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Background: DNA damage-induced ubiquitylation is important in regulating the DNA damage response.
Results: PRT4165 inhibits histone H2A ubiquitylation and the accumulation of ubiquitin at the DNA double-strand break
(DSB) sites.
Conclusion: PRT4165 is a novel drug for studying DSB response.
Significance:PRT4165may constitute a novel approach for studyingDSB response and for development of new cancer therapy.

Polycomb-repressive complex 1 (PRC1)-mediated histone
ubiquitylation plays an important role in aberrant gene silenc-
ing inhumancancers and is a potential target for cancer therapy.
Here we show that 2-pyridine-3-yl-methylene-indan-1,3-dione
(PRT4165) is a potent inhibitor of PRC1-mediated H2A ubiqui-
tylation in vivo and in vitro. The drug also inhibits the accumu-
lation of all detectable ubiquitin at sites of DNA double-strand
breaks (DSBs), the retention of several DNA damage response
proteins in foci that form around DSBs, and the repair of the
DSBs. In vitro E3 ubiquitin ligase activity assays revealed that
PRT4165 inhibits both RNF2 and RING 1A, which are partially
redundant paralogues that together account for theE3ubiquitin
ligase activity found in PRC1 complexes, but not RNF8 nor
RNF168. Because ubiquitylation is completely inhibited despite
the efficient recruitment of RNF8 to DSBs, our results suggest
that PRC1-mediated monoubiquitylation is required for subse-
quentRNF8- and/orRNF168-mediated polyubiquitylation.Our
results demonstrate the unique feature of PRT4165 as a novel
chromatin-remodeling compound and provide a new tool for
the inhibition of ubiquitylation signaling at DNAdouble-strand
breaks.

Ubiquitylation is a critical post-translational modification
taking place in response to DNA double-strand breaks (DSBs)3
(reviewed in Ref. 1). The canonical pathway is dependent on the
phosphorylation of histone H2AX andMDC1 (1). When phos-
phorylated, MDC1 recruits the E3 ubiquitin ligase, RNF8.
RNF8 is then thought to initiate ubiquitylation and this
involves, at least in part, the monoubiquitylation of histone
H2A and H2AX at lysine 119. After the initiation of the ubiq-
uitylation cascade, RNF168 and the E2 enzyme, UBC13, conju-

gate K63-linked polyubiquitin chains onto histones H2A/
H2AX. Recently, RNF8 was found to be unable to ubiquitylate
nucleosomal H2A, and evidence was presented that RNF168
initiated signaling through novel ubiquitylation sites in the N
terminus of histone H2A (2). Nonetheless, RNF8 E3 ubiquitin
ligase activity is necessary for the retention of RNF168 at sites of
DSBs (3, 4).
Although there are good inhibitors to inhibit the phospho-

rylation cascade taking place near DSBs, it has only been
possible to date to inhibit ubiquitylation indirectly by inhib-
iting the proteasome (3, 5). This inhibits ubiquitylation at
DSBs by sequestering ubiquitin in the cytoplasm in lysine
48-linked polyubiquitin chains (6). Recently, an inhibitor of
BMI1/RING1-mediated polyubiquitylation of topoisomer-
ase II was identified (7). BMI1/RING1 are subunits of the
polycomb repressive complex 1 (PRC1) (8, 9). PRC1 is a his-
toneH2A/H2AXE3ubiquitin ligaseandhasawell establishedrole
in the regulation of differentiation and the maintenance of stem
cell populations (10). Not surprisingly, overexpression of PRC1
components is commonly associatedwith poor prognosis across a
range of human cancer types (11–13). The role of PRC1 in the
maintenance of a less differentiated phenotype is thought to
be important in human cancer and may explain this relation-
ship. However, we and others have recently demonstrated
that PRC1 is rapidly recruited to DSBs, where it can monou-
biquitylate histones H2A and H2AX (DSBs) (14–18). This
raises the possibility that PRC1may be involved in the initiation
of the ubiquitylation cascade by providing amonoubiquitylated
substrate for RNF8 and RNF168.
There is a consensus that the PRC1 components BMI1 and

RNF2 recruit to DSBs, where they contribute to DSB repair
(14–17, 19). However, placement of PRC1 within the DDR
signaling cascade is controversial. For example, we initially
observed that knockdown of BMI1 diminished downstream
DDR functions at DSBs, including the focal accumulation of
ubiquitin and of DDR factors such as 53BP1 and BRCA1 (14).
Upstream DDR signaling events including the function of the
MRE11-RAD50-NBS1 complex, activation of the ATM kinase
by phosphorylation (p-ATM), and the phosphorylation-depen-
dent recruitment of MDC1 each remained unaffected by BMI1
knockdown. In contrast, a study examining glioblastoma mul-
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tiforme and neural stem cells found that knockdown of BMI1
also inhibited one of the earliest DDR processes, focal accumu-
lation of upstream DDR components MRE11, �-H2AX, and
MDC1 (16). Focal accumulation of downstream factors RNF8
and 53BP1 were also reduced, as was DSB repair. At the
extremes, mutation of histone H2AX lysines 119 and 120 to
arginine and knockdown of RNF2 were both shown to inhibit
histone H2AX phosphorylation (18, 19), whereas at the other
extreme, defects in signaling were not observed, but homol-
ogous recombination was impaired (15). The differences
between these studies may reflect compensation by paralogues
(10), differences in knockdown efficiency, and the potential
reprogramming of gene expression that could accompany the
lengthy incubation periods required in knockdown experi-
ments. These sources of experimental variation may be over-
come with a broadly acting inhibitor of PRC1 ligase. This
prompted us to further investigate the specificity of the poten-
tial PRC1 inhibitor, PRT4165.
We find that PRT4165 inhibits the in vitro histone H2A E3

ubiquitin ligase activity of RING1, its more active paralogue,
RNF2, and a BMI1/RNF2 complex. Treatment of cells with this
drug resulted in the near complete loss of ubiquitylated H2A
within the first hour of drug treatment. We also found that the
drug was an effective inhibitor of H2AX ubiquitylation taking
place in response to DNA double-strand breaks. This allowed
us to test whether or not transient inhibition of PRC1 could
reproduce any of the results obtained using knockdown and
knock-out approaches. We find that many of the signaling
defects observed in knockdown and knock-out experiments are
reproduced by transient inhibition of PRC1. We also find that
inhibition of PRC1 dramatically reduces the accumulation of
ubiquitin at sites of DSBs and strongly inhibits the repair of
DSBs.

EXPERIMENTAL PROCEDURES

Cell Culture, Vector Construct, and Transfections—U2OS
cells were cultured in DMEM containing 10% FCS at 37 °C and
5% CO2. NLS-VX3-EGFP plasmid was obtained fromAddgene
(plasmid identification no. 35529). Unless otherwise stated,
cells were irradiated in ambient air using a model CS-600 137Cs
irradiator (Picker, Glendale, CA) at a dose rate of 2 Gy/min.
PRC1 inhibitor (PRT4165) was purchased from TimTec and
was dissolved in Me2SO at concentration of 21 mM, aliquoted,
and kept at �20 °C. When added to the cells, the inhibitor was
added in serum-free medium.
Immunofluorescence Microscopy—Immunofluorescence stain-

ing was performed as described previously (14) with somemod-
ifications. Briefly, cells were permeabilized with cytoskeleton
buffer (100 mM NaCl, 300 mM sucrose, 10 mM Pipes, pH 6.8, 3
mM MgCl2,0.5% Triton X-100) for 2 min before being fixed at
the indicated time points after exposing cells to radiation (IR).
The cells were fixed with 4.0% paraformaldehyde in PBS, pH
7.5, for 5min at room temperature. Next, the cells were washed
twice with PBS, inverted onto 50-�l aliquots of an appropriate
primary antibody, and incubated at room temperature for 30
min. Coverslips were rinsed with PBS containing 0.1% Triton
X-100 and washed twice with PBS before a 30-min incubation
with an appropriate secondary antibody conjugated to a fluoro-

phore. The cells were rinsed with PBS containing 0.1% Triton
X-100 and washed twice with PBS. Coverslips were mounted
onto slides containing �10 �l of a 90% glycerol-PBS-based
medium containing 1 mg of paraphenylenediamine/ml and 0.5
�g DAPI/ml. A panel of commercially available primary anti-
bodies, directed against various DNA damage proteins and the
polycomb group proteins BMI1 (see below).
Immunoblotting and Acid Extraction of Histones—U2OS

cells were subcultured the previous day and used at 70–80%
confluency on the day of the experiment. Cells, when necessary,
were exposed to drugs or IR, then harvested using 0.53 mM

EDTA in PBS, andwashed oncewith cold PBS.Nuclear extracts
were prepared as per the procedure described previously (14).
Histones extraction was prepared using 0.4 N sulfuric acid from
cells exposed to radiation and incubated for 60 min at 37 °C.
After washing with cold PBS, the cells were scraped off the
plates, and H2AX phosphorylation was measured as described
previously (14). In brief, nuclear extracts were separated on
6–18% SDS-PAGE (depending on the molecular weight of the
protein) and transferred to 0.2-�m nitrocellulose blotting
membrane (Bio-Rad) according to standard protocols. The dis-
tribution of various nuclear proteins was examined by immu-
noblotting according to standard procedures using 5% BSA in
TBST (TBS with 0.05% Tween) as the blocking buffer and anti-
body incubation buffer. The primary antibodies used were:
�-H2AX (Millipore), H2AX, p-ATM (active motif), H2A (Milli-
pore), p-SMC1-S966 (Bethyl Laboratories), p-NBS1 S343 (Bethyl
Laboratories), 53BP-1 (LakePlacid), andMDC1(Abcam).Second-
ary antibodies used were conjugated with infrared-specific dyes
(AlexaFluor 680,AlexaFluor 750, or IRDye800), and all immuno-
blotswere imaged on theOdyssey infrared imaging scanner imag-
ing system (LI-COR Biosciences).
In Vitro Ubiquitylation Assay—GST-RNF2, GST-BMI1,

ubiquitin, UBCH13, UBCH5c, E1, GST-RING1, and GST-
RNF8 were either GST purified or purchased from Boston
Biochem or Abnova. Reactions were performed in 30 �l of
ubiquitylation buffer (50 mM Tris, pH 7.5, 2.5 mM MgCl2,
0.5 mM DTT) containing ubiquitin-activating enzyme E1,
UBCH5c, or UBC13, ubiquitin, 0.2 mM ATP, H2A, and 1 �g of
indicated GST fusion protein. The reactions were thoroughly
mixed and incubated at 37 °C for 60 min. The reaction was then
stopped by the addition of Laemmli sample buffer, and proteins
were resolved by SDS-PAGEand immunoblotted usingH2Aanti-
body (Abcam).
G2/M Checkpoint Analysis—U2OS cells were treated with

different concentrations of the PRT4165 60 min prior to irra-
diation (2 Gy). The cells were harvested 2 h after IR. The cells
were washed with PBS twice and then fixed with 1% parafor-
maldehyde at 37 °C for 10 min. After cooling on ice for 1 min,
the cells were permeabilized with 90% methanol and stored at
�20 °C overnight. Fixed cells were washed with PBS twice and
blocked with FACS incubation buffer (0.5% BSA in PBS) for 10
min. The cells were then stained with anti-phosphohistone H3
(serine 10) antibody at 1:500 dilution in FACS incubation buffer
for 1 h at room temperature. All washes were carried out in
FACS incubation buffer. For secondary antibody staining,
FITC-conjugated goat anti-mouse IgG antibody (Jackson
ImmunoResearch) diluted 1:500 was used, and cells were incu-
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bated for 1 h at room temperature. After secondary antibody
staining, the cells were washed and then incubated with 5
�g/ml propidium iodide (Sigma-Aldrich) and 250�g/mlRNase
A in PBS. More than 10,000 cells were analyzed by flow cytom-
etry (Becton Dickinson). The data were analyzed by Cell Quest
Pro (Becton Dickinson).
Image Processing and Figure Construction—Where neces-

sary, images were subjected to a 3 � 3 median filter to reduce
pixel noise. MetaMorph images were exported as 16-bit TIFF
files. These were subsequently rescaled over an 8-bit data range
in Photoshop CS4. In most cases, the background fluorescence
of the medium and the base signal from the detector were sub-
tracted to better represent the dynamic range of the data con-
tent in the image. In some instances, three-dimensional image
sets were imported into Imaris 7 (BitPlane), and three-dimen-
sional image sets were generated. In this instance, the image
was scaled tomap the data over the range of the display, and the
screen capture function in Imaris 7 was used to capture the
image used in the figure. In general, images were scaled to span
the 8-bit data depth, reducing background in the process, and
then pasted into a composite canvas that was either 8-bit gray-

scale or 24-bit RGB color. If necessary, images were interpo-
lated to 300 dpi using Photoshop.

RESULTS

PRT4165 Inhibits the E3 Ubiquitin Ligase Activity of PRC1—
Arecent report identified an active inhibitor of the E3 ubiquitin
ligase complex BMI1/RING1, PRT4165 (7). We wished to
determine whether or not this inhibitor also acted on the more
common and more active BMI1/RNF2 complex, which is
required if the drug is to be useful as a broadly acting inhibitor
of PRC1-mediated histone H2A ubiquitylation. When RING1,
RNF2, or a BMI1/RNF2 complex was tested for in vitro ubiqui-
tylation activity toward histone H2A, we found that all three
were able to ubiquitylate histone H2A, with the BMI1/RNF2
complex beingmost efficient (Fig. 1A), as expected. In the pres-
ence of PRT4165, however, H2A ubiquitylation could be com-
pletely inhibited regardless of whether RING1 or RNF2 con-
tributed the E3 ubiquitin ligase activity (Fig. 1A). RNF2 is
thought to be responsible for most of the H2A E3 ubiquitin
ligase activity, but RING1 also contributes (8). The direct inhi-
bition of these two E3 ubiquitin ligases suggested that this

FIGURE 1. PRT4165 inhibits the PRC1 E3 monoubiquitin ligase activity toward H2A. A, RING1, RNF2, or BMI-1/RNF2 complex exhibits ubiquitin ligase
activity in the presence of the E2 enzyme, UbcH5c, and E1 enzyme. Ubiquitin E3 ligase activity was investigated by incubating histone H2A substrate with
members of the PRC1 complex in the presence of E1 enzyme and E2 enzyme (as indicated). Reactions were carried out in the presence of different concen-
trations of the PRT4165 with a 30-min preincubation step as described under “Experimental Procedures.” H2A ubiquitylation products were analyzed by
SDS-PAGE and visualized using a H2A antibody. B, effect of PRT4165 on H2A ubiquitylation in cells. The cells were treated with different concentrations of
PRT4165 as in A, and acid extracts were prepared and immunoblotted using H2A and uH2AK119 antibodies. Detection of H2A ubiquitylation in vivo. C, U2OS
cells were either mock treated or incubated with 50 �M of the PRT4165 for different time points. Histone extracts were prepared, and samples were run on
SDS-PAGE. H2A ubiquitylation was detected using antibody against the uH2AK119, and H2AX was used as a loading control (Ctr). The dividing line indicates that
the intervening lanes were spliced out. Quantifications of the immunoblots from two independent experiments were done using Odyssey software and were
plotted on the right using Prism Software.
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inhibitor had the potential to effectively inhibit H2A ubiquity-
lation in cells. To test whether or not PRT4165 can broadly
inhibit PRC1 H2A E3 ubiquitin ligase activity in vivo, we
titrated the concentration of the inhibitor (Fig. 1B) and per-
formed time course experiments where the ubiquitylation of
H2A was monitored by immunoblotting. We noted that
PRT4165 efficiently inhibited H2A ubiquitylation at lysine 119
(uH2AK119) and that this inhibition was dependent on both
the concentration of inhibitor and the incubation time with the
inhibitor (Fig. 1C). Treatment of cells for 60 min with 50 �M

PRT4165 resulted in a dramatic reduction in total ubiquitylated
histone H2A (Fig. 1C). This result reveals that H2A ubiquityla-
tion turns over quite rapidly, particularly in comparison with
lysine 27 methylation mediated by the polycomb repressive
complex 2 (data not shown), and is consistent with the estab-
lished role of the PRC1 complex as the major histone H2A E3
mono-ubiquitin ligase in the cell.
PRT4165 Inhibits H2AX Ubiquitylation at Sites of DNA

Damage—We next wished to determine whether or not this
inhibitor would also inhibit H2AX ubiquitylation that was tak-
ing place in response to DSBs. Because H2AX is rapidly phos-
phorylated in response to DSBs but is otherwise phosphoryl-
ated at very low abundance during interphase, this could be
directly tested by examining the ubiquitylation of phosphoryl-
ated H2AX (�-H2AX). The inhibition of H2AX ubiquitylation
at sites of DNA damage, revealed by immunoblotting with
�-H2AX antibodies, was complete (Fig. 2A). This inhibition did
not reflect the turnover of steady-state ubiquitylation because
we were able to detect inhibition as early as 5 min after the
addition of the PRT4165, which was insufficient to turn over
steady-state H2A ubiquitylation (Fig. 1C). Consistent with a
role for PRT4165 in maintaining genomic stability, we found
that longer exposure of the cells with the PRT4165 (30 and 60
min) led to increased levels of �-H2AX in unirradiated cells
(Fig. 2A). We have previously observed increased basal
�-H2AX in BMI1 knock-outœnockdown cells (14). These
results are consistent with increased endogenous DNAdamage
arising from inhibition of PRC1 E3 ubiquitin ligase activity.
We next tested the effect of PRT4165 on DNA damage-in-

duced ubiquitin conjugation occurring directly at the sites of
DSBs. This was accomplished by immunofluorescence using
the FK2 antibody. FK2 recognizes both mono- and polyubiqui-
tylated proteins and, hence, reports on total ubiquitylation (21).
The cells were irradiated with 2 Gy in the presence of 50 �M

PRT4165, allowed to recover for 5 min, and then stained using
the monoclonal antibody FK2. Remarkably, we found that the
accumulation of ubiquitin conjugates at the sites of DNA dam-
age was inhibited upon treatment with PRT4165, similar to the
proteasome inhibitor, MG132, which was used as a positive
control (Fig. 2B and data not shown). MG132 inhibits ubiqui-
tylation at sites of DNA damage through sequestration of ubiq-
uitin in polyubiquitin chains in the cytoplasm (6). Similar
results were obtained when cells were pretreated with 50 �M

PRT4165 for 5min before irradiation and allowed to recover for
5, 30, and 60 min (Fig. 2C). Thus, PRT4165 inhibits ongoing
ubiquitylation at the sites of DNA damage.

PRT4165 Does Not Inhibit RNF8 Ubiquitin Ligase Activity in
Vitro nor Its Recruitment to Sites of DNA Damage—The loss of
all detectable ubiquitylation was surprising given that histone
H2AX was efficiently phosphorylated and, thus, would be
expected to recruit RNF8, an established DDR histone H2AX
E3 ubiquitin ligase (5, 22). Because RNF8 is the upstream E3
ubiquitin ligase in the canonical ubiquitin signaling cascade at
DSBs, the failure to ubiquitylate proteins at IRIF could reflect
the inhibition of either or both of the two additional E3 ubiqui-
tin ligases implicated in this signaling, RNF8 and RNF168. We
thus testedwhether or not PRT4165 inhibitedRNF8orRNF168
in an in vitro ubiquitylation assay. Only at the highest concen-
trations of the drug (e.g., 100 �M) could we observe a modest
inhibition of RNF8 and RNF168 (Fig. 3A). Although RNF8 and
RNF168were not significantly inhibited at 50�M, itmay be that
PRT4165 is able to prevent their recruitment toDSBs. Thus, we
determined whether or not signaling immediately downstream
of H2AX phosphorylation was altered. Fig. 3B shows that
MDC1, which is required for the recruitment of RNF8, was
efficiently recruited to IR-induced foci enriched in �-H2AX.
We next tested whether or not the E3 ubiquitin ligases RNF8
and RNF168 are recruited to IRIF. RNF8 and RNF168 were
shown to facilitate the accumulation of ubiquitin conjugates at
the sites of DNA damage (3–5, 21, 22). Unfortunately, antibod-
ies to RNF8 or RNF168 failed to recognize endogenous proteins
in IRIF under control conditions. Consequently, we used tran-
siently transfected GFP fusion proteins and examined their
retention in IRIF in the presence and absence of PRT4165. To
minimize any artifacts caused by overexpression of RNF8/
RNF168 proteins, only low and medium GFP-expressing cells
were selected. We found that RNF168 accumulation at DSBs
was compromised in cells treated with PRT4165, whereas
RNF8 IRIFs were not noticeably affected (Fig. 3C). Thus, the
absence of ubiquitylation at sites of DSBs upon treatment with
PRT4165 cannot be explained by a failure to recruit RNF8, nor
can it be explained by inhibiting the RNF8 or RNF168 E3 ubiq-
uitin ligases. Rather, the results aremost consistent with PRC1-
mediated monoubiquitylation being required for subsequent
chain extension by RNF8 and RNF168. Consistent with this
interpretation, we and others have found that monoubiquityla-
tion of �-H2AX remains robust upon RNF8 knockdown,
whereas di- and polyubiquitylation are strongly reduced (14,
21). In contrast, BMI1 knockdown resulted in a suppression of
both mono- and polyubiquitylated species of �-H2AX (14). To
further confirm this hypothesis, we tested the ability of a
PRT4165 to inhibit DNA damage-induced K63 ubiquitin
chains. For this experiment, we employed a recently developed
synthetic GFP-tagged high affinity K63-linked polyubiquitin-
binding protein (NLS-Vx3-EGFP) to label the K63-linked
polyubiquitin chains in U2OS cells (23). We found that in
response to IR, K63-linked polyubiquitin enriched in foci that
co-localize with MDC1 IRIF (Fig. 4A). In contrast, we found
that PRT4165 abrogates K63-linked polyubiquitin formation in
IRIF (Fig. 4A). As a positive control, we establish that these K63
ubiquitin-binding domains function in a dominant-negative
manner (23) and prevent the accumulation of 53BP1 and
RNF168 in IRIFs (Fig. 4, A and B). In contrast, MDC1, whose
recruitment does not require ubiquitylation, was not inhibited.
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PRT4165 Abrogates the Retention of Several DDR Proteins in
IRIF—There have been considerable differences in the reported
consequences of BMI1 knockdown on the recruitment of DDR
proteins to IRIFs (14, 16, 18, 19, 24, 25). The recruitment of
phosphorylated ATM to IRIFs, for example, differed between
laboratories. We therefore sought to determine the conse-
quences of inhibition with PRT4165 in the assembly of IRIFs at
DSBs following IR treatment. U2OS cells were either mock
treated or treated with 50 �M PRT4165 for 5 min before expos-
ing them to radiation (2 Gy). This short incubation time was
chosen to minimize any indirect effects of the PRT4165 that
may arise from derepressing genes upon loss of H2A ubiquity-

lation Surprisingly, the phosphorylated form of DNA-PKcs
failed to efficiently accumulate in IRIFs when PRC1 was inhib-
ited (Fig. 5). The fact that �-H2AX accumulates in IRIF in the
presence of PRC1 inhibitor indicates that it is the retention,
rather than the recruitment of these proteins that is altered
under conditions of PRC1 inhibition. Consistent with the pre-
viously described requirement for ubiquitylation in the recruit-
ment of 53BP1 and BRCA1, both proteins failed to recruit to
IRIFs when PRC1 was inhibited (5, 14, 21, 22) (Fig. 6, A and B).
PRT4165 Treatment Delays Recovery from Genotoxic Stress—

To test the role of PRT4165-sensitive events in the DDR, we
treated U2OS cells with PRT4165 and then exposed these cells

FIGURE 2. PRT4165 inhibits the PRC1 E3 monoubiquitin ligase activity toward �-H2AX in vivo. A, U2OS cells were either mock treated or treated with the
PRT4165 (50 �M) before they were exposed to radiation (6 Gy). The cells were allowed to recover for 5 min. Histone extracts were prepared, and samples were
run on SDS-PAGE. �-H2AX ubiquitylation was detected using antibody against the phosphorylated form of H2AX, which detects both the phosphorylated and
ubiquitylated form of H2AX. B, immunofluorescence staining of the effect of PRT4165 on the formation of mono- and polyubiquitin conjugates at the sites of
DNA damage. U2OS cells were either mock treated or irradiated (2 Gy) in the presence of 50 �M of the PRT4165. The cells were allowed to recover for 5 after
irradiation. The cells were then fixed and stained as indicated. C, time course of the PRT4165 inhibition of FK2 IRIF. U2OS cells were pretreated with PRT4165 for
5 min and allowed to recover for different time points as indicated after irradiation (2 Gy). The average number of FK2 and BRCA1 IRIF per cell was quantified
and plotted as indicated. The scale bars represent 10 �m. Ctr, control.
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to amoderate dose of IR (2Gy).Wenext followed the formation
of MDC1 IRIF in individual nuclei over time. Because MDC1
accumulation at sites of DNA damage is independent of PRC1-
dependent ubiquitylation (Fig. 3C), we used the dissolution of
MDC1 foci as a measure of DSB repair. The number of nuclei
with MDC1 foci detected early after IR (5, 15, 30, and 60 min)

was very similar in control and PRT4165-treated cells. How-
ever, although MDC1 foci were progressively lost over time in
control cells, inhibition of PRC1 activity caused sustained per-
sistence of MDC1 foci even at time points when the control
cells had repaired most of their DSBs (Fig. 7A). This suggests
delayed DSB repair in PRT4165 inhibited cells, a notion that

FIGURE 3. PRT4165 does not inhibit the E3 ubiquitin ligase activity of RNF8 in vitro. A, effect of PRT4165 on the E3 ubiquitin ligase activity of RNF8/RNF168 in vitro.
Ubiquitin E3 ligase activity was investigated by incubating histone H2A substrate with RNF8/RNF168 in the presence of E1 and E2 enzymes. Reactions were carried out
in the presence of different concentrations of the PRT4165 inhibitor with a 30-min preincubation step as described under “Experimental Procedures.” H2A ubiquity-
lation products were analyzed by SDS-PAGE and visualized using an H2A antibody. Quantifications of the immunoblots from two independent experiments were
done using Odyssey software and were plotted on the right using Prism Software. B, effect of PRT4165 on MDC1 IRIF. U2OS cells were either mock treated or treated
with 50 �M of the PRT4165 for 5 min before they were exposed to radiation (2 Gy). The cells were allowed to recover for 30 min in the presence of the PRT4165. The cells
were then fixed and stained as indicated. The average number of MDC1 IRIF per cell was quantified and plotted as indicated. C, effect of PRT4165 on RNF8/RNF168 IRIF.
U2OS cells transiently transfected with either GFP-RNF8 or GFP-RNF168. Medium and low GFP-expressing cells were selected by G418. The cells were either mock
treated or treated with 50 �M of the PRT4165 for 5 min before they were exposed to radiation (2 Gy). The cells were allowed to recover for 30 min in the presence of the
PRT4165. The cells were then fixed and stained as indicated. The GFP signal was used to monitor the RNF8/RNF168 IRIF. The average number of GFP-RNF8/GFP-RNF168
IRIF per cell was quantified and plotted as indicated. The scale bars represent 10 �m.
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was further supported by prolonged phosphorylation of two
genome caretakers targeted by ATM after DNA damage, NBS1
and SMC1 (Fig. 7B). Based on these results, we conclude that
PRC1 E3 ubiquitin ligase activity is required for efficient recov-
ery from genotoxic stress.

PRT4165 Inhibits DSB Repair—The above results imply that
there is a DSB repair defect in cells treated with PRT4165. Pre-
vious studies, including our own, have knocked down individ-
ual PRC1 components and reported an increase in radiation
sensitivity of �2–3-fold. Although significant, this defect in

FIGURE 4. PRT 4165 inhibits K63 polyubiquitin chains IRIF in cells. U2OS cells transiently transfected with plasmid DNA encoding NLS-Vx3-EGFP were either
left untreated or treated with PRT4165 for 5 min before they were exposed to ionizing radiation. The cells were allowed to recover for 30 min before they were
fixed and stained with the indicated antibodies. A, 53BP1 and MDC1. B, RNF168 and �-H2AX. The average number of IRIF per cell was quantified and plotted as
indicated. The scale bars represent 10 �m.

FIGURE 5. Effect of PRT5165 on DNA-PKcs recruitment to sites of DNA damage. U2OS cells were either mock treated or treated with 50 �M of the PRT4165
for 5 min before they were exposed to radiation (2 Gy). The cells were allowed to recover for different time points (5 and 60 min). Cells were then fixed and
stained as indicated. p-DNA-PKcs and �-H2AX. The average number of p-DNA-PKcs IRIF per cell was quantified and plotted as indicated. The scale bars
represent 10 �m.
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DSB repair is not as dramatic as, for example, the inhibition of
DNA PKcs signaling. The delayed dissolution of MDC1 foci
suggested a more severe phenotype when PRC1 E3 ubiquitin
ligase activity is inhibited. Thus, we tested the effect of
PRT4165 treatment on DSB repair. U2OS cells were either left
untreated or treated with 50 �M PRT4165 for 5 min before
exposing them to 2 Gy of IR. The cells were then left to recover
either in the presence or absence of PRT4165 for different time
points. The cells were stained for �-H2AX, and the number of
�-H2AX IRIF was counted. We found that, consistent with the
previous reports, PRT4165 inhibits DSB repair at the 8-h time
point compared with mock treated cells. This defect becomes
even more pronounced after the 24-h time point (Fig. 8A).
Interestingly, this repair defect is similar in magnitude to the
inhibition of DNA-PKcs, a core component of the nonhomol-
ogous end joining DSB repair pathway.
Effects of PRT4165 on G2/M DNA Damage Checkpoints—

DNA damage activates cell cycle checkpoints, which arrest cell
cycle progression to allow time for DNA repair. We next
wanted to examine whether PRT4165 treatment alters the
DNA damage G2/M checkpoints. To examine this, U2OS cells
were plated in the presence of different concentrations of

PRT4165. Cell cycle progression was monitored by FACS anal-
ysis using an antibody recognizing phosphorylated serine 10 of
histone H3 (26) and propidium iodide 2.5 h postirradiation.
The percentage of G2/M cells was 20% in the untreated cell
population (Fig. 8B). Cells treated with increasing concentra-
tions of PRT4165 showed increasing numbers of cells in G2/M
(Fig. 8B). These data suggest that inhibition of PRC1 results in
G2/M checkpoint failure.
PRT4165 Inhibits DSB-induced Transcriptional Silencing—

Upon introduction of a DSB, nearby genes are transcriptionally
repressed. RNF8 and BMI1 knockdown have both been found
to reduce transcriptional silencing at DNA damage sites,
although only the former has been demonstrated directly in
response to DSBs (27). Because transcriptional repression
through H2A monoubiquitylation is the principal mechanism
whereby PRC1 is thought to function in the developmental reg-
ulation of gene expression, we tested whether or not inhibition
by PRT4165 would inhibit DNA damage-associated transcrip-
tional repression.We utilized a transcriptional reporter system
where a targetedDSBcanbe introducedupstreamof a gene that
encodes a transcript containing a MS2 binding site (28). DSBs
were introduced by fusing the nuclease domain of the FokI

FIGURE 6. Effect of PRT5165 on the localization of 53BP1 and BRAC1 into sites of DNA damage. A, cells were treated as in Fig. 5 and stained with 53BP1 and
�-H2AX. B, �-H2AX and BRCA1. The average number of p-DNA-PKcs and BRCA1 IRIF per cell was quantified and plotted as indicated. The scale bars represent
10 �m.
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endonuclease to mCherry-LacI, targeting nuclease activity to
the lac operator repeats. Transcription can be directly detected
following transfection with YFP-MS2. This experimental sys-
tem was previously used to demonstrate that RNF8 and ubiq-
uitylation ofH2Awere required forDNAdamage induced tran-
scriptional silencing. Using this reporter system, we found that
following DSB induction there was a 10-fold reduction in tran-
script levels in damaged cells comparedwith controls. PRT4165
was administered 1 h before the initiation of transcription by
doxycycline, and nascent transcript levels were assessed 3 h
later. Remarkably, PRT4165 almost completely restored tran-
scriptional activity in cells expressing FokI WT but had no
effect in control cells, demonstrating that a PRT4165-sensitive
E3 ubiquitin ligase activity is required for DSB-induced tran-
scriptional silencing (Fig. 8C).

DISCUSSION

In this study, we have characterized PRT4165, a small mole-
cule identified in a screen for inhibitors of BMI1/RING1A-me-
diated polyubiquitylation of topoisomerase II-� upon trapping
the DSB intermediate with the topoisomerase II inhibitor eto-
poside (7). We demonstrate that PRT4165 inhibits the two E3
ligase paralogues, RING1AandRNF2, in vitro, and that it can be
used to inhibit H2A ubiquitylation in cells. Consequently, this
inhibitor will be valuable in studying the contribution of H2A
ubiquitylation to gene repression. Although we did not specif-
ically study how this drug influences PRC1-mediated gene
repression, we did find that the inhibitorwas able to prevent the
silencing of transcription that takes place near DSBs. This was
shown to be dependent on H2A ubiquitylation (28).
There have beenmultiple studies that have employed knock-

down, knock-out, and mutation analysis to directly implicate

PRC1 andH2AXubiquitylation in the regulation of signaling at
sites of DSBs (14–19, 27, 29, 30). These studies have consis-
tently shown that PRC1 is rapidly recruited to sites of DNA
damage.However, there have been some differences in the con-
sequences of PRC1 down-regulation even when the same cell
system has been used. There are two important limitations of
these studies apart from technical differences, such as the effi-
ciency of the knockdown or adaptation of knock-out cells. The
most important limitation of these studies is that PRC1 is a
major repressor of transcription that silences target genes
through the ubiquitylation of histoneH2A (8). Knockdown and
knock-out experiments are therefore complicated by signifi-
cant differences in gene expression profiles that are likely to
take place that complicate the interpretation of any observed
differences. A second important difference is that every subunit

FIGURE 7. Inhibition of PRC1 activity in cells delays recovery from geno-
toxic stress. A, U2OS cells were either mock treated or treated with 50 �M of
the PRT5164 for 5 min before they were exposed to radiation (2 Gy). The cells
were allowed to recover for different amounts of time before they were fixed
and stained with MDC1 antibody. The proportion of cells with MDC1 IRIF were
quantified and plotted as indicated. B, effect of the PRT4165 on the activation
of the DDR. U2OS cells were either mock treated or treated with the PRT4165
(50 �M) for different amounts of time. Nuclear extracts were prepared and
immunoblotted with the indicated phospho-specific antibodies.

FIGURE 8. Effect of PRT5165 on G2/M DNA damage checkpoints and DSB
repair. A, U2OS cells were either mock treated or treated with 50 �M of the
PRT4165 for 5 min before they were exposed to radiation (2 Gy). The cells
were allowed to recover for different amounts of time before they were fixed
and stained with �-H2AX. �-H2AX IRIF were counted and plotted versus time.
B, U2OS cells were either mock treated or treated with 50 �M of the PRT4165
for 2 h before they were exposed to radiation (2 Gy). The fraction of cells in G2
phase was determined by flow cytometry using phospho-specific antibody
against H3 at serine 10. The graph is a summary from two experiments. The
error bars represent standard error. C, U2OS cells containing the stably inte-
grated reporter transiently transfected with plasmid DNA encoding the
mCherry tagged wild-type FokI nuclease fusion (FokI WT) were either left
untreated or treated with PRT4165 for 60 min before the initiation of tran-
scription by doxycycline. Representative images of mCherry-FokI and YFP-
MS2 loci are shown. Quantification of YFP-MS2 relative mean fluorescence
intensity from C was done using ImageJ software (National Institutes of
Health). The data were derived from three independent experiments. The
scale bars represent 10 �m.
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of the PRC1 complex has at least one paralogue (10), and many
of these paralogues have been shown to recruit to sites of laser
microirradiation-induced strand breaks (27). Consequently, we
applied this drug to determine which of the observed signaling
and repair defects observed in knockdown and knock-out
experiments could be replicated upon transient inhibition of
PRC1. Using this approach, we could show complete inhibition
of ubiquitylation of phosphorylated H2AX, reflecting ubiquity-
lation taking place near DSBs, if we added the drug at the time
of irradiation and then measured ubiquitylation 10 min later.
This illustrates that we could effectively inhibit the ubiquityla-
tion of H2A that takes place upon DNA damage.
Employing this transient inhibition of PRC1-mediated H2A

ubiquitylation, we were able to replicate several observations
made previously using knockdown and knock-out strategies.
We found that two of the best characterized ubiquitin-depen-
dent proteins, BRCA1 and 53BP1, failed to be retained in IRIF
in cells treated with PRT4165. We also observed the inhibition
of H2A ubiquitylation within the phosphorylated histone
H2AX pool associated with the DSBs, as expected. In addition,
we confirm that PRC1 is required for the inhibition of tran-
scription near sites of DSBs, as reported previously in BMI1
knock-out mouse embryonic fibroblasts (17).
The inhibition of ubiquitylation at DSBs in the presence of

PRT4165 is remarkably robust. Not only is H2A/H2AX ubiqui-
tylation inhibited, the accumulation of K63-linked polyubiqui-
tin chains is also inhibited. When using drugs in micromolar
concentrations and above, it is expected that there will be off-
target effects, and we do not know at this point what other E3
ubiquitin ligases or other classes of enzymes may be inhibited
by this drug. K63-linked polyubiquitylation is known to require
two E3 ubiquitin ligases. RNF8 is recruited by binding to phos-
phorylated MDC1 and is thought to initiate the ubiquitylation
cascade (reviewed in Ref. 31). RNF168 is recruited by binding to
the ubiquitin deposited by RNF8 and is required for the ampli-
fication K63-linked polyubiquitin signaling at DSBs (reviewed
in Ref. 32). Consequently, we tested these two enzymes for
potential inhibition by PRC1. Neither enzyme was significantly
inhibited at the concentrations used in this study. Moreover,
RNF8 was efficiently retained in IRIF. We would therefore
expect that if the established pathway is correct, RNF8 should
be able to recruit RNF168 to IRIFs and K63-linked polyubiqui-
tin chains should be formed.We do not see this. The least likely
explanation for this result is that PRT4165 directly inhibits
RNF8 in cells despite having little activity toward RNF8 in vitro.
With respect to H2A/H2AX ubiquitylation upon DSB for-

mation, it was recently shown that despite the robust H2A
ubiquitylation activity of RNF8 using purified H2A, RNF8
could not ubiquitylate H2A when H2A was reconstituted into
nucleosomes (2). These experiments identified a previously
unknown ubiquitylation site in the N terminus of H2A, lysine
13 or 15, that was monoubiquitylated by RNF168 and then
extended by RNF8 into polyubiquitin chains (2). It is also
unlikely that PRT4165 inhibits K63-linked polyubiquitin chain
formation through the direct inhibition of RNF168 in cells. It is
more likely that there is at least one upstream component that
is required for the initiation of this pathway, and this upstream
activity is inhibited by PRT4165.

It is possible thatPRT4165 inhibits anunknownupstreamcom-
ponent of this signaling pathway other than PRC1. The simplest
explanation, however, is thatPRC1-mediatedmonoubiquitylation
is required for K63-linked polyubiquitin chain extension. If that
target ishistoneH2A/H2AX, thereare twopossibilities.The first is
that PRC1-mediated ubiquitylation of the H2A C terminus is
required for RNF168-mediated ubiquitylation of the H2A N ter-
minus, which is then used as the substrate for K63-linked chain
formation. A second possibility is that RNF168-mediatedmonou-
biquitylation of H2A in the N terminus requires RNF8-mediated
ubiquitylation torecruitRNF168to thesiteof theDSB. In thiscase,
PRC1, rather than RNF168, initiates the signaling through the
monoubiquitylation of the C terminus. RNF8 then extends this
ubiquitin into chains sufficiently long to recruit RNF168,which, in
turn,monoubiquitylatesH2A/H2AXat lysine 15. Consistentwith
this interpretation, lysine 15 monoubiquitylation was recently
shown to be required for 53BP1 retention in IRIF (20). Durocher
and co-workers (20) argue that RNF8-mediated generation of
K63-linked polyubiquitin chains serves to recruit RNF168, which
thenmonoubiquitylates H2A/H2AX on lysine 15.
We favor the explanation that PRC1 is required to initiate the

ubiquitylation by forming monoubiquitylated substrate, which
need not be histone H2A, but which is required for RNF8/
UBC13 to extend into K63-linked polyubiquitin chains. We
have ruled out that there is an unknown target of PRT4165 that
inhibits the phosphorylation-dependent recruitment of RNF8,
but it remains possible that another activity or an E3 ubiquitin
ligase other than PRC1 is required for the initiation of the
RNF8-dependent K63-linked polyubiquitin chain formation.
Whether or not the sole DDR-related target of PRT4165 is

PRC1, PRT4165 should prove to be a very useful drug for study-
ing theDNAdamage response because it appears to only inhibit
the ubiquitylation-dependent signaling that is taking place at
DSBs. The ATM and related kinases responsible for the phos-
phorylation signaling cascade appear to be fully operative. The
only other known class of drugs that is able to achieve this is the
proteosome inhibitors, which inhibit ubiquitylation by sequester-
ing ubiquitin in polyubiquitylated proteins targeted for degrada-
tion. Because this is a very indirectway of inhibiting ubiquitylation
signaling at DSBs, PRT4165 may provide a better alternative for
chemical inhibition of ubiquitin signaling at DSBs.
In conclusion, we have shown that PRT4165 can be used to

rapidly inhibit ongoing histone H2A ubiquitylation in cells.
This drug represents the first chemical inhibitor that is avail-
able to inhibit the PRC1 E3 ubiquitin ligase and should provide
an important tool for gene expression studies. We also show
that PRT4165 can be used to inhibit ubiquitylation signaling
taking place at DSBs while not impairing the phosphorylation
of histone H2AX and the assembly of ubiquitin-independent
components of IRIF.
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