-2 cells (P � 0.001) (Fig. 1B and C), suggesting a defect
in S phase, where HR is the predominant mode of DNA DSB repair. To determine
whether the increase in IR-induced chromosomal aberrations in S1 cells was due to a
defective DNA damage response, we examined whether IR-induced phosphorylation of
H2AX at serine 139 is impaired in S1 cells. There was no significant difference between
radioresistant T4-2 cells and S1 cells in their initial levels of IR-induced �-H2AX foci;
however, at 4 h post-IR, S1 cells had higher levels of residual �-H2AX foci than T4-2 cells
(Fig. 1D to F). This suggests that the initial production and detection of DNA damage
in S1 cells are similar to those in T4-2 cells but that DNA repair is more efficient in T4-2
cells, a result of elevated �1-integrin levels, which reduces the formation of chromo-
some aberrations.

The chromosomal aberration studies suggested impaired S-phase-specific DNA
repair in S1 cells. To determine the specific DNA repair pathway usage, several protein
components of IR-induced repairosome foci were examined. The p53-binding protein
1 (53BP1) is a key determinant of DSB repair pathway choice (27) that acts as a
molecular scaffold for additional DSB-responsive proteins, including RAP1-interacting
factor 1 (RIF1), at DNA damage sites. The formation of 53BP1/RIF1 complexes at DSBs
blocks the recruitment of DNA resection proteins associated with HR pathway repair
and enhances DSB repair by NHEJ (28). To measure 53BP1/RIF1 focus formation at DSBs,
T4-2 and S1 cells were exposed to 6 Gy of IR and 53BP1 and RIF1 foci were detected
by immunofluorescence at 2 and 4 h post-IR. Exposure to IR induces 53BP1 foci in both
cells, with slightly higher levels in S1 cells than in T4-2 cells at 4 h post-IR. There was
no significant difference in IR-induced RIF1 foci in T4-2 and S1 cells (Fig. 1G to I), but
the level of 53BP1/RIF1 colocalization is much higher in S1 cells and the number of
colocalized foci did not decline with time as was observed in T4-2 cells (Fig. 1I and J).
As 53BP1 and RIF1 protein levels are similar in both cell lines and did not change
post-IR, the focus assays (Fig. 1G to J) indicate that in T4-2 cells with high �1-integrin,
the 53BP1/RIF1 complex is displaced more efficiently, which may enhance DSB repair
by HR. Conversely, the lower �1-integrin levels in S1 cells favor the persistence of the
complex and eventual NHEJ repair that results in increased chromosome aberrations.

IR-induced focus formation is increased by HR-related factors in T4-2 cells.
Repair of DSBs by HR is initiated by DNA end resection, which is mediated by MRN
complex and facilitated by CtIP (29). This repair process also involves BRCA1 recruit-
ment to replace 53BP1, which is known to inhibit end resection (30). Replication protein

FIG 1 Legend (Continued)
surviving colonies and normalized against nonirradiated clones. (B and C) Higher frequencies of chromosome aberrations at metaphase post-IR occurred
in S1 cells than in T4-2 cells. Metaphase chromosome aberrations were determined in S phase of the cell cycle in cells exposed to 2 Gy X rays. (B) Thick
arrow, breaks and gaps; thin arrows, radials. (C) Histogram of S-phase aberrations in T4-2 and S1 cells sham irradiated or exposed to 2 Gy of IR. (D to F)
Delayed disappearance of �-H2AX foci post-IR in S1 cells. Exponentially growing T4-2 and S1 cells were treated with 2 Gy X rays, fixed post-IR, and
immunostained for �-H2AX (histogram of �10 �-H2AX foci). DAPI, 4=,6-diamidino-2-phenylindole. (G to J) Recruitment of IR-induced 53BP1/RIF1 foci is
reduced in T4-2 cells but not in S1 cells. (G to I) Cells were treated with 6 Gy X rays, fixed post-IR, and immunostained for 53BP1 and RIF1. (I and J)
Coimmunostaining for 53BP1 and RIF1 was done for fixed cells post-IR. 53BP1/RIF1 foci were counted for 3 sets of 30 cells, and the percentage of
colocalized 53BP1/RIF1 foci was calculated relative to the total number of foci, i.e., 53BP1 plus RIF1 foci. (K) Western analysis of 53BP1 and RIF1 in
whole-cell lysates prepared from T4-2 and S1 cells sham irradiated or exposed to 6 Gy X rays (GAPDH as a loading control). (A, C, D, G, H, and J) Columns
represent the means (n � 3), and bars represent the SDs; *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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A (RPA) then binds to the exposed single-stranded DNA (ssDNA), protecting it from
nuclease cleavage and hairpin formation. Subsequent RPA displacement allows for
loading and polymerization of Rad51 to initiate the homologous pairing and strand
exchange steps of HR (29). Since we observed a decreased number of 53BP1 foci and
decreased 53BP1/RIF1 colocalization in T4-2 cells (Fig. 1G, I, and J), we determined
whether BRCA1 focus formation was altered (Fig. 2A and B). Although BRCA1 focus
formation was increased between 8 and 13% in sham- and IR-treated T4-2 cells
compared to that in S1 cells, the difference in focus levels was statistically insignificant.
As BRCA1 facilitates the recruitment of RPA and Rad51 post-IR, we also examined RPA
focus formation post-IR exposure to 6 Gy of IR. Again, fewer cells were detected with

FIG 2 HR is increased in T4-2 malignant breast epithelial cells compared to that in S1 cells. (A and B) T4-2 and S1
cells were irradiated with 6 Gy X rays, fixed post-IR, and coimmunostained with 53BP1 and BRCA1 antibodies. (A)
53BP1 and BRCA1 staining; (B) histogram of BRCA1 foci. (C and E) Cells were treated with 6 Gy X rays, fixed post-IR,
and immunostained for RPA70 (C) and Rad51 (E) antibodies. (D and F) Quantification of focus formation. (D)
Histogram of �20 RPA70 foci; (F) histogram of �10 Rad51 foci. (B, D, and F) Columns represent the means (n � 3),
and bars represent the SDs; *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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greater than 20 RPA foci in S1 cells than in T4-2 cells (86% versus 26%, 2 h post-IR) (Fig.
2C and D). Finally, the frequency of cells with Rad51 foci was also lower in S1 cells than
in the T4-2 cells (32% versus 7%, 2 h post-IR exposure) (Fig. 2E and F). These focus
assays all indicate that the HR repair process is more active in radioresistant T4-2 cells
than in the nonmalignant S1 cells from which they were derived.

Increased cellular Rad51 levels contribute to the greater radioresistance of
T4-2 cells than of S1 cells. As we observed increased HR-related repairosome focus
formation in T4-2 cells, we performed Western analyses to measure Rad51, BRCA1, and
RPA70 levels in T4-2 and S1 cells. Interestingly, Rad51, but not BRCA1 or RPA70, was
highly upregulated in T4-2 cells compared to S1 cells (Fig. 3A and B). T4-2 cells
maintained consistently elevated Rad51 levels before and after IR, while S1 cells had
lower basal levels that approached T4-2 levels only at 24 h post-IR (Fig. 3A and B). As
Rad51 regulates HR, inhibition of Rad51 should increase radiosensitivity. To test this,
Rad51 levels were reduced in T4-2 cells with small interfering RNA (siRNA) and post-IR
survival was measured. Rad51 depletion significantly decreased T4-2 cell survival such
that it was nearly identical to that of the radiosensitive S1 cell line (Fig. 3C). Western
blot analyses of �-H2AX detected slightly higher protein levels initially in T4-2 cells than
in S1 cells until 4 h post-IR, when �-H2AX was significantly reduced in T4-2 cells
compared to S1 cells (Fig. 3D and E). The faster disappearance of �-H2AX indicates that
an efficient DNA repair mechanism exists in T4-2 cells to provide protection from
ionizing radiation.

�1-Integrin maintains Rad51 protein levels and influences HR-mediated DSB
repair. We have shown previously that T4-2 cells are distinguished from S1 cells by
having higher levels of �1-integrin (26). Western blot analysis indicates that Rad51
protein levels are also elevated in T4-2 cells (Fig. 3A and B) and that transient
overexpression of �1-integrin in S1 cells by transfection increases Rad51 levels (Fig. 4A).
Consistent with these results, we found that inhibition of �1-integrin in T4-2 cells
reduced Rad51 levels with or without IR (Fig. 4B and C), thus suggesting that Rad51
protein levels may be stabilized by �1-integrin.

Inhibition of �1-integrin reduces Rad51, which is a critical component of HR repair,
and integrin depletion therefore should affect HR. To test this, a direct repeat-green
fluorescent protein (DR-GFP) reporter assay, in which reconstitution of a defective GFP
gene is dependent upon HR repair of an introduced DSB, was performed (Fig. 4D). As
measured by this assay, the efficiency of HR-mediated DSB repair in T4-2 cells treated
with the �1-integrin inhibitor AIIB2 was decreased 53% relative to HR repair efficiency
in control cells. This result further indicates that �1-integrin is critical for Rad51-
mediated HR repair of DNA DSBs.

Next, chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) analysis was
performed to examine Rad51 recruitment at a single DNA DSB site in the �1-integrin-
depleted DR95 cell line, which bears a modified GFP gene in which an I-SceI restriction
site (18 bp; TAGGGATAACAGGGTAAT) has been engineered (31). Expression of I-SceI
creates a specific DSB, and the subsequent recruitment of repair proteins can be
detected by ChIP using specific antibodies and site-specific primer sets. We found that
Rad51 levels near the I-SceI-induced DSB increased after DSB induction. However,
inhibition of �1-integrin highly reduced Rad51 levels (Fig. 4E to G), suggesting that
�1-integrin influences Rad51 accumulation at DNA DSBs.

�1-Integrin promotes IR-induced nuclear translocation and focus formation of
Rad51. Several studies have demonstrated that the nuclear translocation of Rad51
after DSB induction is required for its role in repair by HR. Overexpression of Rad51
increases cytoplasmic accumulation, but genotoxic stress triggers cytoplasmic to
nuclear translocation (32), which is consistent with the earlier report that Rad51
focus formation requires Rad51 translocation into the nucleus after DSB induction
by genotoxic stress (33). However, Rad51 does not have a nuclear localization signal
(NLS), so its nuclear entry requires association with other proteins. A role for BRCA2
and Rad51c in the cellular redistribution of Rad51 in response to DNA damage has
been reported (34). To determine whether �1-integrin influences nuclear transport
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of Rad51, nuclear and cytoplasmic fractions were prepared from T4-2 cells that had
been treated or not treated with an integrin inhibitor and then irradiated with 5 Gy.
Nuclear Rad51 protein levels increased after exposure to IR in a time-dependent
manner, but �1-integrin inhibition significantly impaired Rad51 accumulation in the
nucleus (Fig. 5A and B). We also examined cytoplasmic Rad51 levels and found that
they were increased by IR in �1-integrin-inhibited cells, which is opposite of what
occurs in vehicle-treated cells, i.e., Rad51 is reduced in the cytoplasm by IR in a
time-dependent manner (Fig. 5A and B). These results suggest that �1-integrin is
essential for the nuclear transport of Rad51.

FIG 3 Inhibition of Rad51 increased malignant breast cancer T4-2 cell radiosensitivity. (A and B) Western
analysis of Rad51, BRCA1, and RPA70 using whole-cell lysates prepared from T4-2 and S1 cells sham
irradiated or exposed to 5 Gy X rays (�-actin as a loading control). (C) Radiosensitivity assay of T4-2 and
S1 cells treated with control siRNA or T4-2 cells treated with Rad51 siRNA before exposure to 1, 2, 4, or
8 Gy X rays. Clonogenic survival was measured 14 days after IR. Colonies consisting of more than 50 cells
were scored as surviving colonies and normalized against nonirradiated clones (n � 3, mean � SD; **,
P � 0.01; ***, P � 0.001). Right panel, Western blot analysis of the expression of Rad51 using whole-cell
lysates prepared from T4-2 cells electroporated with control or Rad51 siRNA. �-Actin served as an internal
loading control. (D and E) Western analysis of �-H2AX in T4-2 and S1 cells sham irradiated or exposed
to 2 Gy X rays. (D) The lysates were also blotted for H2AX as an internal loading control. (E) Relative
expression levels of �-H2AX normalized to the expression levels of H2AX.
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FIG 4 �1-Integrin regulates Rad51 protein levels and recruitment to DSB sites and promotes HR. (A) T4-2 and S1
cells were electroporated with mammalian expression vectors encoding Flag-tagged �1-integrin or with GFP as
a control. Cells were lysed 48 h following electroporation and subjected to immunoblotting with �1-integrin and
Rad51 antibodies. Tubulin served as an internal loading control. (B and C) Western blot analysis of Rad51 in
whole-cell lysates prepared from malignant breast cancer T4-2 cells treated with the �1-integrin inhibitory
monoclonal antibody AIIB2 (0.1 �g/�l) or nonspecific rat IgG before exposure to IR (tubulin served as a loading
control). (D) HR was assessed using a DR-GFP reporter assay, as described in Materials and Methods, using T4-2
cells electroporated with control siRNA or Rad51 siRNA or treated with AIIB2 or IgG (“control” represents both
control siRNA and IgG). (E) DR95hyg-xt cells were electroporated with either control siRNA or �1-integrin siRNA
and harvested after 48 h. Cell lysates were immunoblotted for the indicated proteins. (F and G) ChIP analysis of
Rad51 (F) and �-H2AX (G) on a unique DSB induced by I-SceI in vivo in DR95hyg-xt cells treated with control siRNA
(siCon) or �1-integrin siRNA (si�1), before and after DSB induction by I-SceI transfection. Real-time PCR on ChIP
samples used primers directed at nucleotides 94 to 378 from the DSB. The enrichment of Rad51 and �-H2AX after
induction of the DSB was compared with that of an IgG control. (D, F, and G) Columns represent the means (n �
3), and bars represent the SDs; **, P � 0.01; ***, P � 0.001.
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Since blocking �1-integrin function significantly inhibited nuclear Rad51 levels, we
tested whether Rad51 focus formation at DSBs was also affected. Inhibition of �1-
integrin significantly reduced IR-induced Rad51 focus formation at all time points
post-IR (Fig. 5C and D). The decrease in Rad51 focus frequency by �1-integrin inhibition
was associated with delayed resolution of IR-induced �-H2AX foci (Fig. 5E and F),
suggesting impaired DSB repair and consistent with the observed reduction in HR
repair (Fig. 4C).

FIG 5 �1-Integrin promotes IR-induced nuclear accumulation of Rad51 and focus formation in irradiated cells. (A
and B) Increased nuclear Rad51 levels in irradiated cells. (A) Western blotting was performed with nuclear and
cytosolic Rad51 of T4-2 cells treated with AIIB2 for 16 h before exposure to 5 Gy X rays (Mre11 and �-actin are
markers for nuclear and cytosolic fractions). (B) Relative amounts of nuclear Rad51 shown in panel A were
estimated by densitometry. (C and E) Decreases in Rad51 foci by AIIB2 treatment were associated with an increase
in �-H2AX foci in irradiated cells. T4-2 cells were treated with AIIB2 before exposure to 6 Gy X rays, fixed post-IR,
and immunostained for Rad51 (C) and �-H2AX (E) antibodies. (D and F) The percentages of cells with more than
10 Rad51 (D) or �-H2AX (F) foci are represented. (B, D, and F) Columns represent the means (n � 3), and bars
represent the SDs; *, P � 0.05; **, P � 0.01.
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Rad51 protein in S1 cells is a target of both ubiquitin- and calpain-mediated
protein degradation. Elevated Rad51 levels have been observed in a wide range of
human tumors, where it most likely contributes to tumor drug resistance. Increased
Rad51 levels do not arise from gene amplification but rather are more likely due to
increased Rad51 gene transcription, altered Rad51 protein stability, or possibly post-
translational modifications. To determine the reasons for lower Rad51 levels in the
nonmalignant S1 cells, qPCR was performed to measure Rad51 mRNA transcripts (Fig.
6A). There were only small, statistically insignificant differences between the Rad51
mRNA levels in T4-2 and S1 cells. Next, we investigated whether the low Rad51 levels
were due to rapid protein turnover by the ubiquitin proteasomal pathway (UPP). S1
cells were treated with the proteasome inhibitor MG-132 before exposure to 5 Gy of IR
(Fig. 6B), and Rad51 levels were measured by Western blotting as a function of post-IR
recovery. We found that MG-132 treatment increased Rad51 levels, suggesting that
Rad51 in S1 cells is a target for degradation by UPP.

Since Rad51 protein levels are much lower in S1 cells than in T4-2 cells, even after
the MG-132-induced increase, we investigated whether additional mechanisms might
contribute to protein degradation. Proteins are also degraded by calpain-mediated
pathways; therefore, new protein synthesis in S1 cells was inhibited with cycloheximide
(CHX), and then calpain 1 and calpain 2 activity was blocked with the specific inhibitor
PD150606. Higher levels of Rad51 were detected by Western blotting after 6 h of
treatment and continued through 15 h posttreatment (Fig. 6C and D). There was no
increase over the levels in untreated cells at the 3 h time point, indicating that
calpain-mediated degradation starts at a later time than proteasome-mediated degra-
dation (Fig. 6C and D). We utilized p53 levels as a negative or system control because
p53 is known to be degraded by the proteasome but is not a substrate for calpain.
These results demonstrate that multiple mechanisms are involved in degrading Rad51
in S1 cells (Fig. 6B).

We compared the half-lives of Rad51 protein in T4-2 and S1 cells and found that
there was little Rad51 degradation in T4-2 cells up to 10 h after CHX treatment but then
significant degradation from 12 h onward, resulting in an overall half-life of 12 h 45 min
(Fig. 6E). Compared to T4-2 cells, S1 cells had a nearly linear degradation curve but with
a half-life of only 7 h 45 min (Fig. 6F). The significantly shorter half-life of Rad51 protein
in S1 cells than in T4-2 cells (5 h) may explain the lower cellular levels.

�1-Integrin regulates Rad51 ubiquitination. A growing body of research has
shown that �1-integrin can affect protein degradation (35); therefore, we examined the
potential role of �1-integrin in Rad51 degradation (Fig. 7). The level of Rad51 ubiquiti-
nation was determined by immunoprecipitating Rad51 from extracts prepared from
cells after IR, followed by Western blotting with a panubiquitin antibody. Rad51
ubiquitination was much higher in S1 cells than in T4-2 cells, with neither showing
further induction by IR (Fig. 7A). Moreover, this ubiquitination is K-48 linked, suggesting
a degradation role for Rad51 ubiquitination (Fig. 7B).

The E3 ubiquitin ligase RING1 ubiquitinates lysine 119 of histone H2A and is
ubiquitously expressed in normal tissues, although some variability among different
tissues and cell types has been reported (36). Abnormal expression of RING1 has been
reported in dividing neoplastic cells; for example, the loss of RING1 expression in 50%
of testicular germ cell tumors and some clear-cell renal cell carcinomas has been
reported (37). Given the differential expressions of RING1 in normal and cancer cells, we
analyzed T4-2 and S1 cells by Western blotting and detected high RING1 levels in S1
cells compared to that in T4-2 cells. This expression pattern of RING1 in T4-2 and S1
cells is exactly opposite the expression levels of Rad51 (Fig. 7C), indicating that
increased Rad51 ubiquitination (K48 linked) may be mediated by RING1 (Fig. 7B),
resulting in elevated Rad51 degradation in S1 cells.

To test whether the low level of Rad51 in S1 cells is due to elevated RING1 levels,
the cells were depleted of RING1 with siRNA and Rad51 levels determined by Western
blotting. After RING1 depletion, Rad51 protein levels in S1 cells significantly increased
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FIG 6 Regulation of Rad51 protein levels is predominantly through the ubiquitin proteasomal pathway. (A)
Quantitative reverse transcription-PCR analysis of �1-integrin mRNA expression in T4-2 and S1 cells exposed to 5
Gy X rays. GAPDH served as an internal control. (B) Proteasomal inhibitor MG-132 (carbobenzoxy-Leu-Leu-leucinal)
blocks the degradation of Rad51. Western blot analysis of the expression of Rad51 was done using whole-cell lysate
prepared from S1 cells treated with MG-132 (20 �M) or vehicle (dimethyl sulfoxide [DMSO]; GAPDH as a loading
control and whole-cell lysate of T4-2 cells as a control for the expression level of Rad51). (C and D) A specific
synthetic inhibitor of calpain, PD150606 (PD), blocks the degradation of Rad51. (C) Western blot analysis of Rad51
expression was performed using whole-cell lysate prepared from S1 cells treated with cycloheximide (CHX; 50
�g/ml) to inhibit protein synthesis or not treated with CHX and then treated with PD150606 or vehicle (DMSO;
�-tubulin as a loading control and p53 as a negative or system control). (D) Relative expression levels of Rad51
normalized to the expression levels of �-tubulin. (E and F) Half-lives (t1/2) of Rad51 in T4-2 (E) and S1 (F) cells.
Western blot analysis of Rad51 expression was performed using whole-cell lysate prepared from S1 cells treated
with CHX (50 �g/ml) or not treated with CHX before exposure to 5 Gy X rays (�-tubulin as the loading control).
Bottom panels, densitometric analysis of Rad51 normalized with �-tubulin.
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FIG 7 �1-Integrin regulates Rad51 ubiquitination and Rad51 protein levels by E3 ubiquitin-protein ligase RING1. (A and B) T4-2 and S1 cells were left
untreated or treated with 5 Gy of IR. Cells were lysed under denaturing conditions. Rad51 was immunoprecipitated (IP), and immunoblots (IB) were

(Continued on next page)
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(Fig. 7D) and there was an associated decrease in radiosensitivity (Fig. 7E). In addition,
�1-integrin overexpression also reduced RING1 levels and increased Rad51 in S1 cells
(Fig. 7F). On the other hand, �1-integrin depletion in T4-2 cells significantly increased
RING1 levels and decreased Rad51 levels (Fig. 7G). This induction of RING1 was
associated with an increase in Rad51 ubiquitination in T4-2 cells (Fig. 7H). Overall, these
results provide evidence that Rad51 protein levels can be regulated via �1-integrin
through its effects on RING1.

DISCUSSION

Numerous attempts have been made to overcome the resistance of solid tumors to
radiotherapy. Identification of the different factors involved in radioresistance and
understanding their mechanism of resistance could be a major step toward improving
cancer radiotherapy. Tumor ECM, a major component of the microenvironment, has
been shown to increase resistance to cytotoxic cancer therapies, including ionizing
radiation (5, 6), and has also been associated with poor outcomes in a subset of breast
cancer patients (38). It has been reported that inactivating �1-integrin leads to selective
apoptosis and cytostasis in breast cancer cells in vivo without toxicity (7). In addition,
a number of studies have shown that �1-integrin regulates IR-induced prosurvival
signaling, leading to increased survivability and reproductive capacity of cancer cells
exposed to IR (39). However, the underlying mechanism(s) for �1-integrin-mediated
resistance to therapy, particularly IR exposure, has not been well studied. Variations in
repair of DNA damage can contribute to the molecular mechanisms underlying differ-
ences in radioresistance. Although a large number of signaling pathway discrepancies
downstream of �1-integrin have been identified, whether �1-integrin participates
directly in the regulation of DNA repair is currently unknown. In the present study, we
wished to dissect the possible molecular basis of the connection between �1-integrin
and the survival of irradiated cells. We discovered that �1-integrin protects Rad51 from
proteasome-mediated degradation via regulation of E3 ligase RING1 levels. We also
found that �1-integrin impacts Rad51 cytoplasm-to-nucleus translocation and focus
formation post-IR exposure (Fig. 5A to D). These mechanisms are associated with
increased survival post-IR and sensitization of cells to IR-induced death upon inhibition
of Rad51. This pathway is abrogated in S1 human mammary epithelial cells, which have
low �1-integrin and Rad51 levels (Fig. 3C). Finally, �1-integrin depletion decreases HR
repair (Fig. 4D), suggesting an essential role for �1-integrin in enhancing DNA DSB
repair by HR in T4-2 malignant cells but not S1 normal cells, resulting in increased
radioresistance of T4-2 cells.

The level and stability of DNA repair proteins are important because they directly
impact repair of DNA damage and cellular adaptation to genotoxic conditions, yet little
is known regarding the potential repair mechanisms involved in the �1-integrin-
dependent survival pathway of cancer cells after IR treatment. Two studies found that
�1-integrin-mediated cell adhesion protects cells from bleomycin-induced DNA lesions
via PARP-1/ligase III �/XRCC1-dependent base excision repair (24, 25). Recently, Dick-
reuter and coworkers reported that the FAK/cortactin/JNK signaling axis plays a crucial

FIG 7 Legend (Continued)
probed with panubiquitin (A) and K48-Ub (B) antibodies. Positions and sizes in kilodaltons of marker proteins are shown on the left. (A) Lower panels
show the Rad51 before immunoprecipitation (input) and Rad51 in the supernatant postimmunoprecipitation (sup). Neg. con, negative control. (C and
D) Western blot analysis of RING1 and Rad51 expression using whole-cell lysate prepared from T4-2 and S1 cells (C) and from S1 cells electroporated
with control siRNA (siC) or Rad51 siRNA (siR) (D). Nonspecific bands (NS) and �-tubulin served as loading controls. (E) Inhibition of RING1 increased
radioresistance in S1 cells. Malignant breast T4-2 cells and the nonmalignant S1 breast epithelial cell counterparts were treated with control siRNA or
the S1 cells were treated with RING1 siRNA before exposure to 1, 2, 4, or 8 Gy X rays. Clonogenic survival was measured 14 days post-IR. Colonies
consisting of more than 50 cells were scored as surviving colonies and normalized against nonirradiated clones (n � 3, mean � SD; **, P � 0.01). (F
and G) Western blot analysis of RING1, Rad51, and �1-integrin expression using whole-cell lysate prepared from S1 cells electroporated with mammalian
expression vector for �1-integrin or GFP (control) (F) and from T4-2 cells electroporated with control siRNA (siC) or �1-integrin siRNA (si�1) (G). GAPDH
and �-actin served as loading controls. (H) T4-2 cells, electroporated with either control siRNA (siC) or �1-integrin siRNA (si�1), were left untreated or
were treated with 5 Gy of IR. Cells were lysed under denaturing conditions. Rad51 was immunoprecipitated, and blots were probed with panubiquitin
antibody. Lower panels show the Rad51 (input) and �1-integrin before immunoprecipitation. (I) Model of a novel strategy to enhance the efficacy of
radiotherapy in breast cancer patients.
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role in �1-integrin-dependent DNA repair by NHEJ and radioresistance in HNSCC cell
lines (23). Here, in line with these observations, we show significantly perturbed DNA
DSB repair, which correlates with radiosensitization upon �1-integrin inhibition in
malignant breast cancer cells. Specifically, we found that �1-integrin maintains Rad51
protein levels and translocation into the nucleus post-IR with a concomitant increase in
binding to a single I-SceI-induced DSB (Fig. 4E to G). The cumulative data all suggest
that IR-induced Rad51 activity is mediated by �1-integrin.

As Rad51 is an essential protein in DNA repair, measurement of its expression level
in the cell can be a powerful tool to explore its function in tumor biology. In the present
study, we observed high Rad51 protein levels in human breast cancer T4-2 cells
compared to those of the nonmalignant breast epithelial S1 cells from which they were
derived (Fig. 3B). Analyses of Rad51 mRNA expression and protein stability indicate that
Rad51 in S1 cells is regulated not at the mRNA level but mainly at the posttranslational
level, by �1-integrin-dependent UPP-mediated degradation and, in part, by calpain-
mediated degradation. These results suggest that the altered �1-integrin in T4-2 cells
leads to increased Rad51 levels, which may enhance HR repair and radioresistance in
T4-2 cells.

Another important implication of the current results is the functional role of an E3
ubiquitin-protein ligase RING1 in �1-integrin/Rad51 signaling in breast cancer radiore-
sistance. The expression of RING1 is ubiquitous in every normal tissue analyzed but is
altered in many solid and hematopoietic malignancies, including those of testicular
germ cell tumors, renal cell carcinomas, Hodgkin’s lymphoma, and B-cell lymphoma
(37). Deregulation of RING1 expression leads to oncogenic transformation by deregu-
lation of the expression levels of certain oncogenes (40). Our results demonstrate that
Rad51 levels are controlled by RING1 and that RING1 knockdown increased Rad51
accumulation and radioresistance in S1 cells (Fig. 7D and E). Interestingly, in T4-2 cells,
induction of RING1, via inhibition of �1-integrin, was associated with an increase in
ubiquitination of Rad51, followed by a decrease in the protein levels (Fig. 7G and H).
While the data suggest that Rad51 could be a direct substrate of RING1, confirmation
of this step in the regulatory mechanism requires further study in vitro with purified
proteins. RING1 levels themselves are subject to upstream regulation by an ECM
receptor, �1-integrin, that ultimately influences Rad51 levels. We propose, therefore, a
model in which activation of the �1-integrin/RING1/Rad51 ubiquitylation/degradation
pathway represents a novel strategy to enhance the efficacy of radiotherapy in patients
with breast cancer (Fig. 7I).

In summary, we describe here a novel finding that Rad51 protein degradation is
regulated by �1-integrin through RING1-mediated ubiquitination in breast epithelial
cells. Rad51 stability and nuclear translocation regulation by �1-integrin are tightly
associated with DNA DSB repair by HR and enhanced clonogenic survival of cells with
elevated �1-integrin. Our results suggest that breast cancer therapy may be enhanced
by targeting the �1-integrin/RING1/Rad51 axis of radiation-resistant tumors.

MATERIALS AND METHODS
Cell culture. The isogenic cell lines used, nonmalignant S1 cells and malignant T4-2 cells, from the

HMT3522 human breast cancer progression series were maintained as described previously (41). The cell
series was established in an attempt to recapitulate the stochastic and prolonged nature of breast cancer
progression by continuously culturing S1 cells, derived from reduction mammoplasty, in the absence of
serum followed by EGF removal and injection into mice, to give rise to T4-2 cells (26, 42, 43). The S1 cells
were propagated as monolayers on plastic in the presence of 10 mg/ml epidermal growth factor (EGF;
BD Biosciences, Bedford, MA); T4-2 cells were grown as monolayers on collagen type I (Vitrogen 100;
Celtrix Laboratories, Palo Alto, CA)-coated dishes in the absence of EGF.

The H1299 cell line with a stably integrated DR-GFP cassette was grown in Dulbecco’s modified Eagle
medium (DMEM) (Sigma) and 10% fetal calf serum (Sigma) supplemented with 1% penicillin-
streptomycin and 100 �g/ml hygromycin (Invitrogen). The DR95hyg-xt cell line was maintained as
previously described (31).

Clonogenic assay. Standard clonogenic survival assays after exposure to ionizing radiation were
performed as described previously (26). The cells were irradiated using a Rad Source RS 2000 X-ray
irradiator (Rad Source Technologies, Inc., GA). Different numbers of cells were seeded in 6-well dishes
after electroporation (Nucleofector 2b; Lonza) of cells with Rad51 or control siRNA (100 nM; GE

Ahmed et al. Molecular and Cellular Biology

May 2018 Volume 38 Issue 9 e00672-17 mcb.asm.org 14

http://mcb.asm.org


Dharmacon) or �1-integrin inhibitory monoclonal antibody AIIB2 (0.1 �g/�l; Argon Biosciences, Morgan
Hill, CA) with or without radiation. Each treatment was performed in three wells, and all experiments
were repeated in triplicate. The treated and control cells were cultured for 14 days, and colonies with
more than 50 cells were scored and normalized to the plating efficiency of each cell line.

DR-GFP assay. Homologous recombination was assessed using a direct repeat-green fluorescent
protein (DR-GFP) cassette, which is stably integrated at a single locus in H1299 cells (44). Briefly, H1299
cells were treated with AIIB2 or siRNA (Rad51 or control) and then transiently transfected with an I-SceI
expression plasmid using a Nucleofector 2b device. Cells were trypsinized 48 h after transfection, and the
proportion of GFP-positive cells was determined by flow cytometry (FACSCalibur; BD Biosciences) for
measurement of HR repair.

Chromosome aberration assay. Chromosome aberrations at metaphase were examined as previ-
ously described (45). G1-type chromosomal aberrations were assessed in cells exposed to 3 Gy of IR.
S-phase-specific chromosome aberrations were assessed after exponentially growing cells (pulse-labeled
with bromodeoxyuridine [BrdU]) were irradiated with 2 Gy of IR, and metaphases were harvested 4 to 5
h after IR, as previously described (45). For G2-specific aberrations, cells were irradiated with 1 Gy IR and
metaphases were collected 1 h posttreatment. After 2 min of hypotonic treatment with 0.56% (wt/vol)
KCl at room temperature, cells were fixed with fresh methanol-acetic acid (3:1) and slides were prepared
and stained with Giemsa stain (4% in 0.01 M phosphate buffer, pH 6.8) for 10 min. The S-phase-type
chromosome aberrations were breaks, gaps, and radials per metaphase.

Western blotting. Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer as previously
described (46). Equal amounts of protein were loaded onto reducing SDS gels (Invitrogen, Carlsbad, CA).
After transfer onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Temecula, CA), blots were
blocked with 5% nonfat milk and probed. Primary antibodies against the following were used in this
study: from BD Transduction Laboratories, �1-integrin (clone 18); from Cell Signaling, H2AX (2595),
�-H2AX (Ser139; 9718), ATR (2790), pATR (Ser428; 2853), and pATM (Ser1981; 13050); from Santa Cruz,
ATM (Sc-53173), 53BP1 (Sc-22760), BRCA1 (Sc-642), and �-tubulin (Sc-5286); from Abcam, Rad51
(ab63801), RPA70 (ab79398), and RING1 (ab32644); from GeneTex, MRE11 (GTX70212); from Bethyl
Laboratories, RIF1 (A300-5671); from Proteintech, GAPDH (HRP-60004); from MP Biomedicals, �-actin
(691001). Blots were washed, incubated with secondary antibody, and then visualized using the ECL
Western blotting detection system (Thermo Scientific, Rockford, IL).

Subcellular fractionation. T4-2 cells were plated on 10-cm dishes and incubated at 37°C in 5%
(vol/vol) CO2. When cells reached �90% confluence, selected dishes received �1-integrin inhibitory AIIB2
or control rat IgG antibody (0.1 �g/�l, final concentration). After overnight treatment, a set of plates was
exposed to IR (5 Gy X rays). Cells were harvested 2 h, 4 h, 12 h, and 24 h following IR. Control cells were
not irradiated. Subcellular fractionation was performed using a subcellular protein fractionation kit
(Pierce, USA) according to the manufacturer’s instructions. Cytoplasmic and nuclear protein concentra-
tions were determined (Bradford, Bio-Rad), and samples were prepared for gel electrophoresis.

Immunofluorescence microscopy. Cells grown in chamber slides were fixed and immunostained as
previously described (47, 48). To block �1-integrin activity, cells were treated overnight with AIIB2 and
then exposed to the indicated doses of X-irradiation. For immunostaining, cells were fixed in 4%
paraformaldehyde (PFA) for 15 min at room temperature and then permeabilized with 0.1% Triton X-100
in phosphate-buffered saline (PBS) for �-H2AX, 53BP1, RIF1, and RPA70 immunofluorescence or with 90%
methanol for Rad51 and BRCA1 immunofluorescence assays. Fluorescent focus images were captured by
a standard procedure (47). Sections through nuclei were captured, and the images were obtained by
projection of the individual sections as previously described (49). The results shown are from three
independent experiments.

Real-time PCR analysis. Total RNA was purified with TRIzol (Invitrogen) according to the
manufacturer’s instructions, and then 5 �g of each sample was reverse transcribed using the
SuperScript III first-strand synthesis system (Invitrogen). PCR was carried out with 2 �l of cDNA from
each sample using a QuantiTect SYBR green PCR kit (Qiagen) and a QuantStudio 6 Flex real-time PCR
detection system (Applied Biosystems by Life Technologies). Primers used to amplify �1-integrin and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were purchased from Qiagen. Fragments
were amplified using the following protocol: 95°C for 15 min (initial denaturation) and 40 amplifi-
cation cycles (94°C for 15 s, 55°C for 30 s, and 72°C for 30 s). �1-Integrin mRNA was normalized to
the corresponding GAPDH and averaged from three independent experiments. Melting curve
analysis verified the presence of a single PCR product.

ChIP assay. For the chromatin immunoprecipitation assay (ChIP) assay, DR95 cells, carrying an
integrated I-SceI site (DR95hyg-xt cells), were electroporated with an I-Scel expression plasmid (31, 50).
Protein-DNA cross-linking with 1% formaldehyde for 10 min at room temperature was quenched by the
addition of 1.37 M glycine (100 �l/ml) for 5 min. The cells were washed three times with ice-cold PBS
containing protease inhibitors (PI), and then the cell pellet was collected and resuspended in 300 �l of
sonication buffer (50 mM Tris-HCl [pH 8], 10 mM EDTA, 1% SDS, and PI). After shearing with the
Diagenode Bioruptor, the chromatin was centrifuged at 20,000 � g for 10 min at 4°C, and the
supernatant was collected and diluted (1:10) with ChIP dilution buffer (16.7 mM Tris-HCl [pH 8], 167 mM
NaCl, 1.2 mM EDTA, 1.1% Triton X-100, and 0.1% SDS). Diluted chromatin was incubated with 2 �g of
antibody and Magna ChIP protein A/G beads (Millipore) overnight at 4°C. The beads were washed with
wash buffer I (20 mM Tris-HCl [pH 8.0],150 mM NaCl, 1.2 mM EDTA, 1% Triton X-100, 0.1% SDS, and PI),
wash buffer II (20 mM Tris-HCl [pH 8.0], 500 mM NaCl, 1.2 mM EDTA, 1% Triton X-100, 0.1% SDS, and PI),
and wash buffer III (10 mM Tris-HCl [pH 8], 1 mM EDTA, 1% sodium deoxycholate, 1% NP-40, and 0.25
M lithium chloride). After washing twice with Tris-EDTA (TE) buffer, ChIP samples were eluted with 200
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�l freshly made warm (65°C) ChIP elution buffer (0.1 mM NaHCO3 and 0.01% SDS). Cross-linking was
reversed by overnight treatment with 8 �l of 5 M NaCl at 65°C, and the DNA was then purified by using
QIAquick Spin columns (Qiagen). Quantitation of the amount of immunoprecipitated DNA was carried
out by real-time PCR.

Statistics. Data were analyzed by Student’s t test; the P value was derived to assess the statistical
significance. Results are expressed as the mean � standard deviation (SD) of the results of the number
of replicates indicated in the figure legends. The experiments shown are representative of three
experiments with similar results.
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