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Oxidative stress is a ubiquitous threat to all aerobic organisms and
has been implicated in numerous pathological conditions such as
cancer. Here we demonstrate a pivotal role for E2F1, a cell cycle
regulatory transcription factor, in cell tolerance of oxidative stress.
Cells lacking E2F1 are hypersensitive to oxidative stress due to the
defects in cell cycle arrest. Oxidative stress inhibits E2F1 transcrip-
tional activity, independent of changes in association with Rb and
without decreasing its DNA-binding activity. Upon oxidative insult,
SUMO2 is extensively conjugated to E2F1 mainly at lysine 266 res-
idue, which specifically modulates E2F1 transcriptional activity to
enhance cell cycle arrest for cell survival. We identify SENP3, a desu-
moylating enzyme, as an E2F1-interacting partner. Oxidative stress
inhibits the interaction between E2F1 and SENP3, which leads to
accumulation of sumoylated E2F1. SENP3-deficient cells exhibit
hypersumoylation of E2F1 and are resistant to oxidative insult. High
levels of SENP3 in breast cancer are associated with elevated levels
of E2F targets, high tumor grade, and poor survival. Given the prev-
alence of elevated levels of SENP3 across numerous cancer types,
the SENP3-E2F1 axis may serve as an avenue for therapeutic inter-
vention in cancer.
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Cell division is a tightly coordinated process between progrowth
stimuli, responding signaling pathways, and downstream ef-

fectors that execute the proliferative program. One event that
must occur for successful cell division is the precise replication of
chromatin. Many components required for replication have their
expression tightly linked to the cell cycle to coordinate replication
only when cells have sufficient energy and macromolecule re-
sources to complete mitosis. One part of the regulatory network
involved is the E2F protein family, which consists of eight mem-
bers that are key transcriptional regulators of cell cycle progres-
sion and cell proliferation (1). E2F1-3 have a canonical role in
promoting G1- and S-phase progression, and are inhibited by the
pocket family proteins (Rb, p130, and p107) in quiescent cells (2).
With integral functions in promoting cell proliferation, it is

unsurprising that the E2F/Rb has long been implicated in cancer,
even serving as the original impetus for the “two-hit hypothesis”
(3). Alterations in the pathway take various forms, but it has been
found to be deregulated across most, if not all, tumor types (4, 5).
With a less restricted transcriptional growth program in place,
E2F/Rb-altered cells are poised for a more drastic proliferative
phenotype after subsequent ensuing “hits” such as protooncogene
activation.
Cancer cells have long been observed to generate high levels

of hydrogen peroxide and other reactive oxygen species (6).
While the aberrant activation of a single oncogene in quiescent
cells can itself enhance the formation of reactive oxygen species,
there are many other contributing factors (7, 8). Cells produce
ATP through oxidative phosphorylation, a pathway that can in-
herently generate reactive oxygen species due to oxygen’s role as
the terminal electron acceptor in the electron transport chain.
Oxidative stress can enhance genome instability and lead to a
subsequent enhancement of mutation rate and tumor progression

(9). In addition to playing an established role in promoting cell
growth, E2F1 has been shown to play an important role in regu-
lating the expression of oxidative phosphorylation genes (10).
With E2F1 playing a role in oxidative phosphorylation, as well as
the high incidence of alterations in the E2F/Rb pathway in cancer,
we sought out to investigate what role, if any, E2F1 has in cells
responding to oxidative stress.
Here we establish that E2F1 plays a critical role in facilitating

cell survival after oxidative stress by enhancing cell cycle arrest at
the G1/S-phase checkpoint. Cell cycle arrest coincides with re-
pression of E2F1 transcriptional activity and the accumulation of
highly modified species determined to be the extensive addition
of SUMO2 to E2F1. Furthermore, E2F1’s function in tran-
scriptional modulation and enhancing cell viability after oxida-
tive insult requires the SUMO2 acceptor site on E2F1.
Conjugation status of SUMO2 on E2F1 is regulated in part by
the desumoylating enzyme SENP3, that when deleted, results in
hypersumoylation on E2F1 as well as enhanced cell resistance to
oxidative stress. These results suggest a mechanism by which cells
can respond to oxidative stress by directly altering the pro-
liferative transcriptional program to enhance cell cycle arrest and
subsequently grant cells additional time to respond to oxidative
insult before resuming growth.
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Results
E2F1 Facilitates Cell Survival upon Oxidative Stress. To first in-
vestigate how E2F1 functions in response to oxidative stress, we
treated wild type or e2f1-null primary mouse embryonic fibro-
blasts (MEFs) (11, 12) with t-butyl hydroperoxide (t-BuOOH)
and assessed cell viability via 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Interestingly, e2f1-
null primary MEFs were hypersensitive to t-BuOOH when
compared to wild-type (WT) MEFs (Fig. 1A). E2F1 status in the
primary MEFs was validated using qRT-PCR (SI Appendix, Fig.
S1A). We sought to confirm these findings in CRISPR-Cas9-
generated E2F1-knockout (KO) U2OS cells. Similar to the

primary MEFs, E2F1-null U2OS cells (sgE2F1 and sgE2F1 #2,
representing two different clones) exhibited diminished cell vi-
ability after oxidative stress insult when compared to the wild-
type vector control for both hydrogen peroxide (Fig. 1B) and
t-BuOOH (SI Appendix, Fig. S1B). We also wanted to assess if
this phenomenon could impact clonogenic efficiency after insult
with hydrogen peroxide. Indeed, E2F1-null cells formed fewer
colonies compared to vector control, indicating hypersensitivity
to oxidative stress (Fig. 1C). Finally, using calcein-AM and
propidium iodide costaining, we determined that E2F1-null cells
have a higher proportion of dead cells after treatment with
hydrogen peroxide (Fig. 1D).

A B

C D

E

F

G

Fig. 1. E2F1-deficient cells are hypersensitive to oxidative stress. (A) Cell viability of primary MEFs after 24 h t-BuOOH treatment at indicated concentrations
as determined via MTT assay. Each cell line is normalized to respective untreated signal. Error bars represent mean ± SD (n ≥ 3). **P < 0.005, ***P < 5 × 10−6.
(B) Cell viability of two E2F1-knockout U2OS cell lines, sgE2F1 and sgE2F1 #2, after 24 h H2O2 treatment at indicated concentrations as determined by MTT
assay. Each cell line is normalized to respective untreated signal. A Western blot for E2F1 demonstrates knockout status. Error bars represent mean ± SD (n ≥
3). **P < 0.05, ***P < 5 × 10−6. (C) Colony formation assay with representative images shown in sgE2F1 #2 cells after initial 24 h H2O2 treatment, followed by
normal growth media. Error bars represent mean ± SD (n = 3). *P < 0.05. (D) Quantification of cell death in sgE2F1 cells after 24 h H2O2 treatment as de-
termined by flow cytometry of calcein-AM and propidium iodide (PI) double-stained samples. Error bars represent mean ± SD (n = 3). *P < 0.05, **P < 0.005.
(E) Caspase-3/7 activity in sgE2F1 cells after 8 h of 100 μM t-BuOOH treatment. (n = 3). **P < 0.005. (F) PARP1 expression in sgE2F1 cells after 8 h of 100 μM
t-BuOOH treatment. Ratio is quantification of cleaved band divided by full-length band. (G) Expression of cell cycle inhibitors in sgE2F1 cells after 4 h of 100
μM t-BuOOH treatment. IB: immunoblotting for all relevant panels.
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With an observed hypersensitivity to exogenous peroxides, we
wanted to further explore what cellular mechanisms could be
contributing to enhanced cell death in E2F1-deficient cells.
Firstly, we wanted to determine if the observed cell death was
through apoptosis. To first address this, we performed a Cas-
pase-3/7 activity assay and determined that indeed there is en-
hanced Caspase-3/7 activity in E2F1-null cells when compared to
the wild-type vector control (Fig. 1E). Additionally, we observed
enhanced PARP1 cleavage in E2F1-null cells, a late stage
marker for activated caspases during apoptosis (Fig. 1F). These
data suggest that the observed oxidative stress-induced cell death
in E2F1-null cells is through an induction of apoptosis.
With E2F1 having a role in the regulation of autophagy

(13–15) and mitophagy (16, 17), we also tested whether the
autophagy/mitophagy activation after oxidative stress is per-
turbed in E2F1-null cells. To examine this, we compared the
expression of autophagy/mitophagy markers. While E2F1-null
cells had a slightly higher level of basal autophagy/mitophagy,
which is consistent with prior reports (15, 16), we observed no
clear difference in the activation of autophagy/mitophagy after
t-BuOOH treatment between two wild-type vector control
clones, and two E2F1-null clones (SI Appendix, Fig. S2). We
further examined the extent of p53 activation and observed no
appreciable difference depending on E2F1 status. Interestingly,
there was a marked reduction in p27Kip1 between the two E2F1-
null clones when compared to wild-type vector controls
(Fig. 1G). p27Kip1 is a key cell cycle inhibitor and also plays an
active antiapoptotic role in some contexts (18–21). Taken to-
gether, these findings suggest a role for E2F1 in facilitating cell
survival after oxidative stress insult.

E2F1 Potentiates Oxidative Stress-Induced G1/S-Phase Cell Cycle
Arrest. With E2F1 having a canonical role in regulating cell cy-
cle progression, as well as the observed difference in p27Kip1

expression, we postulated that its function in regulating the cell
cycle could be linked to the hypersensitivity of E2F1-null cells to
oxidative stress. After treating cells for 24 h with hydrogen
peroxide, E2F1-knockout cells had significantly less cells in the
G1 fraction (Fig. 2 A and B). To further explore this finding we
used CDK1 inhibitor RO-3306 to synchronize cells in G2/M
phase, followed by release and subsequent treatment with hy-
drogen peroxide once cells were in G1 phase. Progression into S
phase was then monitored 9 h after treatment across multiple
concentrations of hydrogen peroxide. Interestingly, hydrogen
peroxide-treated sgVector control cells retained a higher pro-
portion of cells in G1 phase than E2F1-knockout cells, especially
at higher doses of treatment (Fig. 2C). We believe this difference
is due to a difference in the duration of G1/S-phase cell cycle
arrest after cellular insult from oxidative stress. We further ex-
plored this idea with an additional cell cycle synchronization
experimental design (SI Appendix, Fig. S3A), in which G1-phase
cells were treated with t-BuOOH and then harvested at different
time points after treatment. In this setting, sgVector cells had an
obvious delay in G1/S-phase progression caused by t-BuOOH
treatment as anticipated, but there was no appreciable delay in
the G1/S progression of sgE2F1 cells after t-BuOOH treatment
(SI Appendix, Fig. S3B).
To confirm that this phenomenon is indeed E2F1 dependent,

we rescued E2F1 expression in the E2F1-null cells with a Cas9-
resistant WT E2F1 construct. By treating asynchronous cells with
t-BuOOH and assaying the cell cycle profiles at multiple time
points, we were able to observe a synchronization phenomenon
resulting from the transient cell cycle arrest and release in re-
sponse to oxidative stress. The appearance of this synchronized
population is evident at 8 h after treatment for the empty vector
sgE2F1 cells, while those rescued with WT E2F1 exhibited an
additional delay in progression (Fig. 2D). These data are con-
sistent with the idea that E2F1 is responsible for prolonging

oxidative stress-induced cell cycle arrest. Lastly, to reinforce
this idea, we assayed E2F1-null cells for changes in BrdU in-
corporation after t-BuOOH treatment. Indeed, t-BuOOH
treatment failed to inhibit bromodeoxyuridine (BrdU) in-
corporation in sgE2F1 cells to the same extent as in the E2F1-
proficient sgVector cells (Fig. 2E). Taken together, these data
indicate that E2F1 plays an important role in enhancing oxi-
dative stress-mediated cell cycle arrest.

E2F1 Transcriptional Activity Is Repressed by Oxidative Stress while
Its Interaction with Rb Is Not Altered and It Remains Bound to
Chromatin. In light of E2F1 playing a key role in facilitating cell
cycle arrest after oxidative stress insult, we sought to investigate
if changes to E2F1 transcriptional activity could be contributing
to this phenomenon. To first address this possibility, we utilized a
DNA polymerase α promoter-luciferase reporter assay to eval-
uate E2F1 transcriptional activity (11) in U2OS cells. Strikingly,
E2F1 transcriptional activity was inhibited following exposure to
t-BuOOH, independent of changes in E2F1 protein level
(Fig. 3A). Similar results were also observed with two other E2F1
activity reporter assays, p14/ARF promoter (11) and Caspase-7
promoter (22) luciferase reporter assays (Fig. 3 B and C, re-
spectively). These data showed that E2F1 transcriptional activity
can be modulated by oxidative stress.
With the observed repression of E2F1 transcriptional activity by

oxidative stress, we postulated that changes in binding to Rb, a
canonical transcriptional repressor of E2F1, occurs after exposure
to t-BuOOH. Surprisingly, there was no appreciable change in the
amount of Rb coimmunoprecipitated (CoIP) with E2F1 after
t-BuOOH treatment (Fig. 3D). In light of this finding, we next
wanted to determine if E2F1 actually bound to chromatin under
t-BuOOH conditions. Utilizing chromatin immunoprecipitation
(ChIP) of E2F1 we observed no appreciable change in the level of
E2F1 at its own promoter after t-BuOOH treatment (Fig. 3E).
Concurrent with E2F1 remaining bound to its promoter, we ob-
served marked transcriptional down-regulation of E2F1 expression
(SI Appendix, Fig. S4A). Moreover, we also determined that E2F1
still tightly associated with the p14/ARF, CASP7, and POLA2
promoters after oxidative insult, and its binding to CASP7 and
POLA2 promoters actually increased at 7 h after t-BuOOH
treatment (SI Appendix, Fig. S4B), suggesting a process of active
repression. Interestingly, at 7 h after t-BuOOH treatment, we ob-
served the formation of a high molecular weight species that was
suspected to be E2F1 related (Fig. 3 E, Right). Upon examining
exogenous E2F1 after t-BuOOH treatment, we also observed a
strong induction of highly modified E2F1 species (Fig. 3F). With
the observed t-BuOOH-mediated transcriptional repression of
E2F1 while still binding chromatin, we decided to investigate the
identity of this modification and any role it may play in regulating
E2F1 transcriptional activity.

E2F1 Is Hypermodified by SUMO2 during Oxidative Stress, Resulting in
Inhibition of Its Transcriptional Activity. When considering what
possible posttranslational modifications could be responsible for
regulating E2F1 transcriptional activity as well as adding extensive
molecular weight, sumoylation was of particular interest (23). As
such, we decided to investigate if E2F1 sumoylation could be al-
tered by oxidative stress. To first investigate this possibility, we
utilized a sumoylation assay consisting of transient concurrent
overexpression of E2F1 and His/HA-tagged SUMO1 or SUMO2
in HEK 293T cells that were subsequently treated with t-BuOOH.
Sumoylated proteins were then isolated from the lysate using
denaturing nickel-nitrilotriacetic acid (Ni-NTA) affinity purifica-
tion, allowing the specific interrogation of E2F1 sumoylation
status via a simple Western blot. Much to our surprise, SUMO2,
but not SUMO1, conjugation of E2F1 was very strongly induced
by t-BuOOH treatment (Fig. 4A). We also performed a sumoy-
lation assay with various doses of hydrogen peroxide to confirm
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that the hypersumoylation was not specific to t-BuOOH (SI Ap-
pendix, Fig. S5). To verify that the observed signal was E2F1 highly
modified by SUMO2, we repeated the sumoylation assay with
concurrent overexpression of the sole known E2 conjugating en-
zyme for sumoylation, Ubc9. When overexpressing Ubc9 alone,
we observed a similar pattern of highly modified E2F1 (Fig. 4B).
Next, we wanted to investigate if changing the extent of E2F1
sumoylation via Ubc9 overexpression could impact E2F1 tran-
scriptional activity. Indeed, overexpression of Ubc9 inhibited
E2F1 transcriptional activity as determined by luciferase tran-
scriptional reporter assay (Fig. 4C). To further investigate the role
of sumoylation in regulating E2F1 activity, we set out to determine
which lysine on E2F1 serves as the SUMO2 acceptor site. Pre-
viously, K266 has been identified as the SUMO1 acceptor site, and
as such created a K266R mutant to determine what role this lysine
plays in SUMO2 addition to E2F1 (23). A sumoylation assay with

WT and K266R E2F1 revealed that mutating K266 alone blocks
the majority of SUMO2 conjugation to E2F1 (Fig. 4D). Based on
this observation, we believe that K266 serves as the primary ac-
ceptor lysine for SUMO2 addition to E2F1.

Lysine-266 Residue Is Required for E2F1 to Modulate Transcriptional
Activity and Facilitate Cell Survival after Oxidative Stress Insult. Since
SUMO2 conjugation to E2F1 is induced by oxidative stress, and
Ubc9 overexpression inhibits E2F1 transcriptional activity, we
sought to further examine the role of sumoylation in enabling
E2F1 to perform its cellular functions in response to oxidative
stress. Interestingly, t-BuOOH treatment is able to inhibit the
transcriptional activity of WT but not K266R E2F1 (Fig. 5A).
With an apparent role in regulating E2F1 activity, we postulated
that sumoylated E2F1 would be associated with chromatin. To test
this hypothesis, we performed detergent-resistant fractionation
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Fig. 2. E2F1-deficient cells show less efficient cell cycle arrest than WT controls in response to oxidative stress. (A) Overlay of representative cell cycle profiles
after 24 h of H2O2 treatment (untreated, 60 μM, and 90 μM). The y axis scaling between treated sgVector and sgE2F1 #2 samples is identical. (B) Quantification
of the percentage of cells in G1 phase of the cell cycle after 24 h of H2O2 treatment. Error bars represent mean ± SD (n = 3). **P < 0.005; N.S., not significant.
(C) sgVector or sgE2F1 #2 cells were synchronized for 24 h with CDK1 inhibitor and subsequently released. The 0 h timepoint corresponds to the cell cycle
status at time of release, while the 12 h timepoint corresponds to cell cycle status at time of t-BuOOH treatment. After t-BuOOH addition, cells were allowed
to progress for 9 h prior to harvesting and assessing cell cycle progression. Percentage values shown are for amounts of cells in G1 phase. Scaling between 21 h
sgVector and sgE2F1 #2 cells is identical. (D) sgE2F1 cells were stably rescued with an empty vector or WT E2F1, and subsequently treated with t-BuOOH. Cells
were harvested at indicated timepoints and analyzed for cell cycle distribution. Percentage values shown are for the amounts of cells in G1 phase. A Western
blot was performed to verify rescue of E2F1 expression, IB: immunoblotting. (E) BrdU incorporation assay in sgVector or sgE2F1 cells. Cells were treated with
t-BuOOH for 2 h prior to the addition of BrdU for 2 additional hours. Samples were analyzed with flow cytometry, and values for each cell line were nor-
malized to the percentage of BrdU-positive cells for the respective untreated samples. Error bars represent mean ± SD (n = 3). *P < 0.05.
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with cells overexpressing WT or K266R E2F1. Upon t-BuOOH
treatment, hypermodified species of E2F1 were formed more ex-
tensively for WT than K266R and associated with fractions 3 and 4,
suggesting a tight association to chromatin (Fig. 5B). Based on the
observed high-molecular-weight E2F1 species tightly associated
with chromatin, we wanted to investigate how E2F1 could con-
tribute to transcriptional changes after oxidative stress. Previous
work has identified CBX4 (Pc2) as the E3 ligase for SUMO1 ad-
dition to E2F1, and given its known function in the epigenetic
regulatory polycomb repressor complex, we postulated that epige-
netic changes could be occurring under the context of oxidative
stress response (23, 24). Chromatin immunoprecipitation was per-
formed in U2OS cells with and without t-BuOOH treatment, and it
was determined that indeed there was no change in E2F1 binding to
the E2F1 promoter. However, SUMO2/3, CBX4, and H3K27me3,
a marker of polycomb repressive complex 2 (PRC2) activity, were
all enriched by t-BuOOH treatment (Fig. 5C) (25). These data
suggest that there are indeed alterations in epigenetic regulation at
an E2F1-responsive promoter after oxidative stress insult.
Next, we sought to investigate what role E2F1 plays in

transcriptional regulation of its target genes in response to
oxidative stress. To assess dynamic changes in target gene ex-
pression in response to rapid changes in transcriptional activity,
we specifically assayed primary transcript levels and validated

primer pairs by requiring them to exhibit reduction in product
when treated with Triptolide, a potent RNA polmerase in-
hibitor (SI Appendix, Fig. S6) (26). Via RT-qPCR of primary
transcripts of E2F1 targets in sgVector or sgE2F1 cells, we
found that after t-BuOOH treatment, sgVector cells exhibited
no change for TopBP1 and FOXM1, and down-regulation for
Cdc6 and Skp2, while sgE2F1 cells instead had an induction in
primary transcripts for TopBP1, Cdc6, FOXM1, and Skp2
(Fig. 5D). With apparent differences in cell cycle arrest after
oxidative stress insult, we also examined primary transcript
levels for canonical cell cycle inhibitors CDKN1A and
CDKN1B. After 1 h of t-BuOOH treatment, sgVector cells
showed up-regulated expression of CDKN1A and CDKN1B,
while sgE2F1 cells failed in this immediate response (Fig. 5E). In
summary, these data suggest that there are dynamic, E2F1-
dependent changes in expression of E2F1 target genes as a re-
sult of oxidative stress insult that could facilitate the observed
potentiation of cell cycle arrest.
To further examine the function of K266 in E2F1-mediated

cellular oxidative stress response, we established sgE2F1 cells
stably expressing WT or K266R E2F1. When treated with
t-BuOOH, WT but not K266R E2F1 was able to inhibit the
expression of its proliferation-related target genes. Additionally,
the expression of cell cycle inhibitors CDKN1A and CDKN1B

A B C D

E F

Fig. 3. E2F1 transcriptional activity is altered by oxidative stress, which is independent of changes in association with Rb or chromatin. (A) U2OS cells were
transiently transfected with a DNA polymerase-α promoter luciferase reporter and cytomegalovirus (CMV)-β-galactosidase, as well as E2F1 or an empty vector.
Forty-eight hours after transfection, cells were subjected to 500 μM t-BuOOH, and harvested at indicated timepoints. Luciferase signal was normalized to
internal β-galactosidase activity. Samples were additionally processed for Western blot analysis to validate E2F1 expression. Error bars represent mean ± SD
(n = 3). Not significant, N.S., **P < 0.005. (B) E2F1 transcriptional activity assayed by a p14/ARF promoter luciferase reporter in U2OS cells overexpressing HA-
E2F1, with or without 6 h of 500 μM t-BuOOH treatment. Luciferase signal was normalized to internal β-galactosidase activity. Error bars represent mean ± SD
(n = 3). **P < 0.005. (C) E2F1 transcriptional activity assayed by a Caspase-7 promoter luciferase reporter in U2OS cells overexpressing HA-E2F1, with or
without 6 h of 500 μM t-BuOOH treatment. Luciferase signal was normalized to internal β-galactosidase activity. Error bars represent mean ± SD (n = 3). **P <
0.005. (D) Coimmunoprecipitation of endogenous Rb with E2F1 in U2OS cells with or without t-BuOOH treatment. (E) Percentage of the E2F1 promoter
bound by E2F1 as determined by chromatin-immunoprecipitation of E2F1 under varying lengths of t-BuOOH treatment in U2OS cells (Left) with a corre-
sponding Western blot for E2F1 expression (Right). *: nonspecific bands. (F) Transient overexpression of HA-E2F1 in HEK 293T cells reveals the formation of
extensively modified forms of E2F1 after t-BuOOH treatment. IB: immunoblotting for all panels.
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were up-regulated only in the presence of WT E2F1 (Fig. 5F).
These data suggest that K266 is required for E2F1 to modulate
expression of its target genes after oxidative stress insult. To
further investigate whether sumoylated E2F1 directly trans-
activates CDKN1A and CDKN1B upon oxidative stress, we per-
formed ChIP of E2F1 in the sgE2F1 cells rescued with WT or
K266R E2F1. Strikingly, both WT and K266R E2F1 were able to
bind the CDKN1A and CDKN1B promoters under growing
conditions; however, after t-BuOOH treatment, K266R E2F1
was deficient in remaining bound while WT E2F1 was signifi-
cantly enriched (Fig. 5G). These data suggest that E2F1 is likely
playing a direct role in transcriptionally regulating CDKN1A and
CDKN1B in response to oxidative stress insult. More broadly,
K266 is required for E2F1 to transcriptionally regulate both
proliferative and cell cycle inhibitor target genes in response to
oxidative stress.
With the observed deficiency of K266R E2F1 to rescue the

transcriptional regulation after oxidative stress that WT E2F1
performs, we wanted to further examine what impact this would
convey on cell survival. Before additional characterization of
the rescue sgE2F1 cells, we verified that there was no signifi-
cant difference in the basal cell cycle profile between sgE2F1
cells rescued with WT or K266R E2F1 (SI Appendix, Fig. S7).
We further utilized this cell system to determine if K266 resi-
due is also required for E2F1 to enhance cell survival after
oxidative stress. After hydrogen peroxide treatment, cells res-
cued with WT but not K266R E2F1 survived to the same extent
as sgVector control cells (Fig. 5H). In fact, K266R re-
constitution rendered E2F1-KO cells more sensitive to oxida-
tive stress, which is probably because its proapoptotic activity
was not repressed. Furthermore, WT but not K266R E2F1 was
able to enhance the clonogenic ability of sgE2F1 cells after
exposure to hydrogen peroxide (Fig. 5I). Taken together, these
data demonstrate that K266 is necessary for E2F1 to modulate

expression of its target genes and promote cell survival under
oxidative stress conditions.

SENP3 Regulates SUMO2 Conjugation to E2F1.With the up-regulation
of SUMO2 conjugation to E2F1 after oxidative stress insult, and
the necessity of SUMO acceptor lysine-266 in preserving proper
transcriptional regulation and cell survival functions, we wanted to
investigate how SUMO2 conjugation of E2F1 is regulated. To this
end, we performed CoIP-mass spectrometry of overexpressed
E2F1 in HEK 293T cells to elucidate any potential SUMO-related
E2F1 interacting partners. One potential binding partner of note
was the desumoylating enzyme SENP3, which is known to be
regulated by oxidative stress and removes SUMO2/3 conjugates
from substrates (27, 28). To validate binding between SENP3 and
E2F1, coimmunoprecipitation of both exogenous (Fig. 6A) and
endogenous (Fig. 6B) proteins were performed. SENP3 interacted
with E2F1 in both experimental designs, and endogenous protein
binding was inhibited by t-BuOOH treatment.
Having confirmed SENP3-E2F1 binding, we sought to in-

vestigate if SENP3 can modulate the levels of SUMO conjugates
on E2F1. A sumoylation assay was performed in cells co-
overexpressing E2F1, SUMO1, or SUMO2, and either WT or
catalytic mutant C532A SENP3. Strikingly, SENP3 only modu-
lated SUMO2, but not SUMO1 conjugation of E2F1 (Fig. 6C).
Moreover, C532A SENP3 failed to reduce SUMO2-E2F1 conju-
gates (SI Appendix, Fig. S8), suggesting that SENP3 has catalytic
activity specifically toward SUMO2 linkages on E2F1. When
performing the SUMO2 sumoylation assay in cells lacking SENP3
(sgSENP3), there was an accumulation in the levels of SUMO2-
conjugated E2F1 (Fig. 6D), further supporting a role for SENP3 in
regulating E2F1 sumoylation. With SENP3 deficiency enhancing
the levels of E2F1-SUMO2 conjugates independent of oxidative
stress, we wanted to determine if SENP3 deficiency changes cell
sensitivity to hydrogen peroxide. All four sgSENP3 clones assayed
for cell viability exhibited resistance to hydrogen peroxide when

A B

C D

Fig. 4. Oxidative stress induces hyperconjugation of SUMO2 to E2F1 at K266 residue. (A) Nickel pulldown of cell lysate from t-BuOOH-treated HEK 293T cells
cotransfected with E2F1 and His-SUMO1 (Left) or His-SUMO2 (Right). Cells were treated with t-BuOOH (500 μM) for the indicated duration. (B) Nickel
pulldown of HEK 293T cells co-overexpressing E2F1 and His-SUMO2, with or without HA-Ubc9. (C) p14/ARF-luciferase reporter assay in H1299 cells assessing
transcriptional activity of overexpressed E2F1 in the presence of Ubc9 co-overexpression. Error bars represent mean ± SD (n = 3). **P < 0.005. (D) Nickel
pulldown of WT and K266R E2F1 with t-BuOOH treatment in HEK 293T cells. IB: immunoblotting for all panels.
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compared to sgVector controls (Fig. 6E). Collectively, SENP3 is
an E2F1 interacting partner that functions to maintain lower levels
of SUMO2-conjugated E2F1. Oxidative stress is able to inhibit
this interaction, and cells lacking SENP3 exhibit hypersumoylation
of E2F1 and resistance to oxidative stress.

Elevated SENP3 Levels Are Associated with Poorer Patient Outcomes.
With SENP3 playing a clear role of maintaining E2F1 in a
hyposumoylated state under normal growing conditions, we
wanted to investigate if changes to endogenous E2F1 sumoyla-
tion could be observed in SENP3-knockout cells. To address this,

A B C

F

H I

ED

G

Fig. 5. K266R fails to modulate E2F1 transcriptional activity or enhance cell viability in response to oxidative stress. (A) U2OS cells transfected with WT or
K266R E2F1 were assayed for transcriptional activity after t-BuOOH treatment using a p14/ARF reporter luciferase construct. Error bars represent mean ± SD,
normalized to internal β-galactosidase activity and E2F1 protein level (n = 3). *P < 0.05. (B) Detergent-resistant chromatin fractionation of U2OS cells
overexpressing WT or K266R E2F1 (Left) and whole cell lysate and quantification of fractionation (Right). t-BuOOH treatment was given for 6 h at 500 μM
prior to harvesting. (C) Chromatin-immunoprecipitation with indicated antibodies of lysate from U2OS cells with or without t-BuOOH treatment (500 μM, 3
h). Data shown are E2F1 promoter enrichment, normalized to respective gene desert signal. Error bars represent mean ± SD (n = 3). **P < 0.005. (D) Primary
transcript analysis of proliferation-related target genes in sgVector or sgE2F1 cells harvested after 2 h of t-BuOOH treatment (100 μM). Error bars represent
mean ± SD (n ≥ 2). **P < 0.005. (E) Primary transcript analysis of cell cycle inhibitors in sgVector or sgE2F1 cells were after 0 h, 1 h, and 2 h of t-BuOOH
treatment (100 μM). Error bars represent mean ± SD (n ≥ 2). **P < 0.005. (F) Primary transcript analysis in untreated or t-BuOOH-treated (100 μM, 1 h) sgE2F1
cells stably rescued with an empty vector, WT, or K266R E2F1. Error bars represent mean ± SD (n ≥ 2). Not significant, N.S., *P < 0.05, **P < 0.005. (G)
Chromatin-immunoprecipitation of E2F1 in sgE2F1 cells stably rescued with an empty, WT, or K266R E2F1 vector. Cells were untreated or exposed to 100 μM
t-BuOOH for 1 h prior to harvesting. Error bar represent mean ± SD (n ≥ 3). *P < 0.05, **P < 0.005. (H) MTT viability assay after hydrogen peroxide treatment
(16 h) in sgVector cells stably expressing an empty vector, and sgE2F1 cells stably rescued with an empty, WT, or K266R E2F1 vector. Error bars represent mean
± SD (n ≥ 3). Not significant, N.S., *P < 0.05. (I) Colony formation assay in sgE2F1 cells stably expressing an empty, WT, or K266R E2F1 vector. Error bars
represent mean ± SD (n = 3). *P < 0.05. IB: immunobloting for all relevant panels.
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we leveraged the sensitivity of proximity ligation assay (PLA) as a
tool to detect and amplify otherwise low-abundance instances.
Strikingly, far more PLA foci are observed in sgSENP3 cells
when compared to sgVector control cells (Fig. 7A). When
quantifying the foci per cell as means to quantify the extent to
which E2F1 sumoylation is present, it is clear that sgSENP3 cells
are markedly enriched in the number of foci compared to
sgVector control (Fig. 7B). These data suggest that changes in
SENP3 level are able to greatly impact the extent to which E2F1
is sumoylated in response to endogenous oxidative stress in the
context of growing cells.
Having determined that SENP3 levels regulate the abundance

of endogenous E2F1 sumoylation, we next wanted to investigate
how SENP3 levels could differ between normal and cancerous
breast tissue. When comparing four patient-matched, normal,
and tumor samples it is clear that all four tumors assayed have
elevated levels of SENP3 compared to the normal tissue
(Fig. 7C). We then examined SENP3 protein levels by Western
blot analysis in 30 primary breast tumors from a cohort of ano-
nymized breast cancer patients for whom we have collected their
clinical outcomes and the expression of TopBP1, an E2F1 target,
in our prior studies (29, 30). Based on their relative SENP3
levels, these samples were assigned into either high or low
SENP3 expression groups (SI Appendix, Table S1). Interestingly,
high SENP3 levels correlate with a higher expression of TopBP1,
a key proliferative transcriptional target of E2F1 (Fig. 7D) (31,

32). We further mined two breast cancer proteomic datasets (33,
34). Indeed, the proteins that coexpress with SENP3 protein are
highly enriched for E2F target genes in both datasets examined
(Fig. 7 E and F). Additionally, high SENP3 levels also correlate
with a more advanced tumor grade (Fig. 7G) and a poorer sur-
vival outcome (Fig. 7H) in our cohort. Taken together, these
data provide compelling evidence for the role that SENP3 ex-
pression, and potentially its regulation of E2F1 sumoylation, play
in advancing tumor progression.

Discussion
Oxidative stress is a reality that all eukaryotic organisms in-
herently face due to the integral role of oxygen in cellular res-
piration. We have demonstrated that E2F1 plays a key role in
enhancing cell survival after oxidative stress insult by facilitating
cell cycle arrest. Extensive SUMO2 conjugation on E2F1 allows
for dynamic modulation of transcriptional activity in response to
oxidative stress, as depicted in our proposed model (Fig. 8).
During normal growing conditions, SENP3 maintains E2F1 in a
hypomodified state to enable cell proliferation. Under enhanced
levels of oxidative stress, SENP3 loses the ability to bind E2F1,
and SUMO2 conjugates accumulate on E2F1 thus contributing
to the observed changes in E2F1 transcriptional activity.
Sumoylation of E2F1 upon oxidative stress can actively repress
the expression of progrowth and proapoptotic genes and induce
the expression of CDKN1A and CDKN1B, leading to G1/S cell

D E

BA C

Fig. 6. SENP3 removes SUMO2 conjugates from E2F1. (A) Overexpressed SENP3 coimmunoprecipitates with FLAG-E2F1 in HEK 293T cells. (B) SENP3 coim-
munoprecipitates with E2F1 in U2OS cells, and this interaction is greatly inhibited by t-BuOOH treatment. (C) Nickel pulldown of HEK 293T cells cotransfected
with E2F1, WT, or C532A SENP3, and His/HA-SUMO1 or His/HA-SUMO2. *: nonspecific band. (D) Nickel pulldown of sgVector and sgSENP3 HEK 293T cells
cotransfected with HA-E2F1 and His/HA-SUMO2. (E) MTT viability assay after 24 h H2O2 treatment in sgVector and sgSENP3 knockout clones. Error bars
represent mean ± SD (n ≥ 4) ***P < 5 × 10−6. IB: immunoblotting for all panels.
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cycle arrest, which is important for cells to repair the oxidative
damage before S-phase entry and prevent cell death. Induction
of CDKN1A and CDKN1B may also play an active role in cell
survival (18–21, 35, 36). Thus, E2F1 is important for cell survival
under oxidative stress.

Potential Cross-Talk with Additional Mechanisms to Modulate E2F1
Activity in Response to Oxidative Stress. With how conserved the
E2F pathway is in regulating cell proliferation in higher eu-
karyotes, it was initially surprising that loss of E2F1 alone con-
tributes to such dramatic hypersensitivity to oxidative stress. It is
possible that additional mechanisms unique to E2F1 could be at
play in conjunction with sumoylation in responding to oxidative
stress. E2F1 has been characterized as a dynamic transcription
factor with a role in a multitude of cellular functions ranging

from cell proliferation, DNA repair, and apoptosis, just to name
a few (37, 38). With seemingly opposing cellular functions, how
E2F1 is able to perform specific regulation on one pathway but
not another has been a long-standing question in the field. A
leading model to explain transcriptional specificity has been
through a posttranslational modification “code,” much like one
that exists for histones and chromatin regulation (39). Numerous
posttranslational modifications have been found on E2F1 in both
transcriptionally activating and repressing roles.
One striking observation from our study is the apparent role of

K266 in E2F1-mediated transcriptional modulation, with simul-
taneous activation and repression functions depending on the
target gene. One possible explanation for this phenomenon
could be differentially modified pools of E2F1 resulting in dif-
ferent transcriptional outcomes. It should be noted that while

A B

C D

FE

G H

Fig. 7. SENP3 regulates endogenous E2F1 sumoylation and its overexpression correlates with poor patient outcome. (A) E2F1-SUMO2/3 proximity ligation
assay in sgVector control (clone sgVector-A) and sgSENP3 knockout (clone sgSENP3-A) cells. Positive PLA foci are red, while nuclear Hoechst staining is blue.
(Scale bar, 5 μM.) (B) Quantification of PLA foci, where bars chart frequency of values and smoothed line represents theoretical normal distribution of data
group. (n > 230) P = 4.7 × 10−30. (C) Western blot examining SENP3 expression of four patient-matched normal and breast tumor samples. IB: immuno-
blotting. (D) Correlation between SENP3 and TopBP1 protein expression in our cohort of breast tumor tissues. (n = 18 low, n = 12 high) *P < 0.05. (E) The
dataset PXD000815 from deep proteomic profiling of luminal breast cancer progression (n = 88) (33) was analyzed for proteins coexpressed with SENP3
(Pearson correlation coefficient >0.4) and the protein list was analyzed with gene set enrichment analysis (GSEA) for overlap with transcription factor target
genes. Only the top 10 transcription factors are shown. (F) Similar analysis was performed from the dataset PXD002619 which includes luminal, Her2 positive,
and triple-negative breast cancer (n = 40) (34) and analyzed for proteins coexpressed with SENP3 (Pearson correlation coefficient >0.35). (G) Correlation
between SENP3 expression and tumor grade in our breast cohort. *P < 0.05. (H) Patient overall survival as a function of low vs. high SENP3 expression in our
cohort of breast cancer.
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K266 is the established acceptor lysine for SUMO1 conjugation
to E2F1 and we cannot rule out contributions of SUMO1 ad-
dition to the observed transcriptional changes, the lack of ex-
tensive changes to SUMO1 conjugation of E2F1 with oxidative
stress casts doubt on this possibility (23).
Moreover, it is possible that interplay exists between SUMO2

conjugation of E2F1 and other posttranslational modifications,
and this could contribute to oxidative stress-induced transcrip-
tional modulation. Two modifications of potential interest are
neddylation and arginine methylation, both of which have been
shown to inhibit E2F1 transcriptional activity (40, 41). Addi-
tional studies are needed to further explore this possible con-
nection. Beyond changes in the posttranslational modification
profile of E2F1 in response to oxidative stress, it is also likely
that sumoylated E2F1 exhibits differential interaction patterns
and affinities for binding partners when compared to unmodified
E2F1. An interaction profile unique to sumoylated E2F1 would
further enable specific regulation of an individual target gene(s)
and should be investigated further.

Interplay between Oxidative Stress and SUMO Modifier Enzymes.
When considering that CBX4, the E3 ligase for SUMO1 con-
jugation to E2F1, is recruited to the E2F1 promoter after oxi-
dative stress, as well as the same primary acceptor lysine (K266)
being utilized for SUMO2 conjugation to E2F1 as previously
described for SUMO1 addition, it seems likely that CBX4 is
acting as the E3 ligase for SUMO2 conjugation under oxidative
stress conditions (23). Additionally, CBX4 has been shown to
have its activity altered by the redox-sensing kinase HIPK2 (42,
43). Further investigation of how SUMO2 conjugation to E2F1 is

regulated by oxidative stress, and what redox response pathways
are involved could provide clarity on the cellular processes up-
stream of the work described herein.
Oxidative stress response is also inherently linked to the re-

moval of SUMO2 conjugates from E2F1 via the desumoylating
enzyme SENP3. While under higher levels of oxidative stress,
SENP3 loses the ability to bind E2F1. We believe this to be a key
component to the robust accumulation of SUMO2 and not
SUMO1 linkages on E2F1 after oxidative stress insult, which is
independent of possible changes in E3 ligase activity or speci-
ficity. How the interaction of E2F1 with SENP3 is inhibited
under oxidative stress conditions is presently unknown, and
merits additional investigation. At low levels of oxidative stress,
SENP3 has been shown to be stabilized and to promote tran-
scriptional activation (27, 28). This presents the possibility that
SENP3 could potentiate reactivation of E2F1 and subsequent
resuming of cell cycle progression upon resolution of acute oxi-
dative insult, in addition to its role in maintaining E2F1 in a
hyposumoylated state to promote cell cycle progression. It is
possible that even in the basal growing condition, the regulation
by SENP3-E2F1 is required for optimal repair of endogenous
oxidative stress; thus, we observed a slight increase of basal
autophagy/mitophagy in E2F1-knockout cells.
SENP3 levels have been found to be elevated in multiple tumor

types when compared to normal tissue, and this is associated with
a poorer prognosis (44, 45). Our small breast cancer cohort pro-
vides another example of the important yet largely uncharac-
terized role SENP3 levels could play in predicting tumor
aggressiveness and patient outcome. Based on our model, en-
richment of SENP3 expression could contribute to a proliferative

Fig. 8. A model for the proposed role of E2F1 sumoylation in cellular response to oxidative stress. In actively proliferating cells, E2F1 is constantly sumoylated
and desumoylated. Under unstressed conditions, the poly-SUMO2 chains on E2F1 (mainly on K266 residue) are actively removed by SENP3 to promote cell
proliferation. Upon oxidative stress, SENP3 can no longer bind and desumoylate E2F1, allowing the accumulation of sumoylated E2F1. SUMO2 modifications
convert E2F1 from a transcriptional activator into a transcriptional repressor on the promoters of proliferative and apoptotic genes. Sumoylated E2F1 fa-
cilitates cell cycle arrest by actively repressing the expression of proliferative genes and also through activating CDKN1A and CDKN1B. The E2F1-mediated
arrest allows cells to repair oxidative damage and up-regulates the antiapoptotic activities of CDKN1A and CDKN1B, therefore promoting cell survival.
However, in SENP3 high tumors the sumoylated E2F1 is shunted back to unmodified E2F1 and therefore E2F1 sumoylation-mediated cell cycle arrest is ne-
gated by overexpressed SENP3.
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program leading to less regulated cell growth. Indeed, the obser-
vation that high SENP3 levels correlate with a high expression of
TopBP1, a key E2F1 proliferative transcriptional target, and the
correlation of SENP3 protein levels with E2F activities in two
breast cancer proteomic datasets, further support this hypothesis.
Interestingly, knockdown of SENP3 in ovarian cancer was shown
to induce CDKN1A (44), which is also consistent with our data of
the up-regulation of CDKN1A by sumoylated E2F1. Moreover,
aberrant activation of a single protooncogene in normal fibroblasts
can itself result in enhanced levels of reactive oxygen species (8).
In light of this, our mechanism of E2F1 sumoylation to mediate
cell cycle arrest could function as a portion of the first line of
defense against aberrant proliferation after oncogene activation.
Beyond the initial transforming event, by further understanding
how cancer cells are deregulated to persistently proliferate despite
their enhanced levels of oxidative stress, it becomes possible to
therapeutically target these mechanisms to resensitize the cells to
their inherent stress. Indeed, recent work has demonstrated that
targeting antioxidant machinery has therapeutic potential in
principle and provides further support for future investigations of
this possibility (46).

Materials and Methods
Coimmunoprecipitation, Nickel Pulldowns, and Immunoblotting. CoIP of pro-
teins interacting with FLAG-E2F1 or endogenous E2F1 was performed as
described previously (11) using anti-FLAG M2 monoclonal antibody-
conjugated agarose beads or anti-E2F1 (KH95) mouse monoclonal anti-
body, respectively. Washes were performed as described, with the addition
of a 0.5 M LiCl wash step to increase stringency. Samples were analyzed via
sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/PAGE) and
indicated immunoblotting. Nickel pulldowns were performed as described
previously (47).

BrdU Incorporation and Cell Cycle Analysis. BrdU incorporation assay was
performed as described previously (48), with a 2-h treatment of peroxide

followed by 2 h of BrdU labeling prior to harvest. Cell cycle analysis was
performed by staining ethanol-fixed cells with propidium iodide (5 μg/mL)
followed by flow cytometry to assess DNA content.

Mass Spectrometry. FLAG-E2F1 was transfected into HEK 293T cells and ly-
sates were immunoprecipitated with anti-FLAG M2 monoclonal antibody-
conjugated agarose beads. The immunoprecipitates were subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) by the Baylor Col-
lege of Medicine (BCM) Proteomics Core.

Frozen Breast Cancer Tissues. Collection of frozen breast tumor tissues or
healthy breast tissues with informed consent through the University of
Alabama at Birmingham Tissue Procurement Core Facility has been described
earlier (29, 30). Utilization of these samples and anonymized data are ap-
proved by an institutional review board protocol BCM H-26360. The frozen
tissues were minced and lysed in 1% SDS (60 mM Tris HCl) and boiled for
5 min. The lysates were briefly sonicated and clarified by centrifugation to
remove insoluble tissues, followed by Western blotting.

Cell culture, transfection, and treatments, plasmid construction, virus
production and stable cell line generation, MTT assay, colony formation assay,
Caspase activity assay, cell synchronization, Calcein-AM viability assay, flow
cytometry, antibodies, chromatin binding assay, chromatin-immunoprecipitation,
RNA extraction, and qRT-PCR, luciferase reporter assay, proximity ligation
assay, and statistical analysis are described in SI Appendix, SI Materials
and Methods.

Data Availability.All pertinent data are included herein or in SI Appendix. The
relevant clinical information concerning patient samples is given in SI Ap-
pendix, Table S1.
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