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C A N C E R

Translesion DNA synthesis mediates acquired 
resistance to olaparib plus temozolomide  
in small cell lung cancer
Marcello Stanzione1, Jun Zhong1, Edmond Wong1, Thomas J. LaSalle1,2, Jillian F. Wise1,2, 
Antoine Simoneau1†, David T. Myers1‡, Sarah Phat1§, Moshe Sade-Feldman1,2, 
Michael S. Lawrence1,2,3, M. Kyle Hadden4, Lee Zou1,5, Anna F. Farago1||,  
Nicholas J. Dyson1,3*, Benjamin J. Drapkin6*

In small cell lung cancer (SCLC), acquired resistance to DNA-damaging therapy is challenging to study because 
rebiopsy is rarely performed. We used patient-derived xenograft models, established before therapy and after 
progression, to dissect acquired resistance to olaparib plus temozolomide (OT), a promising experimental thera-
py for relapsed SCLC. These pairs of serial models reveal alterations in both cell cycle kinetics and DNA replication 
and demonstrate both inter- and intratumoral heterogeneity in mechanisms of resistance. In one model pair, 
up-regulation of translesion DNA synthesis (TLS) enabled tolerance of OT-induced damage during DNA replica-
tion. TLS inhibitors restored sensitivity to OT both in vitro and in vivo, and similar synergistic effects were seen in 
additional SCLC cell lines. This represents the first described mechanism of acquired resistance to DNA damage in 
a patient with SCLC and highlights the potential of the serial model approach to investigate and overcome resis-
tance to therapy in SCLC.

INTRODUCTION
Small cell lung cancer (SCLC) is an aggressive neuroendocrine (NE) 
malignancy characterized by early metastasis and poor prognosis. 
SCLC is common, afflicting more than 30,000 people per year. Ap-
proximately 70% of these patients present with disseminated and 
incurable disease, termed “extensive stage” or ES-SCLC, which is 
treated with systemic therapy alone. In stark contrast with non-SCLC 
(NSCLC), where therapies that target oncogenic drivers or block im-
mune checkpoints have revolutionized care, hallmark SCLC muta-
tions such as loss of TP53 and RB1 are not targetable (1–3), and only a 
small fraction of patients benefit from immune checkpoint blockade 
(4, 5). As a result, DNA-damaging agents remain the backbone of 
systemic therapy for SCLC (6–8). Untreated ES-SCLC responds con-
sistently and rapidly to etoposide plus cisplatin or carboplatin (EP) 
and may continue to respond to a second or third regimen follow-
ing inevitable relapse. However, with each successive relapse, the 
fraction of patients that benefit from therapy drops markedly, and 
the responses that do occur are typically brief (9). SCLC tumors often 
evolve from a naïve chemo-responsive state to an acquired chemo-
resistant state.

For patients with metastatic NSCLC, next-generation sequenc-
ing of tumor samples has become the standard of care in the United 

States because of the extraordinary benefit of finding targetable 
oncogenic mutations (10). Targeted therapies such as epidermal growth 
factor receptor (EGFR) tyrosine kinase inhibitors produce high re-
sponse rates and durable clinical responses, but they are not curative 
(11, 12). At relapse, rebiopsy efforts have facilitated comparison of 
pretreatment and postrelapse samples to map the landscape of ac-
quired resistance mechanisms and to develop therapies to overcome 
resistance (13–16). This paradigm has been so successful that it is now 
standard practice to diagnose acquired resistance in NSCLC with 
EGFR-sensitizing mutations through repeat testing of the progress-
ing tumor (10). In contrast, there is no clinical role for rebiopsy in 
SCLC, and as a result, these paired pretreatment/postrelapse sam-
ples are exceedingly rare. Furthermore, the few postrelapse samples 
that have been obtained are either fixed or frozen. If the spectrum of 
resistance was well described, as for EGFR-mutant NSCLC, these 
nonviable postrelapse samples could be used to confirm the pres-
ence of specific resistance alterations, but without such a reference 
list, they can only be used to generate hypotheses.

Instead, dissection of resistance to DNA damage in SCLC has 
relied on models that lack clinical correlates. These models, either 
human or murine, are typically treated in the laboratory until they 
become drug resistant and compared with their untreated parents 
(17–20). However, laboratory drug regimens usually differ from clin-
ical administration in dose and schedule, and without confirmation 
in samples or models from postrelapse patients, it is unclear whether 
these experimental systems recapitulate clinical resistance. Despite 
extensive research using this approach, no consensus or clinically 
actionable mechanisms of acquired resistance have been identified 
for any therapy in SCLC.

We established a platform to generate patient-derived xenograft 
(PDX) models from patients with SCLC at multiple clinical time 
points using circulating tumor cells (CTCs) as well as biopsy and 
effusion samples as source material (21). In SCLC following relapse, 
CTCs are relatively more accessible than biopsy samples and have 
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been essential to generate a cohort of matched PDX pairs to discover 
chemotherapy escape mechanisms (22). PDX models of SCLC re-
tain the histological features and genomic alterations of the original 
tumor, and they exhibit sensitivity to first-line EP that reflects the 
clinical history of the donor patients (21, 23, 24). In parallel, we con-
ducted a single-arm phase 1/2 trial of combination therapy with the 
poly(adenosine diphosphate–ribose) polymerase (PARP) inhibitor 
olaparib plus the DNA alkylating agent temozolomide (TMZ; com-
bination OT) in patients with relapsed SCLC. This regimen was well 
tolerated and resulted in a promising overall response rate of 41.7% 
(20 of 48 evaluable) (25), echoing similar results with a different 
PARP inhibitor, veliparib, in combination with TMZ (26). PDX mod-
els were established from OT trial participants, and similar to their 
clinical fidelity to EP, these models recapitulated the clinical response 
and resistance of their corresponding patients when treated in vivo 
with OT.

We derived both pre-OT treatment and post-OT relapse PDX 
models from two patients on the OT trial with durable responses, 
MGH1518 and MGH1528, and these serial models captured the 
transition from clinical sensitivity to acquired resistance (25). Here, 
we report a detailed analysis of these model pairs and describe the 
distinct ways in which they respond to OT-induced DNA damage. 
Whole-genome sequencing (WGS) confirmed the high mutation 
burden in these tumors and underscored the extreme difficulty 
of discovering mechanisms of resistance from unbiased genetic 
profiles. Taking an alternative first-principles approach, we decon-
structed the cellular responses of these PDX models to OT into basic 
elements of DNA damage induction, repair, and tolerance. For pa-
tient MGH1518, we describe alterations in both cell cycle distribu-
tion and DNA replication that likely contribute to OT resistance. In 
particular, we find that up-regulation of translesion DNA synthesis 
(TLS) in MGH1518 following relapse is a key element of OT resist-
ance during DNA replication. TLS is an error-prone form of DNA 
replication that can increase tolerance of DNA damage during S phase 
and may contribute to chemoresistance in diverse cancers, includ-
ing NSCLC (27, 28). Using a novel TLS inhibitor, we were able to 
notably restore OT sensitivity in the postrelapse model. This com-
bination treatment not only suppressed DNA replication and blocked 
cell proliferation in cultured cells, but it also caused regression of 
MGH1518-3 tumors in vivo. We conclude that, for a subset of pa-
tients with relapsed SCLC, TLS inhibitor combinations may be an 
effective therapeutic strategy.

RESULTS
Following response and relapse, OT-resistant SCLC has 
a massive increase in tumor mutational burden
We derived serial PDX models from two patients with SCLC, 
MGH1518 and MGH1528, before treatment with OT and again at 
progression, after durable but partial responses [Fig. 1A; (25)]. The 
two pretreatment PDX models were highly sensitive to OT in vivo, 
recapitulating the clinical responses of their patients, and are here-
after called PDXsens 1518-1 and PDXsens 1528-1. In contrast, the mod-
els generated at clinical progression were both highly resistant to OT, 
hereafter called PDXres 1518-3 and PDXres 1528-2.

Initially, to identify candidate mutations that could mediate ac-
quired resistance to OT in SCLC, we pursued a comparative genomic 
approach that has been applied successfully to targeted therapy re-
sistance in NSCLC. WGS was performed on the pairs of serial PDX 

models and their corresponding patient germline DNA samples. 
The total mutational burden and distribution across the genome were 
similar in the pretreatment models, with 41,768 total mutations in 
PDXsens 1518-1 and 63,099 mutations in PDXsens 1528-1, of which 
339 in 1518-1 and 587 in 1528-1 occurred in coding regions (1.5 and 
2.6% of all genes, respectively) (Fig. 1B). These mutations were highly 
enriched for C-to-A transversions characteristic of a tobacco smoking 
signature (Fig. 1, C and D, left) and were evenly distributed across 
all chromosomes (fig. S1, A and B). Notably, the mutational burden 
increased nearly 10-fold in both postrelapse models to 250,024 in 
PDXres 1518-3 (3666 coding, 15% of all genes) and 306,286 in PDXres 
1528-2 (4238 coding, 16.6% of all genes) (Fig. 1B). This massive in-
crease in mutational burden was almost entirely treatment related, as 
the predominant mutational signature switched to C-to-T transitions 
characteristic of TMZ-induced DNA damage, despite retention of 
the original smoking-related C-to-A mutations (Fig. 1, C and D, right). 
This large number of mutations was not unexpected, but it clearly 
precludes a candidate gene approach. Therefore, to identify poten-
tial mechanisms of resistance, we sought to understand the changes 
in the responses of the models to OT.

Olaparib and TMZ retain biochemical efficacy in  
OT-resistant SCLC
We first asked whether known mediators of resistance to either 
olaparib or TMZ could account for acquired OT resistance in the 
serial models. O6-methylguanine-DNA methyltransferase (MGMT) 
reverses TMZ-mediated alkylation of guanine residues to confer 
resistance; indeed, the silencing of MGMT by promoter methyla-
tion serves as a clinical biomarker for TMZ efficacy in glioblastoma 
(29). Multidrug resistance protein 1 (MDR1) can also confer TMZ 
resist ance by drug efflux in glioblastoma (30, 31). Schlafen family 
member 11 (SLFN11) irreversibly inactivates stressed replication 
forks (32) and may be silenced to induce resistance to both chemo-
therapy and PARP inhibitors in SCLC (19, 33, 34). Neither MGMT 
nor MDR1 was expressed in either set of serial models, whereas 
SLFN11 was expressed in all four models and increased following 
relapse in PDXres 1518-3 (fig. S1, C and D). These results are consistent 
with our previously published RNA sequencing (RNA-seq) data 
(25) and suggest that none of these previously reported mechanisms 
(fig. S1, E and F), nor a change of NE status or SCLC subtype (fig. 
S1G), account for acquired resistance to OT in PDXres 1518-3 and 
PDXres 1528-2.

Drug-induced cell death requires target engagement, and resist-
ance could be acquired through prevention of olaparib, TMZ, or the 
combination from acting on their intracellular molecular targets. 
There are many possible routes to pharmacodynamic failure, such 
as alteration of PARP1 complexes or up-regulation of drug efflux 
pumps, but all would reduce the initial accumulation of DNA dam-
age. We generated short-term cultures from freshly dissected xeno-
grafts, treated in vitro with OT, and measured change in total protein 
PARylation and induction of DNA damage. Olaparib reduced 
PARylation to similar levels in short-term cultures derived from all 
four models (Fig. 2A and fig. S1H). To measure initial induction of 
DNA damage by OT, comet assays were performed under alkaline 
conditions in the same short-term cultures. The tail moments of 
OT-treated PDX cells increased in a dose-dependent and reproducible 
manner, and there was no measurable difference between PDXsens 
1518-1 and PDXres 1518-3 (Fig. 2B). These results suggest that there 
is no significant difference in the capacity of olaparib to inhibit 
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PARylation or TMZ to generate DNA damage following acquired 
resistance to OT.

Following relapse, OT-induced DNA lesions result in fewer 
DNA double-stranded breaks
Whereas comet assays performed under alkaline conditions detect 
many forms of DNA damage, including double- and single-stranded 

DNA breaks (DSBs and SSBs), assays performed under neutral con-
ditions are more specific for DSBs (35). For PDXsens 1518-1, there was 
no difference between the neutral and alkaline comet tail moments, 
but interestingly, in OT-treated cells isolated from PDXres 1518-3, 
neutral comet assays failed to detect broken DNA fragments (Fig. 2C) 
despite their presence in alkaline assays (Fig. 2B). This distinction 
appears to be OT specific, as there was no difference between neutral 
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Fig. 1. OT-resistant SCLC models show a massive increase in tumor mutational burden after relapse. (A) Schematized clinical histories and in vivo responses to OT of 
serial PDX models. Models from patients before treatment with OT (blue) and again at progression after a durable clinical response (orange), with vehicle-treated xenografts 
(gray). Average response in vivo to OT across three to six xenografts as percentage of ITV versus days after treatment (solid line) ± SEM (dashed lines). (B) Venn diagrams were 
constructed by comparing the shared and unique somatic variants of sequential biopsies. Coding somatic variants were identified as nonsynonymous mutations that fall 
within a coding region. (C and D) Three-dimensional bar plots (also called “Lego plots”) representing mutational signatures in a three-base context. (D) Left: Mutational sig-
nature identified in sensitive models showing C-to-A transversions that are associated with tobacco smoking [SBS4 in COSMIC (82)]. (D) Right: Mutational signature identified 
in resistant models containing tobacco smoking–associated mutations in addition to large numbers of C-to-T transitions associated with TMZ treatment [SBS11 in COSMIC 
(82)]. Axes and plots are not in scale, and smoking-associated mutations, which are still present in postrelapse PDXs, are overshadowed by the predominant TMZ signature.
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Fig. 2. PDXres 1518-3 cells acquire fewer DNA double-strand breaks after OT treatment. (A) Western blot analysis of protein extracts from isolated tumor cells. Total 
PARylation (PAR) was detected, and GAPDH was used as a loading control. (B and C) DNA damage assessment after OT treatment in isolated tumor cells. Treatment used: 
OT low (0.25 M olaparib + 35 M TMZ) and OT high (0.5 M olaparib + 70 M TMZ). NT, untreated samples. Quantification of the comet tail moment (% of DNA in the tail 
multiplied by the distance between means of the head and tail distributions) is shown. Box plots represent interquartile ranges, horizontal black lines denote the median, 
and points indicate outliers. Two-tailed Mann-Whitney statistical test and data from one representative experiment. (D) Schematic representation of time-course experi-
ment. (E) H2AX immunodetected on xenograft tissue sections and nuclei detected by DAPI. Scale bars, 10 m. (F) Models and time points are indicated; numbers repre-
sent mean percentages. Data are from two independent experiments, and SEM bars are shown in black. (G) Truncated violin plot showing H2AX foci number per cell, 
and medians are indicated by red lines and quartiles by black lines. Two-tailed Mann-Whitney statistical test and data from two independent experiments. (F and 
G) Apoptotic cells were identified by TUNEL (staining not shown) and excluded from the quantification. Numbers of analyzed cells are as follows: 1518-1, NT n = 2668, 
OT 1d n = 3687, OT 3d n = 3909, and OT 5d n = 3187; 1518-3, NT n = 2950, OT 1d n = 3844, OT 3d n = 4352, and OT 5d n = 3521.
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and alkaline assay results following -irradiation (fig. S1I). OT in-
duces SSBs in both MGH1518 models, but comet assays suggest that 
PDXres 1518-3 no longer converts OT-induced SSBs into DSBs.

The histone variant H2AX is phosphorylated by phosphatidyli-
nositol 3-kinase–related kinases in response to DSBs and DNA rep-
lication stress. Upon the formation of DSBs or collapsed replication 
forks, discrete nuclear foci of phosphorylated H2AX (H2AX) are 
readily detected. Thus, the levels of H2AX foci provide an indirect 
means to follow the formation and repair of DSBs (36). We treated 
both PDXsens 1518-1 and PDXres 1518-3 in vivo with daily OT for increas-
ing durations (1, 3, or 5 days), resected tumors following the final 
dose, detected H2AX foci by immunofluorescence in fixed tumor 
sections (Fig. 2, D and E), and quantified both the percentage of cells 
with more than four foci and the number of foci per cell (Fig. 2, F and G). 
By either metric, there were markedly fewer H2AX foci in PDXres 
1518-3 than in PDXsens 1518-1 at all time points, suggesting a reduced 
H2AX foci formation in these tumors. Together, these results suggest 
that OT alkylates DNA and inhibits protein PARylation to induce 
SSBs in both models, but in PDXres 1518-3, an acquired resistance 
mechanism prevents the accumulation of DSBs and H2AX foci.

Relapsed PDX tumors are enriched for cells in either G0 or G1 
that accumulate less DNA damage
Sensitivity to cytotoxic agents varies with cell cycle progression, and 
DNA-damaging agents such as olaparib and TMZ are particularly 
cytotoxic during S phase due to interference with DNA replication 
forks. We investigated whether changes in cell cycle progression 
could account for the suppression of DSBs in PDXres 1518-3 cells by 
measuring the expression of Ki-67, a marker of active cell division 
(37). Across cancers, rapid tumor growth is usually associated with 
a high proportion of actively dividing cells as measured by Ki-67 
expression, and PDXres 1518-3 tumors grew much faster than PDXsens 
1518-1 (in vivo doubling time of 6.1 versus 13.8 days) (Fig. 3A). 
Therefore, it was unexpected to find that Ki-67 was markedly and 
significantly reduced in PDXres 1518-3 tissue sections, implying a 
lower proportion of dividing cells (Fig. 3, B and C). This was investi-
gated further by probing for coexpression of the prereplication com-
plex factor CDT1 and the DNA replication inhibitor GEMININ in 
fixed tissue sections. CDT1 is expressed during G1 and degraded in 
S phase, whereas GEMININ is expressed during S phase and de-
graded upon mitotic exit (38), permitting distinction of G1 from 
S-G2-M cells. This analysis revealed that 54.5% of cells in PDXres 
1518-3 are in G1 phase while only 39.5% in PDXsens 1518-1, sup-
porting the Ki-67 results (Fig. 3D). In parallel, single-cell RNA-seq 
(scRNA-seq) was performed on xenografts of each model follow-
ing rapid dissociation. Cell cycle phase scores were calculated from 
the scRNA-seq data (39) and revealed similar fractions of G1 cells, 
63% in PDXres 1518-3 versus 39% in PDXsens 1518-1 (Fig. 3, E and F, 
and fig. S2). While CDT1/GEMININ double-negative cells could be 
in very early G1 (Fig. 3D), they could also represent a nonreplicating 
subpopulation of G0 cells. Alternatively, the change in cell cycle dis-
tribution might indicate that progression through S and G2 phases 
has accelerated in PDXres 1518-3 more than progression through 
G1. This could reconcile the apparent inconsistency between short 
tumor doubling time and high proportion of G0-G1 cells, as relative 
acceleration of S-G2-M would increase G1 proportion by default. In 
either case, methodologically distinct approaches indicate that the 
cell cycle distribution in PDXres 1518-3 is strongly shifted toward 
cells in G0 or G1 despite an accelerated tumor growth rate in vivo.

To test the hypothesis that cell cycle distribution contributes to 
acquired resistance to OT, we measured the susceptibility of cells in 
different phases to DNA damage in both sensitive and resistant mod-
els. Single doses of olaparib and TMZ were administered in vivo to 
both PDXsens 1518-1 and PDXres 1518-3, and tumors were resected 
either 4 or 24 hours after treatment to reveal the immediate and 
delayed cellular effects of OT. After treatment and 2 hours before 
resection, bromodeoxyuridine (BrdU) was injected intraperitoneally 
to label S-phase cells (Fig. 4A). Simultaneous immunofluorescence 
detection of BrdU, GEMININ, and H2AX revealed whether OT 
caused DSBs (H2AX+) in cells in G0-G1, S phase, or G2-M (BrdU− 
GEMININ−, BrdU+ GEMININ+, or BrdU− GEMININ+, respectively) 
(fig. S3). In PDXsens 1518-1, H2AX foci were present in cells at all 
stages of division 4 hours after OT (Fig. 4B, left). In contrast, in 
PDXres 1518-3, nearly all the DNA damage was concentrated in the 
S-phase population, with little H2AX accumulation in G1-G0 or G2-M 
cells (Fig. 4B, right). At 24 hours after treatment, the effects of OT 
on cell cycle distribution could be observed. In PDXsens 1518-1, there 
was a marked decrease in BrdU incorporation among GEMININ+ 
cells, suggesting that damaged cells either accumulated in G2 or failed 
to complete DNA replication. In contrast, the cell cycle profile of 
PDXres 1518-3 was largely unaffected by OT except for an increase 
in S-phase cells (Fig. 4C). This differential effect of OT on cell cycle 
distribution was magnified in longer time courses with daily admin-
istration of OT. In PDXsens 1518-1, the Ki-67 median intensity per 
cell decreased progressively with daily OT, and after 5 days of treat-
ment, almost all tumor cells were nonproliferative. In contrast, in 
PDXres 1518-3, the Ki-67 intensity was largely unaffected after 1 day 
and increased after 3 and 5 days of treatment (Fig. 4, D and E). To-
gether, these results suggest that PDXres 1518-3 cells in either G0 
or G1 are resistant to OT and can promote tumor growth during and 
after treatment.

Mechanisms of acquired resistance to OT are different 
between patients
We used similar assays to quantify OT-induced DNA damage and 
cell cycle profiles in the MGH1528 serial models. Unlike the MGH1518 
models, comet assays showed no difference in DNA damage genera-
tion including OT- and -irradiation–induced DSBs between PDXsens 
1528-1 and PDXres 1528-2 (Fig. 5A and fig. S4A), and like PDXres 
1518-3, PDXres 1528-2 manifested resistance to daily OT in vivo (25) 
with fewer H2AX foci at all time points (Fig. 5, B and C, and fig. 
S4B) and no reduction in Ki-67 proliferation index after OT treat-
ment (Fig. 5D and fig. S4C). The effects of acquired resistance on 
cell cycle distribution in untreated tumors and following OT treat-
ment were also divergent in MGH1528 models. Unlike PDXres 1518-3, 
there was no shift toward G1-G0 in PDXres 1528-2 cells relative to 
PDXsens 1528-1 (figs. S4, D to F, and S5), and OT treatment induced 
far fewer H2AX foci regardless of cell cycle phase (Fig. 5, E and F). 
Together, these results suggest that PDXres 1528-2 has acquired 
OT chemoresistance via mechanisms that are different from that of 
PDXres 1518-3.

TLS inhibition synergizes with OT and induces cell death 
in resistant SCLC cells
In addition to inhibiting DNA damage repair, PARP inhibition by 
olaparib can prevent the release of PARP1 protein from TMZ-damaged 
DNA (40). These trapped PARP1 complexes may be particularly 
disruptive to DNA replication, causing replication fork stalling and 
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ultimate collapse (40, 41). In both pre-OT PDX models, the fraction 
of cells undergoing DNA replication declined after a single dose 
of OT. The change was modest in PDXsens 1528-1 and marked in 
PDXsens 1518-1. In contrast, this fraction was stable or increased in 
the postrelapse models (Figs. 4, B and C, and 5, E and F), suggesting 

a difference in DNA replication kinetics and fork stability. We in-
vestigated DNA replication kinetics in the absence or presence of OT 
by performing DNA fiber assays on PDX cells grown in short-term 
cultures (Fig. 6A). Cells were preincubated with the thymidine ana-
log 5-chloro-2′-deoxyuridine (CldU) to label active replication forks 
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and, at the starting time point, were switched to a second thymidine 
analog, 5-iodo-2′-deoxyuridine (IdU). For single-transition CldU-IdU 
fibers, the length of the IdU tract was divided by the IdU incubation 
time to yield replication fork speed. In untreated MGH1518 models, 
replication fork speeds were similar, but they diverged in the pres-
ence of OT, with progressive deceleration observed in PDXsens 1518-1 

cells and virtually no change in PDXres 1518-3 cells (Fig. 6B). A dif-
ferent relationship was observed in MGH1528 models, as baseline 
replication fork speeds were slower in PDXres 1528-2 than in PDXsens 
1528-1, but OT induced fork deceleration in both models (Fig. 6C). 
This again highlights the differences in mechanism of acquired re-
sistance between these two patients. To determine the specificity of 
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these replication fork properties, DNA fiber assays were performed 
in the presence of low-dose hydroxyurea (HU), which reversibly 
inhibits DNA replication through deoxynucleotide triphosphate 
deprivation but does not directly induce DNA damage. HU slowed 
replication forks equivalently in all four models, including PDXres 
1518-3. This shows that PDXres 1518-3 replication forks are capable 
of deceleration, but they are not affected by OT.

Theoretically, replication forks in PDXres 1518-3 could be insen-
sitive to OT because no damage is induced, but alkaline comet assays 
of OT-treated cells show that this is not the case (Fig. 2B). Alterna-
tively, replication forks may temporarily bypass OT-induced damage 
through tolerance mechanisms such as TLS, in which high-fidelity 
replicative DNA polymerases are replaced with lower-fidelity TLS 
polymerases that can bypass DNA lesions (42, 43). Supporting this 
possibility, among 30 PDX models of SCLC, PDXres 1518-3 demon-
strated the highest expression of PDIP38 (POLDIP2) (44, 45) and POLD2 
(46), which may mediate the replacement of replicative polymerases 
with TLS polymerases. PDXres 1518-3 also displays low expression of p21 
(CDKN1A), which can suppress TLS through direct interaction with 
proliferating cell nuclear antigen (47, 48) [fig. S6; (25)]. To test whether 
preserved replication fork processivity despite OT is dependent on 
TLS, we repeated the DNA fiber assays in the presence of a novel 
phenazopyridine-based TLS inhibitor, hereafter called TLSpp, that blocks 
the interaction of REV1 with TLS polymerases (Fig. 6D) (49, 50). Treat-
ment with TLSpp alone modestly slowed PDXres 1518-3 replication 
forks, but in combination with OT, it caused marked fork deceler-
ation to speeds previously observed only with HU (Fig. 6, E and F).

We then tested the capacity of TLS inhibition to resensitize SCLC 
models to OT. TLS inhibition sensitized PDXres 1518-3 cells to OT 
in vitro (Fig. 7A and fig. S7A) but did not sensitize PDXres 1528-2 
cells (Fig. 7B and fig. S7B), consistent with our hypothesis that a dif-
ferent mechanism accounts for acquired resistance in PDXres 1528-2. 
Moreover, JH-RE-06, a structurally distinct and independently de-
scribed TLS inhibitor that targets REV1 by binding the REV7 inter-
action surface and therefore inhibits a different protein-protein 
interaction (PPI), also sensitized PDXres 1518-3 to OT (fig. S7, C 
and D) (51, 52). We further tested the OT + TLSpp combination in 
27 cell lines established from patients with SCLC and compared with 
an osteosarcoma cell line that is known to be insensitive to TLS ac-
tivity inhibition, U2OS (53). Whereas the OT sensitivity of U2OS 
cells did not change by inhibiting TLS, SBC-5, COLO-668, NCI-H82, 
NCI-H2029, SW1271, DMS53, NCI-H526, and NCI-H841 cell lines 
were significantly more sensitive to the combination of OT + TLSpp 
than to OT alone (Fig. 7, C and D, and fig. S8). In NCI-H2029 and 
DMS53, this synergy was evident at multiple drug concentrations. 
TLSpp did not seem to synergize in any of the other SCLC lines. How-
ever, the in vitro sensitivity to the TLSpp alone observed in some 
lines (Fig. 7C) prevented the evaluation of higher TLSpp concentra-
tions. These effects of TLSpp required REV1; the ability of TLSpp to 
increase sensitivity of SW1271 SCLC cell line to OT was abolished 
by REV1 knockdown. SCLC lines that are classified as NE subtype 
were significantly more sensitive to the treatment with TLSpp alone 
as compared to non-NE lines. However, NE subtype did not cor-
relate with sensitivity to the OT + TLSpp combination (fig. S9A). 
Moreover, we found that cell line sensitivity to the OT + TLSpp 
combination negatively correlated with sensitivity to OT (fig. S9B).

It is possible that in vivo additional SCLC tumor cells and pa-
tients would be highly sensitive to the OT + TLSpp combination. 
Therefore, we tested TLSpp with PDXres 1518-3 in  vivo with or 

without concurrent OT. The results of this experiment confirmed 
that TLSpp increases the sensitivity of PDXres 1518-3 tumors to 
OT. TLSpp had only a minor effect when used as monotherapy 
(Fig. 7, E and F, and fig. S9C) but caused significant tumor shrink-
age and extended time to relapse once the drug treatment ended. 
We also found that TLSpp increased the sensitivity to OT both in vitro 
and in vivo in a second PDX model derived from a resistant patient, 
1512-1A (fig. S9, D to F). Together, these results strongly suggest that 
resistance to OT in SCLC can be acquired via up-regulation and/or 
hyperactivation of TLS and that, in some cases, sensitivity to OT 
can be partially restored by addition of a TLS inhibitor. We found 
that PDXres1518-3 tumors that grew back after OT + TLSpp treat-
ment remained sensitive to the drug combination (fig. S9G). This 
suggests that regrowth of the PDXres 1518-3 tumor after the first 
cycle was likely due to incomplete cell killing rather than acquisition 
of chemoresistance to TLSpp. This suggests that it might be possible 
to further improve the in vivo efficiency of this novel TLSpp agent.

DISCUSSION
Over the past 40 years, SCLC has been treated almost exclusively 
with DNA-damaging agents. Although these regimens are effective 
initially, most patients with SCLC succumb to treatment failure due 
to acquired resistance. Although broad molecular trends in chemo-
resistant SCLC have been observed in preclinical models, such as 
loss of NE differentiation or up-regulation of WNT signaling, no 
mechanism of resistance has been identified directly in a sample ob-
tained from a patient following relapse (54). We previously reported 
a high response rate to OT for patients with relapsed SCLC, and for 
two patients on the trial who responded to OT, we derived pretreat-
ment and postrelapse PDX models that faithfully recapitulated clin-
ical response and resistance (25). Here, we investigate the molecular 
drivers of acquired resistance to OT in patients with SCLC using 
these serial PDX models. For one patient, MGH1518, we found that 
following relapse, TLS increases tolerance of OT-induced damage 
during DNA replication, and we tested a novel TLS inhibitor to over-
come this tolerance. In the same model, we found that cells in either 
G0 or G1 have also become resistant to OT, suggesting at least one 
additional mechanism of resistance (fig. S9H). In a second patient, 
MGH1528, the acquired resistance mechanisms differ from MGH1518, 
indicating the presence of both inter- and intratumoral heterogeneity.

In HR-deficient breast and ovarian cancers, drivers of acquired 
resistance to PARP inhibitors such as BRCA1/2 reversions or other 
mutations that restore HR can be recognized because the basis for 
initial drug sensitivity is known (55). In contrast, the basis for SCLC 
sensitivity to OT or other DNA-damaging agents has not been elu-
cidated in sufficient detail to focus on a single pathway or set of 
genes. Without a focused list of candidates, a genome-wide compar-
ison of pretreatment and postrelapse PDX models yields many pos-
sible candidates. Prior therapy with OT compounds this challenge by 
increasing the mutational burden 10-fold in the postrelapse models. 
Furthermore, the drivers of OT resistance might not be genomic, 
as a study of chemo-naïve SCLC PDX models treated to resistance 
with EP revealed alterations that were primarily epigenetic (19). 
After ruling out expression changes in previously reported candi-
date genes, such as loss of SLFN11 or gain of MGMT or drug efflux 
pumps (19, 29, 30, 33, 34), we adopted a methodical, first-principles 
approach to investigating acquired resistance to OT, comparing DNA 
damage induction, repair, and tolerance in the pretreatment and 



Stanzione et al., Sci. Adv. 8, eabn1229 (2022)     13 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

11 of 18

C

A

E

0 µM
10 µM
20 µM
30 µM

TLSppPDXres 1518-3

R
el

at
iv

e 
%

 v
ia

bi
lit

y

0

40

20

60

0

40

-40

20

-20 -2

-5
6

-1
7

60

-60

-80

-100

Olaparib (3.73 µM)

*

**

**

***

**

***
*
**

40

20

60

120

80

TMZ (4.16 µM)

ns

*

ns

*

ns

*

ns

*

ns

*

ns

**

100

***
**

**

Log [TMZ µM] Log [olaparib µM]

0 0

2

4

6

8

0

2

PDXres 1528-2

0

40

20

60

Olaparib (3.73 µM)

ns ns
ns

ns
ns ns ns ns ns ns

0

40

20

60

120

80

TMZ (4.16 µM)

100

ns

ns
ns

Log [TMZ µM] Log [olaparib µM]

R
el

at
iv

e 
%

 v
ia

bi
lit

y

B

OT n = 5
OT + TLSpp n = 7
TLSpp n = 4

M
ax

im
al

 tu
m

or
 s

hr
in

ka
ge

 
(%

 in
iti

al
 tu

m
or

 v
ol

um
e)

P = 0.4553

P = 0.0004 P = 0.0077

D

NCI-H526

P
D

X
s

TL
S

pp
   
no

 s
yn

er
gy

TL
S

pp
   
sy

ne
rg

y

1512-1A

U2OS

NCI-H1092
NCI-H2081

COR-L95
NCI-H1836
COR-L279
NCI-H2227
NCI-H2171

DMS-79
NCI-H1963

NCI-H196
COR-L88
DMS114

NCI-H1876
HCC-33

DMS-273
NCI-H1048
NCI-H209

NCI-H2196
NCI-H1694

SBC-5
COLO-668

NCI-H82
NCI-H2029

1518-3
1528-2

DMS-53

NCI-H841

SW1271

TLSpp

AUC 
(TLSpp

sensitivity)

Resistant

Sensitive

Olaparib fixed TMZ fixed

TLSpp

1512-1A

U2OS

1518-3
1528-2

P
D

X
s

TL
S

pp
   
no

 s
yn

er
gy

TL
S

pp
   
sy

ne
rg

y

NCI-H526

NCI-H1092
NCI-H2081

COR-L95
NCI-H1836
COR-L279
NCI-H2227
NCI-H2171

DMS-79
NCI-H1963

NCI-H196
COR-L88
DMS114

NCI-H1876
HCC-33

DMS-273
NCI-H1048
NCI-H209

NCI-H2196
NCI-H1694

SBC-5
COLO-668

NCI-H82
NCI-H2029

DMS-53

NCI-H841

SW1271

∆AUC 
(OT + TLSpp
sensitivity)

Resistant

Sensitive

0%

50%

100%

150%

200%

0 5 10 15 20 25 30

%
 In

iti
al

 tu
m

or
 v

ol
um

e

Days

Treatment

NT (n = 4)
OT (n = 5)

TLSpp + OT (n = 7)
TLSpp (n = 4)

PDX regimen: 
Days 1-5
TLSpp 100 mpk qd
Olaparib    50 mpk bid 
TMZ          25 mpk qd

PDXres 1518-3

F

Fig. 7. TLS inhibitor synergizes with OT and induces cell death in PDXres 1518-3 SCLC cells. (A and B) Cell survival assays with either PDXres 1518-3 (A) or PDXres 1528-2 
(B) treated with OT at indicated concentrations, in the presence of TLSpp (blue, orange, and red curves) or without TLSpp (black curve). Left: Cell viability when treated with 
a fixed concentration of olaparib and increasing concentration of TMZ. Right: Cell viability when treated with a fixed concentration of TMZ and increasing concentration 
of olaparib. Data represent the mean percentages of survival from at least two independent experiments. Statistical analysis was calculated with one-way ANOVA Tukey 
multiple comparisons, and all P values are described in the “Statistical analysis” section. (C and D) Heatmaps showing the sensitivity of SCLC cells to TLSpp single-agent 
treatment (C) and in combination with OT (D). Explanatory figure legends for AUC (area under the curve) and AUC calculations are in fig. S8 (B and C). (E) Bar graph 
showing tumor shrinkage in PDX models treated with different regimens. Mean and SEM bars are shown, and regimens are indicated in the legend. Statistical analysis was 
calculated with one-way ANOVA Tukey multiple comparisons, and P values are shown. n indicates the number of xenografts analyzed for each regimen. (F) Solid curves 
represent the mean % ITV versus time (days) after a single cycle (days 1 to 5) of TLSpp (100 mpk qd), OT (Ola 50 mpk bid + TMZ 25 mpk qd), or TLSpp + OT. Dashed curves 
represent tumor volume curve ± SEM. Numbers of replicate xenografts per regimen are represented parenthetically. Grayed area represents the treatment cycle.
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postrelapse models. This approach would not have been possible 
with fixed or frozen clinical samples because it requires the ability to 
assay cellular responses to OT.

In both models of OT-resistant SCLC, the biochemical efficacy 
and initial induction of DNA damage were preserved, but their re-
sponses to DNA damage diverged thereafter. For models from pa-
tient MGH1528, OT treatment resulted in the same initial number 
of DSBs before and after relapse, but for patient MGH1518 follow-
ing relapse, the OT-induced lesions were no longer converted to 
DSBs, suggesting that mechanisms of acquired resistance differed 
between patients. Intertumoral heterogeneity has been found in re-
sistance mechanisms to inhibitors of mitogenic pathways, such as 
EGFR inhibitors, and diverse resistance mechanisms may even be 
found within synchronous subclones of the same cancer (15, 56–59). 
However, we were surprised to find evidence of multiple adaptations 
to OT within the same cancer cell (fig. S9H). S-phase cells in PDXres 
1518-3 were resistant to OT, and replication fork kinetics were no 
longer affected by treatment, suggesting increased tolerance of DNA 
damage. The underlying mechanism of tolerance, TLS, is specific to 
S-phase cells and may account for the failure of SSBs to convert to 
DSBs (60, 61). In addition, TLS may accelerate S phase, increasing the 
proportion of tumor cells in G0 or G1 despite the faster xenograft 
growth rate (Fig. 3). Since OT no longer slows S phase under TLS, 
treatment shifts the balance even further toward G0-G1 in PDXres 
1518-3 tumors, and these cells are resistant to OT through a yet- 
unidentified mechanism (Fig. 4). It is possible that the uncontrolled 
proliferation of the resistant cells may activate a checkpoint in 
G1 that is independent of p53, pRB, and p21. The identity of this 
checkpoint is currently unknown, but one can imagine that cell cycle 
progression has become uncoupled from the production of a rate- 
limiting factor. In theory, the limiting factor could be any compo-
nent that is needed for rapid growth (protein, lipid, or metabolite). 
A second possibility is that PDXres 1518-3 tumor cells might not be 
arrested in G1, but they may spend proportionally more time in 
G1 than in other stages of the cell cycle because they progress faster 
through S-G2-M. This model highlights an important difference be-
tween acquired resistance to inhibitors of mitogenic pathways and 
regimens such as OT that induce DNA damage and inhibit repair. 
Both the type of damage that results from OT and the repair path-
way used by the cell may change with each phase of cell division, and 
as PDXres 1518-3 illustrates, fully acquired resistance may involve 
adaptations in multiple phases (fig. S9H).

Collision of replication forks with DNA lesions may compound 
OT-induced damage. TLS facilitates bypass of these lesions to prevent 
cell death. Tolerance of DNA damage through TLS has been implicated 
in resistance to TMZ as well as cisplatin, doxorubicin, and cyclophos-
phamide (28, 62–64). Changes in gene expression in PDXres 1518-3, 
such as suppression of p21 and increased POLDIP2, suggested that 
TLS may be favored in this model, but DNA fiber assays provided 
direct evidence of lesion bypass, as replication fork speeds were pre-
served in the presence of OT. This hypothesis was further supported 
by a novel small-molecule inhibitor of TLS, TLSpp, which disrupts the 
interaction of REV1 with other TLS DNA polymerases (49, 50). In 
PDXres 1518-3, TLSpp combined with OT slows DNA replication 
forks and induces cell death, whereas in PDXres 1528-2, where there 
was no evidence of OT tolerance via TLS, TLSpp had little effect.

Although up-regulation of TLS was first identified in PDXres 
1518-3, experiments with a panel of SCLC cell line suggest that TLS plays 
a significant role in approximately 30% of lines and may be active to a 

lesser extent in many more. Together, these observations suggest that 
activation of TLS is not an unusual event in SCLC. It has been sug-
gested that TLS activity may cause resistance to DNA replication gap- 
inducing therapies, such as PARP1 or ATR inhibition (65). Therefore, 
the combination of translesion DNA synthesis inhibitor (TLSi) with 
gap-inducing chemotherapies might markedly improve the efficacy 
of these types of treatments. Discovery of the underlying genetic or 
epigenetic drivers of TLS in this model will aid with identification of 
biomarkers to further deploy TLS inhibitors in SCLC. Notably, PDXres 
1518-3 is resist ant to both OT and first-line EP, and TLS can also confer 
resistance to cisplatin in models of ovarian cancer, NSCLC, and lymphoma 
(27, 28, 66). In some patients with relapsed SCLC, TLS may account 
for the acquired cross-resistance that causes ultimate treatment failure.

In contrast to PDXres 1518-3, we saw no sensitivity to TLSpp in 
PDXres 1528-2. In this model, H2AX foci numbers were consistently 
reduced, and DNA replication forks were slower than in sensitive cells, 
even in the absence of DNA damage. It is possible that fork reversal 
occurs more frequently in PDXres 1528-2, and this facilitates repair 
of damage. Alternatively, replication forks may be more stable in PDXres 
1528-2, increasing their tolerance of OT-induced DNA damage as 
it has been suggested in other systems (67), or resistant cells might 
have an enhanced ability to repair OT-induced damage independently 
of replication fork properties. In either case, further studies will be 
required to identify the precise molecular events that mediate acquired 
chemoresistance in this tumor. We note that, to date, we have been 
unable to identify a transcriptional signature associated with the effects 
of TLSpp in the SCLC models and cell lines. In the analysis of scRNA-
seq data, cell clustering seemed to be driven first by patient of origin 
and second by cell cycle position. Gene set enrichment analysis con-
firmed the results previously obtained with bulk RNA-seq of these 
serial models (25). The most notable transcriptional change in PDXres 
1518-3 is the up-regulation of MYC. It has been suggested that MYC 
can repress the transcription of p21 even in the absence of p53 (68, 69), 
and this may increase TLS in PDXres 1518-3 cells. Although MYC 
expression correlates with resistance to OT in SCLC PDX models 
(25), in these experiments, we saw no clear correlation between MYC 
expression and sensitivity to TLSpp, and it remains unclear how 
frequently MYC activation leads to a dependence on TLS activity.

To the best of our knowledge, up-regulation of TLS represents 
the first specific molecular mechanism to be identified in tumor cells 
directly derived from a patient with SCLC that confers acquired re-
sistance to DNA damage. Identification of TLS required comparison 
of live tumor models derived from a therapy-responsive patient be-
fore treatment and again at progression. This approach to serial tu-
mor sampling has revolutionized the management of NSCLC, as 
mechanisms of acquired resistance can be diagnosed in the clinic and 
then counteracted or bypassed. Although rebiopsy is not part of the 
current clinical paradigm for SCLC, the same approach could be 
applied provided that resistance mechanisms were known and readily 
identifiable with clinical biomarkers and that therapies to address 
resistance were developed. Interrogation of additional pairs of serial 
models will be crucial to reach this goal and capture the spectrum of 
resistance mechanisms that render SCLC refractory to treatment.

MATERIALS AND METHODS
Experimental design
The objective of this study was to identify and characterize the molec-
ular mechanisms of acquired chemoresistance to the experimental 
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therapy OT in PDX models of SCLC. Controlled laboratory experi-
ments were conducted in tumor-harboring NSG (NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ) mice, tumor cells isolated from freshly dissected 
tumors, or established cultured cell lines. For the in vivo experiments, 
sample sizes were determined on the basis of the observed variation 
in tumor progression from previous studies. For the in vitro exper-
iments, sample sizes were calculated on the basis of the observed 
result variability obtained by performing the same experimental as-
says. We minimized physiological variation using mice of the same 
sex and age and using cell lines that were cultured under the same 
conditions and used at a similar passage number for each individual 
experiment. Final end points and collection of tumor material were 
based on the tumor size and/or animal health conditions. For all ex-
periments, animals were allocated randomly across different treat-
ment groups, and tumor volume measurements were performed in 
a blinded fashion, in which the investigator was unaware of the ex-
perimental condition. No data were excluded from this study, and 
each experiment was repeated at least two times.

PDX model WGS and analysis
We sequenced PDX-derived tumor and matched normal (peripheral 
blood) from two cases representing six samples of SCLC. PDX tumor 
tissue was dissociated, and tumor DNA and peripheral blood control 
DNA were extracted using the Qiagen DNeasy Blood & Tissue Kit 
(ref #69506). DNA was sequenced by Novogene to achieve between 
48 and 57.7 average coverage (mean, 51.99) in tumors and between 
27.4 and 30.2 average coverage (mean, 28.8) in normal samples. Reads 
were aligned to the human genome (build hg19) using bwa-mem 
(70) then processed through Picard tools to mark duplicates and 
GATK Base Recalibrator (GATK4 Broad Institute) to recalibrate base 
quality scores. To avoid mapping mouse reads, we further filtered the 
resulting bam files for only high-quality alignments (-nm 3, -as 50, 
-mg 30). Indel realignment was performed with GATK standard 
pipeline against Mills_and1000G_gold_standard.indels.no_chr.
hg19.sites.vcf (GATK4 Broad Institute). Somatic mutations were 
called using MuTect (v1.1.7) (71), and insertion/deletions were called 
using Strelka (v2.6.6) (72). Called variants were further filtered through 
a panel of normals from the Broad Institute. To further eliminate 
mutations potentially due to mouse contamination, variants were 
filtered through mapexr (73). Mutations were annotated using snpEff 
(74). Mutational signatures were calculated by non-negative matrix 
fractionization in MATLAB (v2017b). Further analysis and figure 
preparations were performed using R (v4.0.2). Copy number vari-
ant calls and segmentation were generated from WGS data by using 
FACETS as previously described (75, 76).

PDX scRNA-seq methods
Sample dissociation
Freshly isolated tumors were extracted and dissociated using the hu-
man tumor dissociation kit (Miltenyi Biotec, catalog no. 130-095-929) 
with custom modifications. Tissue was placed into a 1.5-ml Eppendorf 
tube containing 420 l of Dulbecco’s modified Eagle’s medium 
(DMEM) without fetal calf serum (FCS), 42 l of enzyme H, 21 l of 
enzyme R, and 5 l of enzyme A (provided with the kit). Tissue was 
minced into small pieces using surgical scissors, and the tube was 
topped off with an additional 512 l of DMEM to a total volume of 
1 ml. The tissue was then incubated for 15 min in a thermomixer 
(Eppendorf, F1.5) at 37°C, 350 rpm. After the dissociation, cells were 
filtered through a 50-m filter (Sysmex, catalog no. 04-004-2327) 

followed by an additional mincing step on the filter using a 1-ml sy-
ringe plunger and washes with 5 ml of media with 10% heat-inactivated 
FCS. Red blood cell lysis was performed using ACK buffer (Gibco, 
catalog no. A1049201), followed by a second filtration using a 30-m 
filter (Sysmex, catalog no. 04-004-2326). Next, cells were washed with 
cold 1× phosphate-buffered saline (PBS) containing 1.5% FCS, spun 
down at 1500 rpm, 4°C for 5 min, resuspended, and counted for 
yield and viability with trypan blue using a manual hemocytometer 
(Bright-line, catalog no. 1492).
Cell fluorescence-activated cell sorting
Before staining cells with the live/dead Zombie Violet Dye (BioLegend, 
423114), cells were washed three times in cold 1× PBS (without FCS). 
Next, Zombie violet dye was added, and cells were incubated for 15 min 
at room temperature according to the manufacturer’s guidelines. Cell 
surface labeling was then performed for 30 min at 4°C using standard 
protocol with the following antibody panel to identify and exclude 
mouse immune and stromal populations: human TrueStain FcX 
(BioLegend, catalog no. 422302); mouse TrueStain FcX (BioLegend, 
catalog no. 101320); APC anti-mouse CD45.1 (BioLegend, catalog no. 
110714); APC anti-mouse CD45.2 (BioLegend, catalog no. 109814); 
fluorescein isothiocyanate (FITC) anti-mouse H-2Db (BioLegend, 
catalog no. 114606); FITC anti-mouse H-2Kb (BioLegend, catalog no. 
116506); FITC anti-mouse H-2Kd (BioLegend, catalog no. 116606); 
FITC anti-mouse H-2Dd (BioLegend, catalog no. 114706); BV605 
anti-human HLA-A,B,C (BioLegend, catalog no. 311432); and phyco-
erythrin (PE) anti-human EpCAM (BioLegend, catalog no. 324206). 
Sorting of single live SCLC cells (Zombielow, mCD45.1/2−, mH2-
Db/Kb/Kd/Dd−) was performed using a Sony MA900 cell sorter. Cells 
were sorted into a 15-ml tube containing DMEM with 10% FCS. After 
sorting, tubes with sorted cells were vortexed briefly, spun down at 
1500 rpm, 4°C for 5 min, resuspended, and counted for yield.
Single-cell RNA sequencing
Single-cell RNA libraries were generated using the 10x Genomics 
Chromium Single Cell V(D)J Reagent Kit using 5′ v1 chemistry 
(10x Genomics, catalog no. 1000006) according to the manufacturer’s 
protocol. Quality control (QC) assessment was performed after gen-
erating the complementary DNA and gene expression libraries by 
evaluating sample concentration using the Qubit dsDNA high sen-
sitivity kit (Invitrogen, catalog no. Q32854) and fragment size using 
the high sensitivity BioA DNA kit (Agilent, catalog no. 5067-4626). 
All libraries that passed QC were sequenced on a NextSeq 500 se-
quencer (Illumina) using pair-end 38-base reads.
scRNA-seq data generation and filtration
FASTQ files were aligned to both the Homo sapiens genome assem-
bly GRCh37 (hg19 v3.0.0) and the Mus musculus genome assembly 
GRCm38 (mm10 v3.0.0) from the Genome Reference Consortium 
using cellranger 3.1.0. Following individual alignments, the human 
and mouse BAM files were processed by XenofilteR (77) to produce a 
filtered human BAM file free of contamination from mouse reads. The 
filtered BAMs were converted back to FASTQ files using bamtofastq 
1.2.0 from 10x Genomics and realigned to hg19 using cellranger. Fil-
tered feature barcode matrices from cellranger were imported into R 
4.1.0 using Seurat 4.0.2. Additional filtration was applied to exclude 
cells with fewer than 1500 or greater than 5500 genes, fewer than 
4000 or greater than 35,000 RNA counts, and greater than 20% mi-
tochondrial reads.
Dimensionality reduction and clustering
Data were normalized using the NormalizeData function, and ex-
pression values were scaled using the ScaleData function in Seurat. 
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Principal components were selected for building the neighborhood 
graph, Uniform Manifold Approximation and Projection, and  
t-distributed stochastic neighbor embedding (t-SNE) dimensionality 
reduction according to the elbow plot method. Clustering was per-
formed with the Louvain algorithm with an initial resolution of 
1.0 for all samples combined or 0.7 for samples from one patient.
Differential expression and gene set enrichment analyses
Differential gene expression analysis was conducted in R using DESeq2. 
Gene set enrichment analysis was performed using the fgsea package 
using the DESeq2 test statistic as input gene ranks. Pathways were 
selected from mSigDB using the H:Hallmark gene sets.
Cell cycle scoring analyses
Cell cycle phase proportion estimates were calculated using the 
CellCycleScoring function in Seurat, which assigns each cell an S 
and G2-M score and subsequently assigns the cell to S (high S score), 
G2-M (high G2-M score), or G1 (low S and G2-M scores). Cell cycle es-
timates were performed using all cells derived from the same patient.

Drugs, inhibitors, and treatments
Olaparib (AZD2281, M1664, Abmole) was dissolved in dimethyl sulf-
oxide (DMSO) for in vitro experiments. In vivo dosing was performed 
with oral gavage, and the formulation for a single dose was 1.5 mg 
of olaparib in 200 l [175 l of 10% HPCD in PBS (pH 7.2) + 25 l 
of olaparib stock (60 mg/ml) in DMSO]. TMZ (M2129, Abmole) 
was dissolved in DMSO for in vitro experiments. In vivo dosing was 
performed with oral gavage, and the formulation for a single dose 
was 0.75 mg of TMZ in 200 l of 1% O-carboxymethylcellulose in 
water. BrdU (B5002, Sigma-Aldrich) was dissolved in PBS at a con-
centration of 25 mg/ml; it was dosed by intraperitoneal injection of 
a 400-l dose. Both JH-RE-06 (S8850, Selleckchem) and TLSpp (a 
novel phenazopyridine-based TLS inhibitor produced and gifted by 
M.K.H.) were dissolved in DMSO for in vitro experiments. JH-RE-06 
and TLSpp are completely different structurally and that they inhibit 
REV1/TLS activity in slightly different ways. TLSpp specifically disrupts 
the PPI between REV1-C-terminal (REV1-CT) and the RIR domains 
of other TLS polymerases. RIR motifs are present in “inserter” and 
“extender” polymerases so binding to REV1-CT at this interface can 
disrupt multiple TLS PPIs responsible for multiple different aspects 
of TLS. JH-RE-06 inhibits REV1/TLS activity through an unexpected 
and unpredictable way. It binds to REV1-CT at the REV7-binding 
interface and induces dimerization with another REV1-CT domain, 
which prevents it from binding to REV7. Thus, both compounds bind 
to REV1-CT and inhibit PPIs between this domain and other TLS 
polymerases, but they inhibit different PPIs. -Irradiator used for 
comet assay experiments is a MARK-1 (J. L. Shepherd and Asso-
ciates, San Fernando, CA) equipped with cesium-137 as source of 
radiations.

PDX model generation, treatment, and results evaluation
All tissue and blood samples from patients were collected as per In-
stitutional Review Board–approved protocols with written informed 
consent from the patients and in accordance with the Declaration of 
Helsinki. All mouse studies were conducted through Institutional 
Animal Care and Use Committee–approved animal protocols in ac-
cordance with Massachusetts General Hospital institutional guide-
lines. The number next to “MGH” refers to the specific patient, and 
the numbers after the dash refer to the time point during patient treat-
ment when the sample was collected. PDX models used for this study 
were initially generated in our laboratory as described previously 

(21). Scalpel-dissected xenograft fragments were either immediate-
ly implanted into the right flank of an NSG (Jackson Laboratories) 
mouse for passaging. After tumor emergence, palpable tumors were 
measured with electronic calipers weekly until tumors exceeded 
1500 mm3, at which point, animals were euthanized, and tumors 
were resected. Tumor volume was estimated by using the formula: 
tumor volume = [(tumor length) × (tumor width2)] × 0.52. For es-
timation of the growth rate of a single xenograft, serial volume mea-
surements were performed on tumors between 50 and 1500 mm3, 
and exponential regression was performed on these tumor-volume 
series. Model growth rates were extrapolated from the average of 
individual xenograft growth coefficients for 9 to 10 untreated xe-
nografts. Resected tumors could be cryopreserved in cryomedium 
[RPMI + 10% fetal bovine serum (FBS) + 4 mM l-glutamine + 
penicillin-streptomycin (100 U/ml) + heparin (500 U/ml) + 10% 
DMSO] for later passaging, fixed in 3.7% formaldehyde for im-
munofluorescence studies, or fresh-frozen in liquid nitrogen for 
Western blot analysis. MGH1528-2 post-5dOT model was derived 
from an MGH1528-2 PDX (resistant to OT) that had been treated 
with OT for 5 days. Since this model was used for scRNA-seq, OT 
sensitivity studies in MGH1528-2 post-5dOT PDX model were per-
formed to reconfirm the resistance of this model (fig. S7A). Both 
MGH1528-2 post-5dOT and MGH1518-3 PDX model treatment 
studies were initiated at xenograft volumes = 300 to 600 mm3 for 
at least four mice per model per treatment arm, and tumors were 
measured two times weekly. Drugs were used as follows: olaparib 
(50 mg/kg, oral gavage) for days 1 to 5, TMZ (25 mg/kg, oral gavage) 
for days 1 to 5, and TLSpp (100 mg/kg, intraperitoneal injection) for 
days 1 to 5. Treatment cycle of 5 days was performed only once for the 
experiments shown in Fig. 7 (E and F) and fig. S5A. One treatment 
cycle of 5 days followed by 3 weeks with no treatment and a final 
cycle of 5 days were used for the experiment in fig. S9G. For treat-
ment metrics: response = change in tumor volume between initial 
tumor volume (ITV) and days 14 to 28 minimum; for end points: 
tumor volume > 2× ITV or 80 days after start of treatment.

Cell culture and cell lines
U2OS and all SCLC cell lines were obtained between 2017 and 2022 
from the Massachusetts General Hospital Center for Molecular Ther-
apeutics, which performs routine authentication by single-nucleotide 
polymorphism and short tandem repeat analyses and mycoplasma 
testing. SCLC cells were maintained in RPMI-HITES media + 2% 
FBS, while DMEM + 5% FBS was used for U2OS, and DMEM F12 + 
10% FBS was used for DMS114 and SBC5 cells. All cell lines were 
passaged for less than 3 months before performing the experiment. All 
cells were grown in 1% penicillin-streptomycin and 1% l-glutamine 
at 37°C and 5% CO2.

Tumor tissue preparation and immunofluorescence
Freshly dissected xenograft samples were fixed for 2 hours at room 
temperature in fixing solution [3.7% formaldehyde and 100 mM 
NaPO4 (pH 7.4)] and rinsed in 70% ethanol. Dehydration and par-
affin embedding were performed by standard method with an auto-
mated machine. Tissue sections of 4 m in thickness were cut with 
a microtome. Sections were deparaffinized by incubating the sec-
tions 2 × 10 min in fresh 100% xylene. Rehydration was performed 
as follows: 2 × 5 min in 100% ethanol, 5 min in 96% ethanol, 5 min in 
80% ethanol, 10 min in 70% ethanol, and 2 × 10 min in water. Antigen 
retrieval was performed in either citric buffer (pH 6.0) (C9999-100ML, 



Stanzione et al., Sci. Adv. 8, eabn1229 (2022)     13 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

15 of 18

Sigma-Aldrich) or tris-EDTA buffer (pH 9.0) (10064-758, VWR Di-
agnostic BioSystems) at 98°C for 20 min. Slides were washed in water, 
and sections were permeabilized for 45 min in 0.2% Triton X 
in PBS. Sections were blocked for 60 min with 10% goat serum, 
0.05% Triton X, and 0.05% Tween 20 in PBS. Primary antibody in-
cubation was carried out overnight in blocking solution at 4°C in a 
humid chamber followed by 3× washes for 10 min with 0.1% Tween 
20 in PBS. Sections were then incubated with secondary antibodies 
for 90 min at room temperature in a humid chamber. After 3× washes 
with 0.1% Tween 20 in PBS, sections were stained with 4′,6-diamidino- 
2-phenylindole (DAPI) for 10 min and mounted using SlowFade 
Diamond Antifade Mountant with DAPI (S36964, Invitrogen). Slides 
were imaged with a Zeiss LSM 710 confocal microscope. For terminal 
deoxynucleotidyl transferase–mediated deoxyuridine triphosphate 
nick end labeling (TUNEL) staining and detection of apoptotic tu-
mor cells, we used the ApopTag Red In Situ Apoptosis Detection Kit 
(S7165, Millipore) following the manufacturer’s directions. TUNEL 
was performed after a permeabilization step and followed by section 
blocking and immunofluorescence protocol as described above. We 
used the following antibodies: H2AX (pH 6.0; 1:150; 9718, Cell 
Signaling Technology; or pH 6.0; 1:200; ab26350, Abcam), Ki67 
(pH 6.0; 1:150; ab15580, Abcam), CDT1 (pH 9.0; 1:150; 8064, Cell 
Signaling Technology), GEMININ (pH 9.0; 1:100; Geminin-L-CE, 
Leica Microsystems; or pH 6.0; 1:350; 10802-1-AP, Proteintech), BrdU 
(pH 6.0; 1:100; ab6326, Abcam), and p21 (pH 6.0; 1:50; 2947, Cell 
Signaling Technology).

Automated image analysis and quantification
Images were analyzed, and fluorescence was quantified with either 
MATLAB or Cell Profiler (78). In brief, cell nuclei were segmented 
using a custom-made image processing pipeline that can distinguish 
them from the background. The pipeline identifies the nuclei based on 
DAPI staining, their size, and circularity. Nuclei that are close to image 
borders or that are too close and cannot be individually segmented 
were automatically removed by the software. Ki67, GEMININ, CDT1, 
and BrdU fluorescence total intensities were quantified by the soft-
ware only within the segmented nuclei. For H2AX staining and 
quantification, the software identifies the formed foci within the 
nucleus based on their size and intensity. Apoptotic nuclei are de-
tected by the software based on TUNEL assay and excluded from 
the quantification.

Western blot
Freshly frozen xenograft tissue samples were lysed in radioimmuno-
precipitation assay buffer using a TissueLyzer II (Qiagen) homogenizer 
at 4°C following the manufacturer’s instructions. SDS–polyacrylamide 
gel electrophoresis was performed by standard methods, and poly-
vinylidene difluoride membranes were blocked with bovine serum 
albumin (BSA) 2.5% and PBS Tween 0.5% for 60 min at room tem-
perature and probed overnight at 4°C with the following antibodies: 
PAR (1:4000; 4336-BPC-100, Trevigen), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH; 1:40,000; MAB374, Millipore), MDR1 
(1:200; sc-13131, Santa Cruz Biotechnology), MGMT (1:1000; 2739, 
Cell Signaling Technology), SLFN11 (1:500; sc-374339, Santa Cruz 
Biotechnology), p57 (1:500; ab75974, Abcam), p16 (1:2000; ab81278, 
Abcam) and p21 (1:1000; 2947, Cell Signaling Technology), CYCLIN 
A2 (1:1000; 4656, Cell Signaling Technology), CYCLIN B1 (1:1000; 
12231, Cell Signaling Technology), H3pSer10 (1:1000; 06-570, 
Millipore), and MYC (1:500, sc-40, Santa Cruz Biotechnology). 

Membranes were imaged with a Syngene G:BOX, band densitometry 
was performed using FIJI, and ratio to loading control (GAPDH) 
was calculated.

Single-cell suspension preparation from PDX tumors
Xenografts were resected and collected in cold RPMI media, manu-
ally minced with scalpel, and dissociated using the Human Tumor 
Dissociation Kit (130-095-929, Miltenyi Biotec) with a gentleMACS 
Octo Dissociator (Miltenyi Biotec) following the manufacturer’s 
instructions. Live cells were enriched by centrifugation of 20 ml of 
cell suspension layered on top of 15 ml of Ficoll-Paque PLUS (17-
1440-02, GE Life Sciences) in a 50-ml falcon tube [centrifugation 
conditions were 2271 rpm (1200 rcf) at 19°C with acceleration/
deceleration = 1, for 30 min]. Tumor cells enriched at the interface 
were collected and depleted of murine cells with anti-mouse immu-
noglobulin G microbeads (130-104-694, Miltenyi Biotec) following 
the manufacturer’s instructions.

Cell viability assay
Isolated tumor cells were seeded in 96-well format in HITES media + 
2% FBS + 10 M ROC kinase inhibitor (Y-27632, Selleckchem). 
Titration of olaparib and TMZ was performed with a D300e digital 
drug dispenser (Tecan Life Sciences). Viability was assessed after 
5 days using CellTiter-Glo 2.0 (G9243, Promega).

DNA fiber assay
DNA fiber analysis was performed as previously described (79) with 
slight modifications. Briefly, isolated tumor cells were first pulse- 
labeled with 50 M CldU (Sigma-Aldrich, catalog no. C6891), washed 
twice with equilibrated PBS, and then labeled with 100 M IdU 
(Sigma-Aldrich, catalog no. I7125) under the conditions specified 
in the figure legends. Collected cells were resuspended in cold PBS 
(1 × 106 cells/ml), and 2.5 l was stretched on a glass slide (tilting the 
slide at a 15° angle) after mixing and incubating with 7.5 l of spread-
ing buffer [0.5% SDS, 200 mM tris-HCl (pH 7.4), and 50 mM EDTA] 
for 2 min. DNA fibers were fixed in methanol:acetic acid (3:1) for 
2 min at room temperature and air-dried. Afterward, slides were de-
natured in 2.5 N HCl for 30 min at room temperature and blocked in 
3% BSA/0.05% Tween 20 for 60 min at room temperature. CldU and 
IdU detection was performed using rat anti-BrdU (1:100; ab6326, 
Abcam) and mouse anti-BrdU (1:20; BD-347580, BD Biosciences) for 
60 min at 37°C followed by Alexa 488 anti-mouse (1:100; 715-545-151, 
Jackson ImmunoResearch) and Alexa 594 anti-rat (1:100; A-21209, 
Thermo Fisher Scientific) for 30 min at room temperature. Slides 
were rinsed three times with 0.05% Tween in PBS, air-dried, and 
mounted with Prolong Gold at room temperature overnight. Fibers 
were imaged with an Echo Revolve microscope (40× objective), and 
fiber length was quantified using FIJI.

Comet assay
Cells were treated for 3 hours under the conditions specified in the 
figure legends, and comet assay was performed at the end of the 
treatment or immediately after irradiation. Single-cell gel electro-
phoresis was carried out by using Trevigen’s comet assay kit (catalog 
no. 4250-050-K) and following a previously described protocol (80) 
with modifications. Briefly, tumor cell suspension (5 × 105 cells/ml) 
and melted LM agarose (at 37°C) were mixed in 1:10 (v/v) ratio. A 
total of 50 l of this solution was poured onto the comet slide. Slides 
were then kept at 4°C in the dark for 10 min and afterward at 37°C 
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for 5 min for better agarose adhesion. The slides were placed in an 
ice-cold, freshly prepared lysing solution for 60 min at 4°C.

For alkaline comet assay, lysing solution was composed of 1.2 M 
NaCl, 100 mM EDTA, 0.1% sarcosyl, and 0.26 M NaOH (pH >13). Af-
ter lysis, slides were immersed in freshly prepared alkaline unwinding- 
electrophoresis solution [300 mM NaOH and 1 mM EDTA (pH >13)] 
for 60 min at room temperature in the dark. Subsequently, the slides 
were placed in an electrophoresis chamber filled with cold alkaline 
unwinding-electrophoresis solution and run for 30 min at 15 V (1 V 
for each centimeter of distance between the two electrodes), at 4°C 
protected from the light. After the run, slides were washed twice in 
dH2O for 5 min and incubated in 70% ethanol for 5 min at room 
temperature. Slides were then dried at 37°C until agarose complete-
ly disappeared.

For neutral comet assay, lysing solution was composed of 2% 
sarcosyl, 0.5 M EDTA, and proteinase K (0.4 mg/ml; pH 8.0; 506-PKP, 
Viagen Biotech). After lysis, slides were immersed in freshly prepared 
neutral electrophoresis buffer [100 mM tris base and 300 mM so-
dium acetate (pH 9.0)] for 30 min at 4°C in the dark. Subsequently, 
the slides were placed in an electrophoresis chamber filled with cold 
neutral buffer and run for 60 min at 15 V (1 V for each centimeter 
of distance between the two electrodes), at 4°C protected from the 
light. After the run, slides were incubated in DNA precipitation solu-
tion (1 M ammonium acetate in 95% ethanol) for 30 min at room 
temperature and then incubated in 70% ethanol for 30 min at room 
temperature. Slides were dried at 37°C until agarose completely dis-
appeared.

Comets were stained with SYBR Gold (S7563, Invitrogen) for 
30 min at room temperature. Then, slides were rinsed in water and 
completely dried at 37°C. Last, slides were mounted with SlowFade 
Diamond Antifade Mountant (S36963, Invitrogen). Slides were im-
aged with an Echo Revolve microscope (10× objective), and pictures 
were analyzed with Open Comet ImageJ plug-in (81).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 9, and 
specific statistical tests used are indicated in the figure legends. Sta-
tistical analysis used for WGS and scRNA-seq is described in the 
specific paragraph in Materials and Methods. All experiments were 
performed at least two times, and data shown in the figures either 
represent one of the replicates or pulled measurements from differ-
ent replicates. For comparisons between sample pairs, datasets were 
analyzed by the nonparametric Mann-Whitney U test, and exact 
P values were reported. For multiple comparisons, datasets were an-
alyzed by one-way analysis of variance (ANOVA) Tukey’s multiple 
comparison test with a single pooled variance. P values are dis-
played as not significant (ns) for P > 0.05, *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, and ****P ≤ 0.0001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn1229

View/request a protocol for this paper from Bio-protocol.
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