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REV1/POL¢-dependent mutagenic translesion synthesis (TLS) pro-
motes cell survival after DNA damage but is responsible for most
of the resulting mutations. A novel inhibitor of this pathway,
JH-RE-06, promotes cisplatin efficacy in cancer cells and mouse xe-
nograft models, but the mechanism underlying this combinatorial
effect is not known. We report that, unexpectedly, in two differ-
ent mouse xenograft models and four human and mouse cell lines
we examined in vitro cisplatin/JH-RE-06 treatment does not in-
crease apoptosis. Rather, it increases hallmarks of senescence such
as senescence-associated fB-galactosidase, increased p21 expres-
sion, micronuclei formation, reduced Lamin B1, and increased ex-
pression of the immune regulators IL6 and IL8 followed by cell
death. Moreover, although p-y-H2AX foci formation was elevated
and ATR expression was low in single agent cisplatin-treated cells,
the opposite was true in cells treated with cisplatin/JH-RE-06. These
observations suggest that targeting REV1 with JH-RE-06 profoundly
affects the nature of the persistent genomic damage after cisplatin
treatment and also the resulting physiological responses. These data
highlight the potential of REV1/POL{ inhibitors to alter the biological
response to DNA-damaging chemotherapy and enhance the efficacy
of chemotherapy.
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M utagenic translesion synthesis (TLS) carried out by REV1
and POL{ (REV3/REV7) allows cells to tolerate DNA
damage by bypassing lesions that block normal DNA replication but
at the cost of introducing mutations (1). In cancer cells, REV1/
POLZ-dependent TLS can contribute to intrinsic chemoresistance
(2), while the mutations it introduces can underlie acquired
chemoresistance (3). One interface of the critical REV1 C-terminal
domain (CTD) recruits POLL via an interaction with REV7, while a
second one recruits other TLS polymerases via an interaction with
their REV1-interacting regions (RIR) (1, 4, 5). The small molecule,
JH-RE-06, inhibits REV1/POLC-dependent mutagenic TLS by
promoting REV1 CTD dimerization, which prevents POL{ re-
cruitment. JH-RE-06 is the first TLS inhibitor shown to suppress
tumor growth and enhance survival in mouse xenograft tumor
models (6).

TLS inhibition interferes with the ability of cells to withstand
DNA damage. Thus, the predicted consequence of TLS inhibi-
tion in response to genotoxic chemotherapy would be an am-
plification of the normal physiological consequences of damaged
DNA. The optimal phenotypic consequence of this genotoxic
damage in cancer has generally been viewed as rapid apoptotic
tumor cell clearance. More recently, the induction of cellular
senescence has been postulated as a desirable therapeutic outcome,
as senescent cells can be recognized and cleared by the innate im-
mune system. Moreover, senolytic therapies can specifically target
senescent cells (7).

Cisplatin, in chemotherapy, commonly exerts its antitumor effects
via DNA damage-mediated cell death (8). However, cisplatin can
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induce apoptosis, senescence, and other therapeutic consequences
with the specific response elicited depending on such factors as
cell type, cell state, and dose (9-12). Thus, the use of cisplatin is
not, per se, tied to a specific biological outcome. However, given
the well-established role for REV1/POLL-dependent TLS activity
in bypassing platinated DNA lesions and in interstrand cross-link
repair, we initially expected that, with respect to cell death, in-
hibitors of this pathway would simply enhance the specific cellular
consequences of cisplatin treatment. Surprisingly, in our study of
two different mouse xenograft tumor models and four human
mouse cell lines, we find that JH-RE-06 not only potentiates cis-
platin action but also fundamentally alters context-specific cellular
responses to cisplatin.

Results and Discussion

To gain insights into the mechanism of the JH-RE-06—dependent
increase in cisplatin efficacy in vivo (6), we implanted a microdevice
(13) into two independent mouse xenograft tumor models. The
cisplatin and JH-RE-06 doses used were previously shown to
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Fig. 1. Cisplatin and JH-RE-06 induce senescence phenotypes. (A) Histology sections of the JH-RE-06 (1.5 uM as +; and 3 pM as ++) + cisplatin, and cisplatin
(1 mg/kg) treated paraffin-fixed A375 (melanoma cells), or OCT-derived SKOV3 (ovarian cancer cells) tumors from xenograft mice showing differences in Ki67
and CC3 staining. Lipofuscin appears as green autofluorescence, and SA-B-Gal staining is a blue tissue stain. Representative graphs at Right show quantifi-
cation of Ki67- and CC3-positive cells in the A375 xenograft mice model by ImageQuant software. n = 12 in both Xenograft models. P < 0.001 as determined
by a Student t test is represented as ***. Cells that are not Ki67 or CC3 positive either represent stromal cells or nonproliferative, nonapoptotic tumor cells. B
shows SA-B-Gal-positive HT1080 (fibrosarcoma) cells, which are quantified in the bar graph for HT1080, A375, MEFs (mouse embryonic fibroblasts), and
SKOV3 following 24 h treatments: NT (no treatment with drugs), JH-RE-06 (1.5 uM), cisplatin (1 uM), JH-RE-06+cisplatin, and H,0, (a positive control for
senescence; 0.3 pM). Also seen in bar graphs are the relative levels of Caspase 3/7 activation, colony survivability, and p21 expression levels as quantified via
gRT-PCR. (C) Bar graphs quantifying SA-B-Gal-positive cells over the course of 72-h treatment with different drug combinations (same concentrations as in B,
except JH-RE-06 is at 0.5 pM) in A375 cells. The graph below shows relative colony survival in A375 cells exposed to same concentration of drugs for 48 and 72
h. Immunofluorescence (IF) panels show DAPI-stained nuclei and 7-AAD-stained necrotic A375 cells over 24- and 48-h incubation time frame within the same
experiment. D shows SA-p-Gal-positive REV1~'~ MEF and siRNA REV1 knockdown HT1080 cells. Graph shows impaired colony formation in the REV1~~ MEF

compared to the WT MEF counterparts.

suppress tumor volumes in xenograft mouse models (6). Cis-
platin/JH-RE-06 combination treatment resulted in signifi-
cantly reduced Ki67 staining compared to cisplatin alone,
consistent with diminished proliferation (Fig. 1 A, Top). Sur-
prisingly, cleaved caspase-3 (CC3) staining, which indicates
apoptosis from low-dose cisplatin treatment and might have
been anticipated to be enhanced by JH-RE-06, was suppressed
in the combination treatment in both xenograft mice models
(Fig. 1 A, Middle). Examination of the tissue sections from the
combination treatment unexpectedly revealed two hallmarks of
senescence (14, 15), lipofuscin accumulation and positive stain-
ing for senescence associated B-galactosidase activity (SA-p-Gal)
(Fig. 1 A, Bottom).

We then examined combination treatment with JH-RE-06
plus cisplatin versus cisplatin alone for four different human and
mouse cell lines in vitro. Here, we chose a low dose of cisplatin (1
puM) that is clinically achievable in patients treated with systemic
chemotherapy (16). In all cases, we observed an increase in SA-
B-Gal activity in combination versus cisplatin monotherapy-
treated cells; H,O, was used as a control senescence-inducing
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agent (Fig. 1B). We also observed reduced apoptosis, as visualized
by CC3 staining, and increased p21 expression in combination-
treated cells. p21 is a well-established inducer of cell cycle arrest
and senescence (14, 15) The induction of senescence hallmarks by
cisplatin/JH-RE-06 treatment was maximal for 48 h, after which
the cells lost plasma membrane integrity, as demonstrated by the
ability of membrane-impermeable 7-AAD (7-aminoactinomycin
D) to label the nucleus and exhibited decreased colony survival
(Fig. 1 B and C). Indeed, by 72 h following combination treatment,
we observed a complete elimination of SA-B-Gal-positive cells.
Notably, while some SA-p-Gal positivity emerges over time in cells
treated with cisplatin monotherapy, senescence marker-associated
cell clearance was never seen in this context. Thus, a dose of
cisplatin that induces a low level of apoptosis mediated cell
clearance as single agent synergizes with JH-RE-06 to promote
nonapoptotic cell elimination.

Two other hallmarks of senescence, increased micronuclei
formation (Fig. 2C) and reduced Lamin B1 expression (Fig. 2D),
were altered in the combination treatment compared to cisplatin
alone. Strikingly, cells treated with cisplatin/JH-RE-06, but not
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Fig. 2. Cisplatin and JH-RE-06 induce senescence phenotypes. (A) Graphs showing relative levels of reactive oxygen species (ROS) in HT1080 cells, relative
mtDNA content in A375 tumor tissue, and LC/MS analysis to determine the relative change in NAD+/NADH and GSH/GSSG ratios in MEF cells. Cell culture drug
treatments were the same as in Fig. 1B. (B) Histology sections showing ATR and gH2AX staining in JH-RE-06+cisplatin and cisplatin treated tissue sections.
Drug concentrations were same as in Fig. 1A. (C) DAPI stained HT1080 nuclei show micronuclei formation in both JH-RE-06 and JH-RE-06+cisplatin treatment
(same drug dose as in Fig. 1B). REV1~"~ MEFs show micronuclei formation with no drug treatment. (D) Graph shows relative mRNA levels of Lamin B1 in JH-RE-
06+cisplatin treatment in A375 cells and in native REV1~"~ MEFs. (E) Graphs showing relative IL6 and IL8 expression in HT1080 and A375 cells treated with
different drug combinations as in Fig. 1B. The table shows fraction of REV1 in HT1080 and A375 cells post siRNA knockdown. siRNAs were used at 100 nM

concentration.

with cisplatin alone, also exhibited enhanced expression of the
immune factors IL6 and IL8 (Fig. 2E), which are induced as part
of the senescence-associated secretory phenotype (14, 15). Col-
lectively, these observations suggest that inhibition of REV1’s
functions by JH-RE-06 switches the cisplatin-dependent commit-
ment to apoptotic cell death in cancer cells to a different mode of
lethality associated with the induction of multiple hallmarks of
senescence.

The induction of the senescence markers did not appear to
involve an intermediate oxidative stress component since quan-
tification of reactive oxygen species (ROS) in cultured cells,
mitochondrial DNA (mtDNA) content both in cells or tumor
samples, and the NAD/NADH or the GSH/GSSH ratios by
liquid chromatography/mass spectrometry (LC/MS) analysis (17)
were unchanged following cisplatin/JH-RE-06 treatment com-
pared to cisplatin controls (Fig. 24). Remarkably, although p-y-
H2AX foci formation was elevated and ATR expression was low
in single agent cisplatin-treated cells, the opposite was true in
cells treated with cisplatin/JTH-RE-06 (Fig. 2B). These observa-
tions suggest that targeting REV1 with JH-RE-06 profoundly
affects the nature of the persistent genomic damage after cis-
platin treatment and also the resulting physiological responses,
as p-y-H2AX foci form at DNA double-strand breaks, whereas
ATR expression reflects the presence of single-stranded DNA.
Additionally, given that the inhibition of mutagenic TLS by
JH-RE-06 is REV1-dependent (6), our results suggest that REV1
normally suppresses the induction of senescence markers after
cisplatin damage. This seems to be true even in the absence of
exogenous DNA damage, since REVI~~ mouse embryonic fibro-
blasts (MEF) cells (18) exhibited a senescence phenotype of large
flattened cells, slower growth, SA-p-Gal staining, and increased

28920 | www.pnas.org/cgi/doi/10.1073/pnas.2016064117

IL6 and IL8 transcription compared to normal REVI** MEFs
(Figs. 1D and 2D) and the REV1 inhibitor JH-RE-06 alone par-
tially induces senescence markers. It is important to note that
JH-RE-06 treatment or loss of REV1 result in induction of se-
nescence hallmarks but do not promote cell killing in vitro or
clearance and elimination of cancer cells in vivo. The potentially
useful therapeutic effect is only observed when cisplatin is present,
and it is possible that cisplatin is acting as a senolytic therapy under
such conditions.

The altered cisplatin response of cells in the context of Revl
inhibition provides a rationale for the use of TLS inhibitors as
senescence-based therapeutics. Indeed, in a companion to this
study, effective cisplatin-mediated tumor clearance was achieved
in treatment refractory lung cancers lacking the POLL- component
Rev7 (19). In this setting, cisplatin treatment of Rev7-deficient
cells also induced a senescence-like phenotype, while cisplatin
treatment of Rev7-proficient tumors was largely ineffective and
induced apoptosis. The precise etiology of both this senescence-
like phenotype and the phenotype elicited by JH-RE-06/cisplatin
combination therapy remain unclear, as are the differences be-
tween these therapeutic outcomes and established forms of cel-
lular senescence. However, the ability of TLS inhibition to alter
the response to low-dose cisplatin suggests that this approach may
represent a strategy to achieve desirable therapeutic outcomes
while minimizing toxicity associated with high-dose chemotherapy.

Materials and Methods

Antibodies included Ki67 (ab15580; Cell Signaling), CC3 (ab13847; Cell Sig-
naling), ATR (ab-428, Sigma), and yH2A.X (Ser-139) (ab9718; Cell Signaling).
JH-RE-06 (synthesized in J.H. Laboratory, Duke University), Cisplatin (catalog
No. S1166; Selleckchem), H,O, (H1009; Sigma), DAPI (F6057; Sigma), DHE
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(dihydroethidium) (D1168; Invitrogen). REV1 small interfering RNA (siRNA)
(L-003551-00-0005; Dharmacon), SA-B-Gal staining kit (9860; Cell Signaling);
Caspase-Glo 3/7 Assay system (G8091, Promega), GFP-CERTIFIED Apoptosis/
Necrosis detection kit (ENZ-51002; Enzo Lifesciences). qPCR primer sequences
are available on request. Cell culture, immunofluorescence, and qPCR were
performed as described before (6). Experiments involving kits were con-
ducted per the manufacturer’'s recommendations. mtDNA content was
quantified as described in (20). LC/MS experiments were done as described
before (17). Mouse work was conducted as described before (13). The
Committee on Animal Care approval no. is 0318-017-21.

Data Availability. All study data are included in the article and supporting
information.
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