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Figure 3.7 Induction of apoptosis and senescence following treatment in H1299
isogenic cell lines. A. Apoptotic cell death detected ~48 hours after treatment with 1
umol/L cisplatin, 1 umol/L M6620 or combination by 7AAD and PE-Annexin V staining
and flow cytometry. Data is representative of two individual experiments. B. b-
galactosidase staining in H1299 wildtype and knockout cells six days after treatment with
500 nmol/L cisplatin, 500 nmol/L M6620 or combination. Data is representative of two
individual experiments.
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in ERCC1 knockout cells following cisplatin and ATRi treatment 6 days following
treatment consistent with induction of cellular senescence (Figure 3.7 B). We reason that
cell fate after combination treatment is a cell-specific phenomenon that may depend
upon the amount of DNA damage accumulated during the first round of DNA replication.
3.3.4 Dual treatment with cisplatin and M6620 enhances yH2AX formation and
induces replication catastrophe

Next, we tested whether combination treatment induced DNA double-strand
breaks in platinum tolerant, ERCC1-deficient cells. Approximately 16 hours post-
treatment with cisplatin, M6620 or combination, cells were fixed and stained for yH2AX
foci to monitor formation of DNA double-strand breaks. Cisplatin-treated cells had very
few yH2AX foci above untreated cells consistent with our previously published data (30).
Additionally, the addition of the ATR inhibitor alone did not dramatically increase
formation of DNA double-strand breaks. Strikingly, the combination treatment led to
substantial increases in yH2AX foci (Figure 3.8 A). Thus, ATR inhibition potentiated DNA
double-strand break formation or persistence after cisplatin treatment in platinum-
tolerant, ERCC1-deficient cells. As ATR activity has been shown to be critical for
suppressing replication catastrophe after DNA damage by limiting depletion of available
RPA pools, we asked whether combination treatment was inducing chromosome
pulverization (195). We generated metaphase spreads following chronic treatment with
cisplatin, ATRi, or cisplatin and ATRi and observed that platinum tolerant, ERCC1-
deficient cells were more susceptible to chromosome pulverization than the parental
ERCC1 wildtype cells with combination treatment (Figure 3.8 B & C). Next, we asked
whether chromosome pulverization with combination treatment was specifically linked to

defects associated with DNA replication. To answer this question, we treated cells with
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Figure 3.8 Effects of dual cisplatin and M6620 treatment on DNA double strand
break formation and induction of chromosome pulverization. A. yH2AX staining by
immunofluorescence ~22 hours after treatment in H1299 ERCC1 knockout cells. B.
Representative metaphase spreads prepared from H1299 wildtype and ERCC1
knockout cells ~48 hours following treatment. C. Quantification of chromosome
pulverization in H1299 wildtype and ERCC1 knockout cells following treatment. D.
Representative images showing colocalization of EdU with pulverized chromosomes in
H1299 ERCC1 knockout cells treated with cisplatin and M6620. E. Quantification of
normal metaphases (NM) and chromosome pulverization (i.e. replication catstrophe
(RC)) and colocalization with EdU staining in untreated and cisplatin + M6620 treated
H1299 ERCC1 knockout cells. All experiments were performed three times. Error bars
represent + S.D. * p<0.05; ** p<0.01.
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cisplatin for two hours, pulse labeled with EdU to label actively replicating cells, followed
by ATR inhibition for four hours. 48 hours post-treatment metaphase spreads were
generated and stained for EdU to identify whether chromosome pulverization was
enriched for cells that were actively replicating DNA at the time of ATR inhibition.
Compared to untreated cells, ERCC1 knockout cells that were positive for chromosome
pulverization were significantly enriched for EdU positivity, indicating that chromosome
pulverization (i.e. replication catastrophe) with combination treatment was specifically
linked to inhibition of ATR during S-phase (Figure 3.8 D & E).
3.3.5 Combination treatment induces micronuclei formation associated with
yH2AX and cGAS binding

Platinum in combination with immune checkpoint blockade inhibitors have
become first-line treatment for the majority of non-small cell lung cancer patients. Next
we asked whether combination treatment led to increased micronuclei formation in
platinum tolerant, ERCC1 knockout cells and whether increased micronuclei were
associated with DNA double-strand breaks and activation of the innate immune
response. Activation of the innate immune response by cytosolic DNAs via cGAS-STING
pathway has also been shown to influence response to immune checkpoint blockade
inhibitors including anti-CTLA4 and anti-PD-L1 therapies (196, 197). To address this
guestion, we monitored formation of micronuclei in H1299 wildtype and ERCC1
knockout cells following treatment with cisplatin, ATRi, or combination treatment. While
we did not observe differences between wildtype and ERCC1 knockout cells in terms of
the number of cells positive for micronuclei formation, we did see a significant difference
between ERCC1 wildtype and knockout cells when we assessed the number of cells

harboring greater than two micronuclei (Figure 3.9 A & B). In the context of DNA
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Figure 3.9 Detection of micronuclei following treatment in H1299 wildtype and
ERCC1 knockout cell lines. A. Quantification of the total percent of micronucleated
cells ~48 hours after treatment. Data presented as the average of three independent
experiments + S.D. B. Quantification of the number of cells positive for >2 micronuclei
~48 hours after treatment. Data presented as the average of three independent
experiments £+ S.D. C. Immunofluorescence reveals colocalization of micronuclei with
gH2AX in H1299 ERCC1 knockout cells following combination treatment. Data are
representative from two independent experiments. D. Detection of gH2AX and cGAS
colocalization with micronuclei in H1299 ERCC1 knockout cells treated with cisplatin and
M6620. Data are representative from two independent experiments.
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damage, it was previously shown that micronuclei largely stain positive for yH2AX (196).
Staining of micronuclei for yH2AX in H1299 ERCC1 knockout cells revealed that
micronuclei are associated with DNA double-strand breaks (Figure 3.9 C). These
micronuclei were also capable of being bound by the innate immunomodulatory factor
cGAS, which could indicate that combination treatment may also have positive impacts
in terms of modulating responses to immunotherapy (Figure 3.9 D).
3.4 Discussion

Setbacks in the clinical implementation of ERCC1 expression as a first-in-class
biomarker for determining which lung cancer patients will benefit most from platinum-
based chemotherapy suggest that our current understanding of its predictive power
remain unclear. Our recent work identified p53 status as a partial confounding variable in
clinical evaluations of ERCC1 as a platinum biomarker (30). Patients with lung tumors
harboring low ERCC1 and wildtype p53 had a 50% increase in overall survival compared
to those with ERCC1"9"/p53WT tumors. Conversely, there was no overall survival benefit
for patients whose tumors had low ERCC1 compared to high ERCC1 when p53 was
mutated. With these previous observations in mind, we show that ATR inhibition by
M6620 represents a potential therapeutic strategy for overcoming tolerance to platinum-
based chemotherapy in tumors harboring low ERCC1 and a functional deficiency in p53.

We identified that ATR activity was responsible for tolerance to DNA crosslinks
induced by cisplatin in a cell line model of platinum tolerance with ERCC1 deficiency.
While a model of cisplatin hypersensitivity could not be further sensitized to cisplatin by
ATR inhibition, a model of cisplatin tolerance with ERCC1 deficiency could be sensitized
to cisplatin by ATR inhibition in a synergistic manner (approximately ten-fold in vitro).

These data appear to suggest that at least one reason for platinum tolerance with
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ERCC1 deficiency is likely increased replication fork protection. Assessing cell cycle
profiles after combination treatment revealed that ATR inhibition by M6620 leads to
abrogation of the G./M cell cycle checkpoint after cisplatin treatment. Similar
observations were recently made in BRCA mutant tumors when treated with the ATR
inhibitor AZD6738 in combination with olaparib (198). Additionally, in cell synchronization
studies, we observed that ATR inhibited cells enter the subsequent G; phase much
faster than untreated control cells which could also be related to a deregulated S/G;
checkpoint controlled by ATR which was recently described (199). After this bypass of
the G2/M checkpoint, we detected accumulation of cells in the subsequent S-phase,
likely indicating the presence of persistent DNA damage from the previous round of DNA
replication. In terms of sensitization of platinum-tolerant ERCC1 knockout cells to
cisplatin by ATR inhibition, one possibility would be that G./M arrest following cisplatin
treatment may be critical for promoting ERCC1-independent repair thus limiting the
amount of persistent DNA damage detected in the subsequent G: phase and ultimately
during the second round of DNA replication; thus, ATR inhibition may block this G2/M
arrest and sensitize these cells to cisplatin. Alternatively, ATR inhibition during S-phase
may lead to enhanced replication-associated DNA damage associated with cisplatin and
it is these effects in combination with bypass of the G2/M checkpoint that is critical for
promoting cisplatin sensitivity in the absence of ERCC1 and p53.

In platinum tolerant ERCC1-deficient cells, dual treatment coincided with
substantial increases in DNA double-strand breaks as shown by yH2AX staining.
Subsequent analysis revealed that dual treatment led to increased rates of replication
catastrophe as shown by quantification of chromosome pulverization. Increased

amounts of DNA double-strand breaks were also linked to increased micronuclei
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formation, an activator of the innate immune response in H1299 ERCC1 knockout cells.
These micronuclei were more numerous in ERCC1 knockout cells, were associated with
DNA double strand breaks, and were capable of being bound by the innate immuno-
modulatory factor, cGAS. Micronuclei formation has become a well-established marker
for activation of the innate immune response that is associated with increased PD-L1
expression and may positively impact response of tumors to immunotherapy (196, 200,
201). Similar observations with micronuclei formation in the context of ERCC1 deficiency
and PARP inhibition were recently published (202). In that context, increased
micronuclei formation was associated with increased membranous PD-L1 expression,
activation of IFN signaling mediated by cGAS-STING, and secretion of CCL5 (202).
These observations have important implications for lung cancer therapy as first-line
treatment for ~85% of advanced non-small cell lung cancer patients includes a platinum-
based agent in combination with anti-PD-L1 therapy.

While three ATR inhibitors are currently in clinical trials, M6620 was the first to
enter Phase Il trials. This highly selective inhibitor of ATR kinase activity has shown
promising activity in two Phase | studies. Results from a Phase | study combining
topotecan with M6620 in 21 patients with advanced solid tumors who had failed at least
one prior line of therapy showed two partial responses and eight patients with stable
disease (203). Strikingly, three of five small cell lung cancer patients with platinum-
refractory disease had durable clinical benefit from M6620 and topotecan combination
therapy. Additionally, preliminary results from a Phase | study combining cisplatin and
M6620 in triple negative breast cancers showed an objective response rate of nearly

39% and the disease control rate was approximately 72% (204).Preliminary clinical trial
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data suggests promising activity of M6620 in combination with cytotoxic chemotherapy in
a subset of patients, particularly those with deficiencies in DNA repair associated genes.

In summary, we recently identified p53 status as a confounding variable in
clinical assessments of ERCC1 status as a first-in-class biomarker for predicting
response to platinum-based chemotherapy. Building upon this work, we have identified
ATR kinase activity as essential for tolerance to platinum-based chemotherapy in
ERCC1-deficient/p53-deficient tumors and propose that these specific patients would
benefit from combination treatment with M6620, a platinum analogue, and potentially

anti-PD-L1 therapy.
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repair pathways are involved in partially compensating for loss of ERCC1 after cisplatin
treatment would be to look at mutation profiles in cell lines after treatment since patterns
can be associated with particular DNA repair events, (e.g. deletions, specific types of
mutation profiles, rearrangements, chromosome loss, etc.). A genome-wide CRISPR or
RNAI screen could also be appropriate in this instance and could identify key factors for
further study that may be necessary for promoting ERCC1-independent platinum-DNA
adduct repair. These studies could be critical for further developing novel targets to
sensitize platinum tolerant, ERCC1-deficient tumors to platinum-based chemotherapy.
Finally, when we combined an ATR inhibitor with cisplatin in ERCC1 deficient
cells, we observed bypass of G2/M cell cycle arrest. Subsequent studies revealed that
combination treatment induced DNA double-strand breaks and ultimately led cells to
undergo apoptosis or senescence. However, we also observed a large number of cells
that entered another round of S-phase where a large number of cells accumulated as
shown by cell cycle experiments. While cell fate is probably dependent upon the extent
of DNA damage induced during the previous round of DNA replication, it is unclear what
the consequences are of a second round of DNA replication in this context. For example,
is a second round of DNA replication important for chromosome pulverization or is
chromosome pulverization completely dependent upon the first round of DNA
replication? Another question is what effects does persistent DNA damage from the first
round of the cell cycle have once cells re-enter another S-phase: Is there processing that
makes these persistent lesions especially toxic during a second round of S-phase? A
complete characterization of the events during the second round of DNA replication
could provide insight into the mechanism of sensitization to cisplatin by ATR inhibition in

DNA repair deficient cells.
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We have identified a novel phenotype of platinum resistance in ERCC1 deficient
cells and patient tumors that may have important ramifications for the future clinical
development of ERCC1 as a platinum biomarker or therapeutic target. The identification
of ATR as a target for potent sensitization of platinum tolerant, ERCC1-deficient cells
supports the idea that replication-dependent events are critical for platinum tolerance in

this specific context and further clinical studies may be warranted.
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ERCC1/XPF is a DNA endonuclease with variable expression in primary tumor
specimens, and has been investigated as a predictive biomarker for efficacy of platinum-
based chemotherapy in non-small cell lung cancers where up to 30-60% of tumors
harbor low to undetectable ERCC1 expression. The failure of an international,
randomized Phase Il clinical trial utilizing ERCC1 expression to predict response to
platinum-based chemotherapy suggests additional mechanisms underlying the basic
biology of ERCC1 in the response to platinum-DNA damage remain unknown. In this
work, we aimed to characterize a panel of ERCC1 knockout cell lines generated via
CRISPR-Cas9 where we identified a synthetic viable phenotype in response to
intestrand crosslinks (ICLs) with ERCC1 deficiency. Characterization of these ERCC1
knockout cell lines revealed loss of ERCC1 hypersensitized cells to cisplatin when
wildtype (WT) p53 is retained, while there was only modest sensitivity in cell lines that
were p53muantnul - Additionally, when p53 was disrupted by CRISPR-Cas9 (p53*) in
ERCC1 knockout/p53"T cells, there was reduced apoptosis and increased viability after
platinum treatment. These results were recapitulated in two patient data sets utilizing

p53 mutation analysis and ERCC1 expression to assess Overall Survival. We also show
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that kinetics of ICL-repair differed between ERCC1 knockout/p53"%T and ERCC1
knockout/p53* cells. Finally, we provide evidence that cisplatin tolerance in the context
of ERCCL1 deficiency relies on DNA-PKcs and BRCAL function as well as timely entry
into S phase suggesting that replication dependent mechanisms are likely involved in
promoting platinum tolerance.

Building upon these observations, we utilized our established lung cancer cell
line models of ERCC1 deficiency to find that platinum tolerance with ERCC1 deficiency
relies upon ATR signaling. ATR inhibition by M6620 selectively and synergistically
enhanced platinum sensitivity of platinum tolerant ERCC1-deficient cells. Interestingly,
this increased sensitivity was independent of Chkl and Weel kinase inhibition,
suggesting that ATR may support platinum-tolerance in the absence of ERCC1 by
suppressing global replication fork collapse independent of activating the G./M cell cycle
checkpoint. Additionally, dual treatment led to increased formation of DNA double strand
breaks and was associated with increased levels of pulverized chromosomes.
Combination treatment was also associated with increased micronuclei formation which
were capable of being bound by the innate immunomodulatory factor, cGAS, suggesting
that combination platinum and ATRi treatment may also enhance response to
immunotherapy in ERCC1-deficient tumors harboring a p53 mutation.

Our findings implicate p53 as a potential confounding variable in clinical
assessments of ERCC1 as a platinum biomarker via promoting an environment in which
error-prone mechanisms of ICL-repair may be able to partially compensate for loss of
ERCC1. Additionally, results of this study have led to the identification of a feasible
therapeutic strategy combining M6620 with cisplatin to overcome platinum tolerance in

ERCC1-deficient, p53-mutant lung cancers.
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