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Inhibitors of poly(ADP-ribose) polymerase (PARP) are in clinical trials
for cancer therapy, on the basis of the role of PARP in recruitment of
base excision repair (BER) factors to sites of DNA damage. Here we
show that PARP inhibition to block BER is toxic to hypoxic cancer
cells, in which homology-dependent repair (HDR) is known to be
down-regulated. However, we also report the unexpected finding
that disruption of PARP, itself, either via chemical PARP inhibitors or
siRNAs targeted to PARP-1, can inhibit HDR by suppressing expres-
sion of BRCA1 and RAD51, key factors in HDR of DNA breaks. Mech-
anistically, PARP inhibitionwas found to cause increased occupancy
of the BRCA1 and RAD51 promoters by repressive E2F4/p130 com-
plexes, a pathway prevented by expression of HPV E7, which dis-
rupts p130 activity, or by siRNAs to knock down p130 expression.
Functionally, disruptionof p130byE7expressionor by siRNAknock-
down also reverses the cytotoxicity and radiosensitivity associated
with PARP inhibition, suggesting that the down-regulation of
BRCA1 and RAD51 is central to these effects. Direct measurement
of HDR using a GFP-based assay demonstrates reduced HDR in cells
treated with PARP inhibitors. This work identifies a mechanism by
which PARP regulates DNA repair and suggests new strategies for
combination cancer therapies.

DNA repair | hypoxia

Poly(ADP-ribose) polymerases (PARPs) comprise a family of
enzymes that catalyze ADP ribosylation of a variety of cel-

lular factors (1–4). PARP-1 is thought to play a key role in DNA
repair, primarily by modifying chromatin factors at sites of DNA
damage and thereby recruiting repair factors. Inhibitors of
PARP have attracted interest for cancer therapy because cancer
cells deficient in BRCA1 or BRCA2 due to inactivating muta-
tions are sensitive to PARP inhibition (5–8). This has been
attributed to the role of PARP in recruiting base excision repair
(BER) factors that remove damaged bases and fix single-strand
breaks (SSBs) (1). SSBs persisting into S-phase produce repli-
cation fork collapse, requiring BRCA1- and BRCA2-mediated
homology-dependent repair (HDR) for resolution (5, 9, 10).
In prior work, we found that hypoxia suppresses HDR in

human cells via transcriptional down-regulation of BRCA1 and
RAD51 (11–15). Hence, we hypothesized that cancer cells in
hypoxia, with acquired deficiency in HDR, might have increased
sensitivity to PARP inhibition. Work presented here confirms
this hypothesis, showing that PARP inhibitors are more cytotoxic
to hypoxic than to normoxic cells. Because hypoxia causes
BRCA1 and RAD51 down-regulation by stimulating E2F4/p130
occupancy of the BRCA1 and RAD51 promoters, we asked
whether disruption of p130 function via expression of human
papillomavirus (HPV) E7 would reverse the sensitivity of
hypoxic cells to PARP inhibition. We found that E7 expression,
as predicted, does confer resistance to PARP inhibitors on
hypoxic cells, but surprisingly, it also blocks the toxicity of PARP
inhibition in normoxic cells.

As a basis for this effect, we present evidence that PARP
inhibitors, themselves, cause BRCA1 and RAD51 down-regu-
lation and do so at the transcriptional level via induction of E2F4/
p130 binding to theBRCA1 andRAD51 promoters, a pathway that
can be disrupted by HPV E7 expression or by siRNAs targeting
p130. siRNAs that knock down PARP-1 expression also cause
down-regulation of BRCA1. We also find that the radio-
sensitization caused by PARP inhibition, an effect previously
observed but attributed to the direct role of PARP in BER, is
partially reversed by E7 expression or knockdown of p130, sug-
gesting that the down-regulation of BRCA1 and RAD51 has a role
in the radiosensitizing effects of PARP inhibitors.

Results
To test the impact of hypoxia on the cytotoxicity of PARP inhib-
ition, a colon cancer cell line, RKO, was grown in normoxia or
hypoxia for 2 days, exposed to the PARP inhibitor 6(5H)-phe-
nanthridinone (PHEN), and assayed for cell survival by colony
formation (Fig. 1A). The hypoxic cells were found to be more
sensitive to PARP inhibition. Similar results were seen in another
cell line, A549 (lung cancer derived), treated with the PARP
inhibitor 4-amino-1,8-naphthalimide (ANI). We also tested the
PARP inhibitors KU0058684 (KU00) and ANI on the RKO cells;
benzamide (BZD), KU00, PHEN, and 3-aminobenzamide (3AB)
on theA549 cells; and PHEN,ANI, andABT-888 (ABT) onH460
cells (lung cancer line). In all cases, there was increased killing of
cells under hypoxic compared with normoxic conditions (Fig. 1B).
To test the proposed role of BRCA1 and RAD51 down-

regulation as a cause of the sensitization to PARP inhibition in
hypoxic cells, RKO cells expressing the HPV E7 protein (RKO-
E7) or just an empty vector control (RKO-neo) were tested.
Previous work has shown that E7 prevents down-regulation of
BRCA1 and RAD51 in hypoxia by disrupting p130/E2F4 binding
to the respective promoters (11–15). E7 expression was found to
confer resistance to PARP inhibition in hypoxic cells (Fig. 1C),
consistent with the proposed mechanism of sensitization. How-
ever, a surprising result was seen when the effect of E7 was
evaluated in normoxic cells. Unexpectedly, the normoxic cells
were also protected from the cytotoxic effects of PARP inhib-
ition by E7 expression (Fig. 1C).
This finding was unexpected because the slight toxicity of

PARP inhibition in normal conditions has been attributed just to
a reduction in BER that occurs when PARP activity is blocked.
With reduced BER, cells are less able to cope with the DNA
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damage that comes from the by-products of oxidative metabo-
lism. However, the ability of E7 to reverse the toxicity, instead,
raised the possibility that a second mechanism was being invoked
by inhibition of PARP.
As a putative second mechanism, we hypothesized that the

PARP inhibitors might be causing BRCA1 and/or RAD51 sup-
pression andmight do so via anE2F4/p130-dependent pathway. In
this model, PARP inhibitors would produce toxicity in two ways:
(i) the consequences of reduced BER, as discussed above; and (ii)
the suppression of BRCA1 or RAD51, or both, by PARP inhib-
ition, leading to reduced HDR. The concurrent inhibition of BER
would yield unrepaired SSBs and stalled replication forks. Such
stalled forks require HDR for resolution, but the reduction of
BRCA1 or RAD51 by PARP inhibition would render cells unable
to cope with the lesions, causing increased cell death.
To test this, we asked whether the actual levels of BRCA1 are

altered in the PARP inhibitor-treated cells. We found that A549
or H460 cells exposed to PHEN or ANI showed substantially
reduced levels of BRCA1 protein (Fig. 2A). MCF7 cells (breast
cancer line) also showed reduced levels of BRCA1 when exposed
to ANI or to PHEN, as well as to ABT, and U2OS cells, a sar-
coma line, showed reduced BRCA1 levels in response to PHEN
(Fig. 2B). These results were obtained after exposure of cells to
the PARP inhibitors for 72 h. Examination of BRCA1 levels at
earlier time points of exposure revealed slight suppression at 6 h
to 12 h but substantial suppression by 24 h (Fig. S1A) and 48 h
(Fig. S1B). Suppression of BRCA1 at the mRNA level by both
PHEN and ANI was seen in A549 cells by quantitative real-time
PCR analyses (Fig. 2C). Inhibition of PARP-1 catalytic activity
was confirmed in cells treated with the concentrations of PHEN
and ANI used in the above experiments (Fig. S1C).
Knockdown of PARP-1 by siRNAs also produced down-

regulation of BRCA1, whereas neither control siRNAs directed
at GAPDH mRNA nor pooled negative control siRNAs had an

effect on BRCA1 levels in MCF7 cells (Fig. 2D). These results
indicate that three different chemical inhibitors of PARP, as well
as siRNAs targeting PARP-1, all yield BRCA1 down-regulation.
Prior work had shown that expression of RAD51 is regulated in

response to hypoxic stress in a manner parallel to the regulation of
BRCA1 (14).We therefore tested whether the levels of RAD51 are

Fig. 1. Cytotoxicity of PARP inhibition in hypoxic and nor-
moxic cancer cells. (A) Survival by colony formation of RKO
colon cancer cells and A549 lung cancer cells under either
hypoxic or normoxic conditions to increasing doses of the PARP
inhibitors PHEN [6(5H)-phenanthridinone] and ANI (4-amino-
1,8-naphthalimide). (B) Survival of RKO, A549, and H460 cells
grown under hypoxic or normoxic conditions and exposed to
the PARP inhibitors KU00 (100 μM), ANI (200 μM), BZD (5 mM),
PHEN (200 μM), 3AB (20 mM), or ABT (4 μM). (C) Effect of E7
expression on survival of RKO cells treated with PHEN. Cells
expressing E7 or not were placed in hypoxia or normoxia and
treated with PHEN for 48 h in normoxia, followed by growth to
allow colony formation. Error bars represent SEs based on
three replicates in all cases.

Fig. 2. Inhibition or knockdown of PARP causes decreased levels of BRCA1
protein and BRCA1mRNA in human cells. (A) A549 or H460 cells were exposed
to the PARP inhibitors PHENorANI andharvested at 72 h for analysis of BRCA1
levels by immunoblot. (B)MCF7 andU2OS cells treatedwithANI, PHEN, orABT
were analyzed for BRCA1 expression. (C) Analysis of BRCA1 mRNA levels by
quantitative real-time RT-PCR in A549 cells after exposure to PARP inhibitors.
(D)MCF7 cellswere transfectedwith siRNAs targetingeither PARP-1orGAPDH
or with a negative control siRNA pool. After 72 h cells were harvested for
immunoblot analysis of the indicated proteins.
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similarly down-regulated upon PARP inhibition. We found that
RAD51 levels are reduced in A549, H460, and U2OS cells treated
with PARP inhibitors for 72 h (Fig. 3A) and are reduced as early as
48 h inA549 andH460 cells (Fig. S2).RAD51mRNA levels are also
suppressed by PARP inhibition (Fig. 3B), suggesting regulation at
the level of transcription, as with BRCA1. siRNA knockdown of
PARP-1 inA549 cellswas also found to producedown-regulation of
RAD51 (Fig. 3C), showing that disruption of PARP-1 by either
chemical inhibition or knockdown reduces RAD51 expression.
We next tested the combined effect of PARP inhibition and

hypoxia compared with each individual treatment (Fig. 3D).
PARP inhibition and hypoxia both yielded substantial down-
regulation of BRCA1 and RAD51 in A549 cells. The combined
treatments had only a slightly larger effect (detectable only upon
longer exposure of the Western blot; Fig. 3D).
To further probe the mechanism by which PARP inhibition

suppressesBRCA1andRAD51,we examinedBRCA1andRAD51
levels inRKOcells expressing eitherE7or an empty vector (Fig. 4A
andB). TheRKO-neo cells display down-regulation ofBRCA1 and
RAD51whentreatedwithPHEN, consistentwith the results inFigs.
2 and 3. However, the isogenic cells expressing E7 (RKO-E7) show
no down-regulation of BRCA1 or RAD51 with PHEN exposure
(Fig. 4 A and B). These results point to a role for E2F4/p130 com-
plexes in suppression of BRCA1 and RAD51 in response to PARP
inhibition, just as in response to hypoxia.
ChIP assays of transcription factor occupancy at theBRCA1 and

RAD51 promoters (Figs. 4 C–F) reveal increased binding of both
promoters by E2F4 and p130 in response to PHEN. Similarly,
siRNAknockdownof p130 blocks down-regulation ofBRCA1and
RAD51 levels by PHEN (Fig. 4G). p130 knockdown also reverses
the sensitivity of normoxic and hypoxic cells to PARP inhibition
(Fig. 4H), similar to the effect of E7 expression (Fig. 1C). Hence,
the roles of E2F4 and p130 in mediating the effects of PARP
inhibition on BRCA1 expression provide an explanation for our
initial observation of the impact of E7 (Fig. 1).
MCF7 cells were also transfected with cDNA expression vec-

tors to force expression of either BRCA1 or RAD51 from het-
erologous promoters in cells exposed to PHEN. The cytotoxicity
of PHEN was reduced by forced expression of either BRCA1 or
RAD51 (Fig. 4I), further linking BRCA1 and RAD51 levels to
the sensitivity of cells to PARP inhibition. Forced expression was
confirmed by immunoblot (Fig. S3).
Next, we found that PARP inhibition promotes E2F4/p130

complex formation, as judged by increased coimmunoprecipita-

tion of these two factors from lysates of PHEN-treated cells (Fig.
5A). Further, PHEN treatment induces increased levels of the
hypo-phosphorylated form of p130, which is the form that binds
to E2F4 (Fig. 5B).

Fig. 4. PARP inhibitor–mediated suppression of BRCA1 and RAD51 is reversed
by E7expressionorp130knockdown, occurs via E2F4 andp130occupancyof the
respective promoters, and contributes to the cytotoxicity of PARP inhibition. (A
and B) RKO cells expressing either E7 or a vector control (Neo) were treated or
not with 200 μMPHEN and assayed by immunoblot for (A) BRCA1 or (B) RAD51
expression. ChIP assays of (C) BRCA1 or (D) RAD51 promoter occupancy were
performedusing antibodies to the indicated factorswith lysates fromA549 cells
treated or not with 200 μM PHEN. Representative agarose gels containing
BRCA1 or RAD51 promoter region PCR amplification products are shown. (E)
Quantification by real-time PCR of BRCA1 or (F) RAD51 promoter occupancy by
the indicated factors is shown, based on three independent ChIP assays, with
error bars based on SEs. Promoter occupancy is expressed as the fold change
relative to that observed in untreated cells. (G) BRCA1 and RAD51 levels were
determined by Western blot in A549 cells that were treated or not with PHEN
after transfection with either siRNAs targeting p130, GAPDH, nontargeting
negative control pool, or no siRNAs (Mock). Note that the order of the lanes in
the thirdpanel is different from in thefirst and second panels. (H) Effect of p130
knockdown by siRNAs on survival of A549 cells treated with PHEN. Cells trans-
fectedornotwith siRNAs targetingp130, as indicated,wereplaced inhypoxiaor
normoxia and then treated with increasing doses of PHEN for 72 h under nor-
moxic conditions, followed by growth to allow colony formation. Error bars
represent SEs based on three replicates. (I) Effect of forced BRCA1 or RAD51
expression on survival of MCF7 cells treated with PHEN. Cells transfected with
cDNA expression vectors for BRCA1 or RAD51, or an empty vector control, were
treated with increasing doses of PHEN for 72 h under normoxic conditions, fol-
lowed by growth to allow colony formation. Error bars as above.Fig. 3. PARP inhibition or knockdown suppresses RAD51 expression. (A)

A549, H460, or U2OS cells were treated with PARP inhibitors and harvested
at 72 h for analysis of RAD51 levels by immunoblot. (B) Analysis of RAD51
mRNA levels by quantitative real-time RT-PCR in A549 cells after PARP
inhibition. (C) A549 cells were transfected with siRNAs targeting either
PARP-1 or GAPDH or with a negative control siRNA pool. After 72 h cells
were harvested for immunoblot analyses of the indicated proteins. (D) A549
cells were exposed to either hypoxia or PHEN treatment, or both, as indi-
cated, and analyzed for BRCA1 and RAD51.
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Using promoter–luciferase constructs (11), we found that dis-
ruption of either or both of the E2F sites in the BRCA1 promoter
attenuates the suppressive effects of PARP inhibition on expres-
sion from the promoter (Fig. S4), providing further evidence
linking E2F-related factors to regulation of BRCA1 by PARP.
Reports indicate that PARP-1, itself, can interact with gene

promoters (16–18), and so we asked whether PARP-1 could be
detected at the BRCA1 promoter by ChIP.We were able to detect
association of PARP-1 with the BRCA1 promoter in untreated
A549 cells (Fig. 5C), and we found that this association decreases
slightly upon PHEN treatment [and does so to a degree similar to
the slight reduction in E2F1 binding to theBRCA1 promoter upon
PHEN treatment (compare Fig. 5C with Fig. 4C)].

One prior study had also suggested that PARP-1 and E2F1 can
physically interact (19). We therefore tested for coimmunoprecipi-
tation of PARP-1 with E2F1 in MCF7 cells treated or not with
PHEN (Fig. 5D). There was some detectable interaction between
E2F1 and PARP-1 in untreated cells, but this interaction was
increased in treated cells. These results suggest that PARP-1 may
regulate E2F1 activity through physical interaction and possibly
sequestration from promoter sites. The levels of E2F1 are not sub-
stantially altered in PHEN-treated cells (Fig. 5E), so the increased
association of E2F1 with PARP-1 is not simply due to increased
E2F1 levels. Interestingly,E2F4andp130 levels seemtobe increased
in PHEN-treated cells (Fig. 5E), and this elevationmay contribute to
their increased occupancy at the BRCA1 promoter. No interaction
was detected between PARP-1 and either E2F4 or p130 (Fig. S5).
It has been reported that PARP inhibitors can sensitize cells to

ionizing radiation (20, 21), a result that we were able to repro-
duce (Figs. 6 A–C). However, the radiosensitization of RKO
cells by PHEN is partially reversed by expression of E7 (Fig. 6B).
Radiosensitization by PHEN is also partially reversed by siRNA
knockdown of p130 (Fig. 6C). Hence, preventing the down-
regulation of BRCA1 and RAD51 caused by PARP inhibition
blocks a substantial portion of the radiosensitizing effect of
PARP inhibitors. Interestingly, pretreatment of cells with hypo-
xia also produces subsequent radiosensitization (if the cells are
irradiated in oxic conditions), and this effect has also been linked
to down-regulation of HDR (22).
As a corollary to the radiosensitization by PARP inhibitors via

BRCA1 suppression, we hypothesized that pretreatment with a
PARP inhibitor would also sensitize cells to a subsequent exposure
to the inhibitor. We tested this by comparing the effects on cell
survival of pretreatment of A549 cells either with hypoxia (which
we know from the results in Fig. 1 sensitizes cells to subsequent
PARP inhibition) or with PHEN, followed by further exposure to
PHEN. As shown (Fig. 6D), both pretreatments led to reduced
survival in response to the follow-up treatment with PHEN com-
pared with the non-pretreated cells.

Fig. 5. PARP inhibition stimulates interaction between p130 and E2F4,
whereas PARP-1 binds to the BRCA1 promoter and physically interacts with
E2F1. (A) Analysis of the association between p130 and E2F4 by coimmu-
noprecipitation using an E2F4 antibody in extracts from A549 cells treated or
not with PHEN, followed by immunoblot with antibodies to either p130 or
E2F4. (B) Western blot analysis of phosphorylation status of p130, as judged
by gel mobility, after treatment or not with 200 μM PHEN for 72 h. (C) ChIP
assay of BRCA1 promoter occupancy by PARP-1 in A549 cells treated or not
with 200 μM PHEN. (D) Analysis of the association between PARP-1 and E2F1
by coimmunoprecipitation using an antibody specific to E2F1 in extracts
from MCF7 cells treated or not with PHEN, followed by immunoblot with an
antibody to PARP-1. (E) Immunoblot analysis of expression levels in A549
cells of p130, E2F1, and E2F4 after treatment or not with PHEN.

Fig. 6. PARP inhibitor treatment sensitizes cells to ionizing radiation in a pathway dependent on p130 and suppresses HDR of DSBs. (A) Survival of A549 cells
exposed to ionizing radiation. Cells were pretreated or not with PHEN at 200 μM for 48 h. (B) Radiosensitization by PARP inhibition is partially reversed by E7
expression. Survival of RKO cells with or without E7 expression to 7.5 Gy of ionizing radiation. Cells were pretreated or not with PHEN (200 μM for 48 h). (C)
Radiosensitization by PARP inhibition is partially reversed by siRNA knockdown of p130. Cells transfected or not (Mock) with siRNAs targeting p130were treated
or notwith PHEN for 48h andexposed to ionizing radiation, followedbygrowth to allow colony formation. Error bars represent SEs basedon three replicates. (D)
Survival ofA549 cells pretreatedornotwithPHEN (200 μMfor 48h)orpretreatedwithexposure tohypoxia (0.1%for48h), followedby treatmentwith PHEN (100
μMfor 24 h), as indicated. Error bars as above. (E) ImpairedHDR inMCF7 cells after treatmentwith PHEN, as detected using the DR-GFP recombination substrate.
MCF7 cells containing theDR-GFP substratewereexposedornot toPHEN for 72h, followedby transfectionwitheither an I-SceI expression vector (+SceI) to induce
a site-specificDSBorwithanempty vector (-SceI) as a control. Cellswere assayed72h laterby FACS forHDRof the I-SceI-inducedDSB, as indicatedbyproductionof
GFP+ cells. Percentages of GFP+ cells are shown in each panel. (F) PARP inhibition produces radiosensitization even in cells already defective in BER. Mouse
embryonic fibroblasts expressing wild-type or a dominant negative variant (E295K) of DNA polymerase β were treated or not with PHEN for 48 h and then
exposed to 5 Gy of ionizing radiation. Survival was determined by colony formation, with SEs calculated on the basis of three replicates.
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To directly test whether PARP inhibition causes a functional
change in HDR of double-strand breaks (DSBs), we used a GFP-
based, chromosomal assay in which a DSB is generated by
expression of the I-SceI endonuclease, whose recognition site is
integrated in the GFP gene such that it disrupts the gene (23).
Repair of the I-SceI–mediated DSB by HDR using a downstream
GFP fragment as a template gives rise to a functional GFP gene,
which is quantified by FACS (Fig. 6E). HDR activity was found to
be reduced by PARP inhibition compared with untreated cells
(0.20% vs. 3.26% GFP-positive cells, respectively; Fig. 6E).
Because the above experiments show that PARP inhibition

reduces HDR in addition to its known inhibitory effect on BER,
we sought to determine the relative contributions of BER
inhibition vs. HDR inhibition to the radiosensitivity conferred by
PARP inhibitors. We used a matched pair of cell lines expressing
either wild-type or a dominant negative version of polymerase β
(E295K), the primary polymerase in short patch BER (24). The
cells expressing the E295K are already somewhat radiosensitive
relative to the wild type (consistent with the deficiency in BER),
but these cells are even further radiosensitized by PARP inhib-
ition (Fig. 6F). These results suggest that the impact of PARP
inhibition on radiation response goes beyond an effect on BER
and reflects an additional effect on HDR. Hence, the radio-
sensitization by PARP inhibitors reflects both inhibition of
BER and suppression of HDR. Consistent with this, siRNA
knockdown of BRCA1 or PARP-1 does not add much to the
radiosensitizing effect of PHEN treatment (Fig. S6).

Discussion
DNA repair pathways have emerged as promising targets for
cancer therapy, in part becausemany cancers arise in the setting of
repair abnormalities and in part becausemany cancer therapies act
via DNA damage. PARP inhibitors have attracted attention as
potential antineoplastic agents because they inhibit an important
enzyme in the BER pathway. The work reported here shows that
PARP inhibitors can also suppress the expression of BRCA1 and
RAD51, two keymolecules in theHDRpathway. In particular, the
experiments demonstrate that suppression of BRCA1 andRAD51
in response to PARP inhibition occurs in a pathway mediated by
repressive E2F4/p130 complexes acting on theBRCA1 andRAD51
promoters. This is supported by ChIP assays showing increased
occupancy of the respective promoters by E2F4 and p130 after
PARP inhibition and by the reversal of BRCA1 and RAD51 sup-
pression byHPVE7expression, which serves as amolecular tool to
block p130 activity, or by direct siRNA-mediated p130knockdown.
Functionally, cells treated with PARP inhibitors are sensitized to
ionizing radiation, an effect partially reversed by expression of E7
or by p130 knockdown, thereby linking a portion of the induced
radiosensitivity to the down-regulation of BRCA1 and RAD51.
Direct measurement of DSB repair using a GFP-based assay pro-
vides further evidence that PARP inhibition suppresses HDR of
DSBs, consistent with down-regulation of BRCA1 and RAD51.
Inpriorwork,wehad shown that exposure of cells to hypoxia can

lead to suppression of BRCA1 and RAD51 and that this occurs in
a coordinated fashion via stimulation of E2F4/p130 binding to the
respective promoters (11, 14). It is interesting that PARP inhib-
ition also invokes this pathway. Hence, both hypoxia and PARP
inhibition suppress the HDR factors BRCA1 and RAD51, and
accordingly, both treatments lead to increased susceptibility of
cells to killing by subsequent treatment with a PARP inhibitor.
With respect to the radiosensitization produced by PARP

inhibitors, we show that E7 expression or p130 knockdown can
reverse a portion of this effect. Because E7 expression or p130
knockdown both serve to maintain BRCA1 and RAD51 levels
despite PARP inhibition, our results suggest that manipulation
of BRCA1 and RAD51 activity is an important factor in the
ability of PARP inhibitors to modify the radiation response.

In addition, radiosensitization by PARP inhibition was seen
even when BER was already inhibited in cells by expression of a
dominant negative polymerase β variant. This result provides
additional evidence that the radiation sensitivity produced by
PARP inhibition is not just due to its known effect on BER.
However, inhibition of BER by PARP inhibitors may still play

an important role because some residual radiosensitization can
still be detected even in the presence of E7 or in the setting of p130
knockdown. By blocking BER, PARP inhibition perpetuates toxic
intermediates arising from attempted repair of otherwise non-
lethal (but mutagenic) base damage. In addition, there is evidence
that PARP may also participate in a minor subpathway of non-
homologous end joining for DSB repair (25, 26), although the
influence of this pathway on radiosensitivity is not clear.
In the case of hypoxia, it is well established that low oxygen is

radioprotective if the irradiation occurs when the cells are
hypoxic; however, in the posthypoxic period, when oxygen is
present, there is increased sensitivity of cells to radiation. This
effect was reported almost 20 years ago (27), and it was recently
shown to correlate with the suppression of HDR via down-
regulation of BRCA1 and RAD51 by hypoxia (22).
Our finding that PARP plays a regulatory role in the expres-

sion of BRCA1 and RAD51 fits with an accumulating body of
work indicating that PARP can influence transcription (2, 28).
Several mechanisms have been proposed to account for the
effects of PARP on gene expression. PARP can catalyze addition
of poly(ADP-ribose) chains to histones, loosening chromatin
structure. PARP can also serve as a coactivator of transcription
by interaction with other transcription factors, such as NF-κB
(28) and c-Myb (2). However, the mechanism by which PARP
influences the activity of these factors at specific promoters has
not been worked out. In the cases of NF-κB and c-Myb, the
catalytic activity of PARP is not required (2), and so some sort of
scaffolding or allosteric function has been proposed.
PARP-1 has also been found to physically interactwithE2F1, on

the basis of both in vitro binding and coimmunoprecipitation (19).
Prompted by this prior observation, we tested for interactions of
PARP-1 with E2F1, E2F4, or p130. We did detect coimmuno-
precipitation of PARP-1 andE2F1, andwe found that the extent of
interaction was increased by treatment of cells with PARP inhib-
itors, suggesting that PARP-1 may regulate E2F1 activity via dif-
ferential physical interactions. However, we could not detect
physical interaction of PARP-1 with either E2F4 or p130.
Using ChIP assays, we found that PARP inhibition causes a

slight decrease in BRCA1 promoter occupancy by E2F1 (and by
PARP-1 itself) along with a marked increase in promoter occu-
pancy by E2F4 and p130. This increased binding by E2F4 and
p130 to the BRCA1 promoter is associated with modulation of
p130 phosphorylation status and thereby induction of its inter-
action with E2F4, leading to formation of repressive complexes.
In addition, treatment of cells with PARP inhibitors was also
seen to cause an elevation in the overall levels of p130 and E2F4,
providing a further mechanism that may contribute to increased
BRCA1 promoter occupancy by these factors.
Initially, this work was prompted by our prior findings that

BRCA1 and RAD51 are down-regulated in hypoxic cells (11,
14), leading us to propose the hypothesis that hypoxic cells would
therefore be sensitive to PARP inhibition. The results reported
here confirm this sensitivity in hypoxic cells, indicating that
PARP inhibitors may be useful as therapeutic agents for cancers
with extensive hypoxic fractions. However, our unexpected
finding that PARP inhibition, itself, can suppress BRCA1 and
RAD51 expression identifies a previously uncharacterized
mechanism of action for PARP inhibitors and may provide the
basis for new therapeutic strategies that combine PARP inhib-
ition with agents that exploit decreased HDR. It also suggests
that proposed strategies to use PARP inhibitors for cancer
chemoprevention may be counterproductive (8).
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Materials and Methods
Cell Culture and Hypoxia. A549, H460, MCF7, and U2OS cells were obtained
from the ATCC. RKO-neo and RKO-E7 cell lines were provided by Dr. Kathleen
Cho (University of Michigan). The MCF7 DR-GFP cell line was provided by Dr.
Maria Jasin (MemorialSloan-KetteringCancerCenter).Wild-typepolymeraseβ
and E295K polymerase β dominant negative cells were provided by Dr. Joann
Sweasy (Yale University School of Medicine). Refer to SI Materials and Meth-
ods for cell culture growth conditions. For hypoxic culture conditions, cells
received a continuousflowof a humidifiedmixture of 95%N2 and 5%CO2 gas
certified to <10 ppm O2 for 48 h at 37 °C, as previously described (29).

PARP Inhibitors. KU0058684 was provided by Graeme C. M. Smith (KuDOS
Pharmaceuticals). BZD, ANI, PHEN, and 3AB were from Sigma-Aldrich. ABT-
888 was from Alexis Biochemicals.

Clonogenic Survival Assays. Clonogenic survival was determined by colony
formation, as previously described (30). Details are provided in SI Materials
and Methods.

Immunoblotting. Cells were either treated with PARP inhibitors or transfected
with siRNA or protein expression vector for the specified length of time, and
harvested and lysed as previously described (31). Western blotting was then
performed as previously described (32). The primary antibodies used are
described in SI Materials and Methods. Proteins were visualized with HRP-
conjugated anti-mouse or anti-rabbit IgG and the SuperSignal West Pico
Chemiluminescent Substrate detection system (Thermo Scientific). Immu-
noprecipitations were performed as previously described (14), and the
antibodies used are listed in SI Materials and Methods.

Quantitative Real-Time PCR Analysis.Quantitative real-time PCR analyses were
performed as previously described (11, 12). Details are given in SI Materials
and Methods.

RNA Interference. siRNAs directed against PARP-1, GAPDH, p130, BRCA1 (ON-
TARGETplus SMARTpool reagents; Dharmacon) and a negative control (ON-
TARGETplus siCONTROL Nontargeting Pool reagent; Dharmacon) were
transfected into MCF7 or A549 cells using DharmaFECT1 transfection reagent
(Dharmacon) according to the manufacturer’s instructions. Cells were lysed
after 48–72 h, and Western blotting was performed to ascertain protein
knockdown. The antibodies used are described in SI Materials and Methods.

Chromatin Immunoprecipitation. A549 cells were treated or not with 200 μM
PHEN for 72 h, and ChIP assays were done as previously described (11, 12). The
primer sequences for the BRCA1 and RAD51 promoter regions have also been
reported (11, 12). Antibodies for E2F1, E2F4, and p130 are listed in SIMaterials
andMethods; others were: p107 (C-18; Santa Cruz Biotechnology) and PARP-1
(p716/p25; Millipore).

Plasmids. For the BRCA1 and RAD51 expression vectors cDNAs were cloned
into the expression vector pcDNA3.1. Transfections were done in MCF7 cells
using the FuGENE 6 Transfection Reagent (Roche) according to the
manufacturer’s instructions.

Functional Assay for Homology-Dependent Repair. Theassay tomeasureHDRof
I-SceI-inducedDSBs using theDR-GFP reporter construct inMCF7 cells has been
previously described (11, 23). Briefly, MCF7 DR-GFP cells were treated or not
with 200 μM PHEN for 72 h and then transfected or not with a vector
expressing I-SceI by electroporation, as described previously (11). The cells
were analyzed by FACS for GFP expression 72 h later, as described previously
(11). The PHEN-treated cells were maintained in medium containing PHEN
postelectroporation.
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