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C A N C E R

Induced degradation of lineage-specific oncoproteins 
drives the therapeutic vulnerability of small cell lung 
cancer to PARP inhibitors
Chiho Kim1,2†, Xu-Dong Wang1,2†, Zhengshuai Liu1,2, Jianwei Hao2, Shuai Wang1, Peng Li1, 
Zhenzhen Zi1, Qing Ding1, Seoyeon Jang3, Jiwoong Kim4, Yikai Luo5, Kenneth E. Huffman6, 
Shreoshi Pal Choudhuri6, Sofia del Rio2, Ling Cai4, Han Liang5, Benjamin J. Drapkin6,  
John D. Minna6, Yonghao Yu1,2*

Although BRCA1/2 mutations are not commonly found in small cell lung cancer (SCLC), a substantial fraction of 
SCLC shows clinically relevant response to PARP inhibitors (PARPis). However, the underlying mechanism(s) of 
PARPi sensitivity in SCLC is poorly understood. We performed quantitative proteomic analyses and identified 
proteomic changes that signify PARPi responses in SCLC cells. We found that the vulnerability of SCLC to PARPi 
could be explained by the degradation of lineage-specific oncoproteins (e.g., ASCL1). PARPi-induced activation of 
the E3 ligase HUWE1 mediated the ubiquitin-proteasome system (UPS)–dependent ASCL1 degradation. Although 
PARPi induced a general DNA damage response in SCLC cells, this signal generated a cell-specific response in 
ASCL1 degradation, leading to the identification of HUWE1 expression as a predictive biomarker for PARPi. 
Combining PARPi with agents targeting these pathways markedly improved therapeutic response in SCLC. The 
degradation of lineage-specific oncoproteins therefore represents a previously unidentified mechanism for PARPi 
efficacy in SCLC.

INTRODUCTION
BReast CAncer gene 1 (BRCA1) and BReast CAncer gene 2 (BRCA2) 
are tumor suppressor proteins that are critical components of the 
homologous recombination (HR) repair pathways (1). Cancer cells 
with BRCA1/2 mutations, as well as other defects in the HR pathways 
(e.g., ATM mutations), are selectively sensitive to poly(adenosine 
diphosphate–ribose) polymerase (PARP) inhibitors (PARPis) via a 
mechanism known as synthetic lethality. The identification of PARP 
proteins as a therapeutic target has led to a paradigm shift for the 
treatment and management for BRCA1/2-mutated human malig-
nancies (e.g., breast, ovarian, prostate, and pancreatic cancers), with 
the recent Food and Drug Administration approval of four PARPis 
(i.e., olaparib, rucaparib, niraparib, and talazoparib) in these indica-
tions (2–4).

PARP1/2 are DNA damage response (DDR) proteins that are 
critically involved in sensing genotoxic stimuli. Upon binding to 
nicked DNA, PARP1/2 become activated to synthesize many poly-
ADP–ribosylated (PARylated) proteins. These protein-linked PAR 
polymers serve as a scaffold to recruit an array of DNA repair 
enzymes to resolve the DNA breaks (5–8). Besides the blockade of 
PAR synthesis and PAR-mediated DDR, recent studies show that 

PARPi also cause PARP1/2 “trapping,” which serves as a key mediator 
of the genotoxic, cytotoxic, and immunomodulatory roles of PARPi 
in BRCA1/2-mutated cancers (9–14).

Besides the existing results in BRCA1/2-mutated cancers, PARPi 
is being evaluated, either as a single agent or in combination with 
chemotherapy and radiotherapy approaches, to treat a diverse array 
of other solid tumors. Results from these clinical studies indicate 
that PARPi could represent a promising therapeutic strategy for 
these cancers. For example, small cell lung cancer (SCLC) is a 
neuroendocrine (NE) lung carcinoma (~15% of all lung cancer cases) 
and is one of the most aggressive human malignancies (5-year 
survival rate of ~6%) (15). Compared to other subtypes of lung cancer 
(e.g., adenocarcinoma and squamous cell carcinoma), SCLC has 
unique biology and genetic alterations, including the frequent dele-
tion or inactivating mutations of the retinoblastoma (Rb) and p53 
(TP53) proteins. Despite intensive research within the last several 
decades, the standard of care for advanced SCLC relies on chemo-
therapy, i.e., etoposide or irinotecan plus a platinum-based drug 
such as cisplatin or carboplatin (12, 16). Although this regimen 
often leads to initial tumor regression, recurrence is almost universal, 
at which point patients are left with very limited options of further 
systemic therapy (17, 18).

Preclinical and clinical studies have demonstrated early promise 
for PARPi in SCLC. Comparative proteomic studies revealed that 
high expression of PARP1 and PARP2 distinguishes SCLC from 
NSCLC, and SCLC cell lines are highly sensitive to PARPis (19–21). 
This discovery launched clinical trials in unselected SCLC patients 
with promising early-phase results. In patients with relapsed SCLC, 
combination of veliparib with temozolomide (TMZ) showed a 
marked increase in response rate (39% veliparib + TMZ versus 14% 
placebo + TMZ) (22). A similarly high response rate was observed 
with olaparib + TMZ (42%) in a single-arm study (23). However, 
despite these promising response rates, clear benefit was only 
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observed in a subset of patients, PARPi sensitivity could not be 
predicted by tumor mutations in BRCA1/2 or other HR genes as 
these are not commonly found in this cancer (e.g., less than 3% of 
the SCLC cases contain BRCA1/2 mutations) (20, 24). Although 
some relapsed SCLCs are highly sensitive to PARPi combinations, 
BRCA1/2 mutations are not the primary determinants of this sensi-
tivity, and the exact molecular underpinnings are poorly under-
stood. The lack of mechanism-based, predictive biomarkers poses a 
substantial knowledge gap, preventing the rational clinical applica-
tion of PARPi in SCLC and many other human malignancies with 
proficient HR pathways. Identification of these mechanisms would 
provide a critically important therapeutic pathway toward achieving 
more complete and durable responses for patients with SCLC.

Here, we assembled a large panel of molecularly annotated hu-
man SCLC cell lines and performed global, isobaric labeling-based 
quantitative mass spectrometry (MS) experiments to comprehen-
sively characterize how the SCLC proteome responds to PARPi 
treatment. This system-wide proteomic approach led to the identifi-
cation of unique proteomic signatures associated with PARPi treat-
ment in PARPi-sensitive and PARPi-resistant SCLCs, respectively. 
We found that PARPi treatment led to degradation of key lineage-
specific oncoproteins including ASCL1, NEUROD1, and POU2F3, 
only in the PARPi-sensitive, but not in the PARPi-resistant SCLC 
cells. Unexpectedly, we found that the degradation of these key 
SCLC lineage-specific oncoproteins was also induced by clinically 
relevant chemotherapeutic agents, suggesting that this degradation 
phenotype could be a key mediator of the vulnerability of SCLC to 
the genotoxicity induced by multiple therapeutic agents (i.e., PARPi 
and chemotherapy compounds). We further uncovered that the 
PARPi-induced degradation of the SCLC lineage-specific onco-
proteins was mediated by the ubiquitin-proteasome system (UPS) 
via the DNA damage-responsive E3 ubiquitin ligase HUWE1 (HECT, 
UBA, and WWE domain-containing 1). PARPi treatment elicits a 
general DNA damage signal. However, individual SCLC lines derived 
from different patients responded differently to this DDR signal, 
leading to the unequal degradation of the lineage-specific onco-
proteins, and hence cell death. The tumor cell line–specific onco-
protein degradation response and the associated heterogenous UPS 
response led to the identification of potentially predictive biomarkers 
(e.g., HUWE1 levels) for PARPi in SCLC. Overexpression of HUWE1 
in PARPi-resistant, ASCL1high SCLC cell lines led to increased 
ASCL1 degradation in these cells, which then caused more cell 
death, under PARPi treatment conditions. We expect that the dataset 
will serve as a previously unknown resource to provide the founda-
tion and biomarker for future hypothesis-driven clinical transla-
tional research that helps delineate the molecular mechanisms of the 
therapeutic vulnerability of PARPi beyond tumors with BRCA1/2 
mutations.

RESULTS
Identification of a PARPi-induced protein degradation 
signature in SCLC
BRCA1/2 mutations are rarely found in SCLC, including in the 
SCLC lines used in this study [see table S1—where 19 of 21 SCLC 
tested were wild type for BRCA1/2, while potential germline altera-
tions were found in 2: H378 (M1008I) and H446 (D1496H)]. The 
mechanism of selective vulnerability of some SCLCs to PARPi is not 
understood. Talazoparib is a highly potent PARPi that blocked the 

formation of PARylation in NCI-H2081 (H2081) cells (a representative 
SCLC cell line) (Fig. 1A and fig. S1A). Besides its catalytic inhibition 
activity, talazoparib treatment also led to profound PARP1/2 trapping, 
γH2AX formation (a marker of DNA double-strand breaks), and 
PARP1 cleavage (a marker of apoptotic cell death) (fig. S1, B and C).

SCLC can be divided into different subtypes based on the expres-
sion of certain lineage-specific transcription factors, including ASCL1, 
NEUROD1, and POU2F3 (25). Among them, the basic helix-loop-
helix (bHLH) transcription factor (TF) ASCL1 is considered as a 
master regulator for a majority of these SCLC with strong NE 
features. In addition, two related TFs, NEUROD1 and POU2F3, 
characterize a smaller subset with intermediate and low NE features, 
respectively (26, 27). These TFs are highly expressed and are re-
quired for the establishment of the lineage of pulmonary NE cells 
and for the continued survival of SCLC (27–30).

To systemically characterize the proteomic response of SCLC to 
PARPi, we assembled a panel of 24 human SCLC cell lines that repre-
sent the major SCLC subtypes, including ASCL1high, NEUROD1high, 
POU2F3high, and TFlow (the TFlow subtype refers to the SCLCs that 
expresses low levels of ASCL1, NEUROD1, and POU2F3) (table S1). We 
first determined the sensitivity of these SCLC cell lines to talazoparib 
by measuring the IC50 (the half-maximal inhibitory concentration) 
required to inhibit their growth or cause cell death.

Talazoparib displayed differential toxicity in these SCLC cell 
lines, and we further classified these SCLC cell lines into the 
talazoparib-sensitive cells (those with IC50 < 1 μM, i.e., H2081, H69, 
H1048, H209, H1876, DMS-79, H2107, H524, H1092, H2171, H128, 
and H446) and talazoparib-resistant SCLCs (those with IC50 > 
1 μM, i.e., H1436, H82, H889, H378, H196, SW1271, H1836, H1341, 
H2029, H841, SHP-77, and H1963) (Fig. 1B; fig. S1, D and E; and 
table S1).

We next performed quantitative mass spectrometric analyses to 
systemically characterize how talazoparib treatment perturbed the 
proteome homeostasis in each of the aforementioned SCLC lines 
(Fig. 1C). We prepared a total of 96 proteome samples [the 24 different 
SCLC lines, each treated for 48 hours with either dimethyl sulfoxide 
(DMSO) or talazoparib], and these samples were divided into six 
Tandem Mass Tag (TMT)–16plex experiments. From these isobaric 
labeling-based, global quantitative proteomic experiments, we were 
able to quantify a total of 12,295 proteins (false discovery rate < 1%), 
with 5169 proteins quantified across the entire panel of the SCLC 
lines (fig.  S1F and table  S2). Correlation analyses of the resulting 
protein abundances indicated that an excellent reproducibility 
[R2 (coefficient of determination) = 0.9504] was achieved in these 
quantitative proteomic experiments (fig. S1G).

We then performed a series of bioinformatic analyses to identify 
proteomic changes that might be associated with the selective sensi-
tivity of certain SCLC cell lines to PARPi (fig. S1H). Specifically, we 
first grouped the SCLC cell lines and their respective proteomic 
datasets into four subtypes (i.e., ASCL1high, NEUROD1high, POU2F3high, 
and TFlow). Because the vast majority of SCLC is characterized by 
the overexpression of ASCL1, we initially focused our analyses on 
the ASCL1high SCLC cell lines. For these cell lines, we further di-
vided them into the ASCL1high/talazoparib-sensitive (a total of eight 
cell lines) and ASCL1high/talazoparib-resistant (a total of six cell 
lines) cell lines. We found that talazoparib was able to induce the 
down-regulation of 256 proteins in the ASCL1high/talazoparib-sensitive 
cell lines. However, we did not identify any significantly down-
regulated proteins in the ASCL1high/talazoparib-resistant cell lines 
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(Fig. 1D, fig. S1I, and table S3). We therefore termed the 256 down-
regulated proteins as the PARPi-induced protein degradation signa-
ture (PiPS). Gene Ontology (GO) analyses showed that many of 
these PiPS proteins were involved in biological processes linked to 
the pathogenesis of SCLC, including regulation of transcription 
(P = 2.89 × 10−6), cell proliferation (P = 5.97 × 10−6), and cell cycle 
(P = 1.41 × 10−5) (Fig. 1E). Several SCLC lineage-specific onco-
proteins, including ASCL1, were among the PiPS, and these proteins 
were found to be down-regulated in response to talazoparib treatment 
(in ASCL1high/talazoparib-sensitive cell lines).

Besides the ASCL1high SCLC subtype, we also identified 10 and 
85 PiPS proteins from the NEUROD1high and POU2F3high SCLC 
subtype, respectively (fig. S1J and table S3). Similar to ASCL1, we 

found that NEUROD1 and POU2F3 were also markedly down-
regulated in response to talazoparib treatment (in the respective 
talazoparib-sensitive cell lines) (table S3). Last, because all the TFlow 
SCLC cell lines were resistant to talazoparib, we did not identify any 
down regulated proteins in this TFlow SCLC subtype (fig. S1J and 
table S3).

Degradation of SCLC lineage-specific oncoproteins in 
response to PARPi-induced genotoxicity
We first validated our quantitative proteomic results and found that 
talazoparib treatment resulted in the dramatic down-regulation of 
ASCL1 in H2081 cells (Fig. 2A and fig. S2, A and B). Also, we estab-
lished an SCLC xenograft mouse model derived from H2081 cells, 

Fig. 1. Identification of a PiPS in SCLC. (A) Structure of talazoparib. (B) Value of IC50 in a total of 24 SCLC cell lines treated with talazoparib. SCLC cell lines are indicated 
as ASCL1high, NEUROD1high, POU2F3high, or TFlow subtype. The sensitivity is defined as: sensitive (red), IC50 < 1 μM; resistant (blue), IC50 > 1 μM. TFlow, low expression of all 
three TFs. (C) Workflow of high-throughput multiplexed quantitative proteome mapping in a total of 96 proteome samples including a total of 24 SCLC lines treated with 
or without talazoparib (1 μM for 48 hours) in a total of six Tandem Mass Tag (TMT) experiments. (D) Steps of the identification of PARPi-induced protein degradation sig-
nature (PiPS) proteins only identified in PARPi-sensitive ASCL1high SCLC subtype. Volcano plots show differentially expressed proteins in talazoparib treatment in each 
PARPi-sensitive and PARPi-resistant ASCL1high SCLC subtype [log2 fold change (log2FC) < −0.3, P < 0.05]. Venn diagram shows the number of identified PiPS proteins. (E) Gene Ontology 
(GO) analyses of PiPS proteins identified in PARPi-sensitive ASCL1high SCLC subtype. Biological processes were analyzed using the ToppGene database (https://toppgene.
cchmc.org/). LC-MS/MS, liquid chromatography tandem MS; m/z, mass-charge ratio.

https://toppgene.cchmc.org/
https://toppgene.cchmc.org/
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which exhibited distinctive morphological characteristics associated 
with SCLC, including scant cytoplasm and nuclear molding, along 
with robust expression of SCLC marker proteins (i.e., NCAM and 
synaptophysin) (fig. S2C). Consistently, we observed that talazoparib 
also reduced the levels of ASCL1 and proliferating cell nuclear antigen 
(PCNA) (a widely used proliferation marker) and inhibited tumor 
growth in an H2081 xenograft model (Fig. 2, B and C, and fig. S2D). 
Quantitative real-time PCR (qRT-PCR) experiments demonstrated 
that talazoparib treatment did not affect the mRNA levels of this 
protein (Fig. 2D). These results highlight the power of quantitative 
proteomic analyses in the identification of these posttranslational 
regulation mechanisms. Besides ASCL1, we observed that other 
lineage-specific oncoproteins (i.e., NEUROD1 and POU2F3) were 
also markedly down-regulated by talazoparib treatment in talazoparib-
sensitive H524 cells (NEUROD1high) and H1048 cells (POU2F3high), 
respectively (fig. S2, E and F).

Although it is well recognized that SCLC is exquisitely sensitive 
to chemotherapy, the underlying mechanism of action is unexpectedly 
not well understood. In consideration of future clinical translation, 
we also studied the effect of clinically relevant chemotherapeutic 
agents used in SCLC treatment such as etoposide and doxorubicin 

on both DDRs and ASCL1 protein levels. We found that treatment 
of H2081 with etoposide and doxorubicin resulted in DDR (as 
shown by increased γH2AX levels) and cytotoxicity (as shown by 
the increase in PARP1 cleavage). These changes were accompanied 
by a substantial decrease of ASCL1 protein levels under these condi-
tions (Fig. 2E). In addition, other chemotherapeutic agents, including 
TMZ, dinaciclib, and gemcitabine, also led to a significant increase 
in DDR and a decrease in ASCL1 protein levels (fig. S2G).

Collectively, our data showed that the SCLC lineage-specific 
oncoproteins were down-regulated in response to the genotoxicity 
induced by PARPi, as well as commonly used chemotherapeutic 
agents. Because of the critical roles of these proteins in the patho-
genesis of SCLC, our data also raise the hypothesis that the induced 
degradation of these lineage-specific oncoproteins could be a mech-
anism that drives the vulnerability of SCLC to PARPi and poten-
tially other chemotherapeutic agents.

HUWE1-mediated ASCL1 degradation in response to 
PARPi-induced genotoxicity
Because ASCL1 regulates a transcription program that is critical for 
the survival and proliferation of SCLC (31, 32), we investigated if 

Fig. 2. Degradation of SCLC lineage-specific oncoproteins in response to PARPi-induced genotoxicity. (A) Levels of ASCL1 in talazoparib treatment. H2081 cells 
were treated with or without talazoparib (1 μM for 48 hours), and the cell lysates were subjected to immunoblot analysis using the indicated antibodies. Values were 
presented as means ± SD (n = 3). (B) Levels of ASCL1 in vivo. H2081-implanted xenograft tumors were treated with or without talazoparib (0.3 mg/kg for 30 days), and the 
tumor extracts were subjected to immunoblot analysis using the indicated antibodies. Values were presented as means ± SD (n = 3). (C) Toxicity of talazoparib in vivo. 
Mice implanted with H2081 cells were treated with or without talazoparib (0.3 mg/kg for 30 days). Top: The image of representative tumors; bottom: tumor volume and 
weight. Values were presented as means ± SD (n = 6 to 10). (D) mRNA levels of ASCL1 in talazoparib treatment. H2081 cells were treated with or without talazoparib (1 μM 
for 48 hours), and the mRNA levels of ASCL1 were measured by qRT-PCR analysis, normalized to GAPDH mRNA levels. Values were presented as means ± SEM (n = 5). 
(E) The levels of ASCL1 in the treatment of DNA damaging agents. H2081 cells treated with talazoparib (1 μM), etoposide (1 μM), or doxorubicin (1 μM) for 48 hours, and 
the cell lysates were subjected to immunoblot analysis using the indicated antibodies. Values were presented as means ± SD (n = 3). GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase.
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PARPi treatment affects the expression of ASCL1 target genes in 
PARPi sensitive SCLCs. The gene set enrichment analysis revealed a 
significant presence of known ASCL1 target genes among the down-
regulated proteins in ASCL1high/talazoparib-sensitive cells in our 
quantitative proteomic dataset (fig. S3A). The 256 PiPS proteins (the 
talazoparib-induced down-regulated proteins in ASCL1high/talazoparib-
sensitive cell lines) contained a number of well-known ASCL1 target 
genes (e.g., IGFBP5, DLL3, and INSM1) (31, 32) that are associated with 
cell differentiation (P = 1.96 × 10−3), cell proliferation (P = 2.59 × 10−2), 
and transcription regulation (P  =  7.12  ×  10−2) (fig.  S3B and 
table S4). qRT-PCR analyses confirmed that the mRNA levels of sev-
eral representative ASCL1 transcription targets—including MYCL1, 
RET, SOX2, and BCL2—were significantly down-regulated in talazoparib-
treated cells (Fig. 3A). To demonstrate the relevance of ASCL1 loss 
in mediating the cytotoxicity of PARPi, we depleted ASCL1 using 
two independent short hairpin RNAs (shRNAs). SCLC cells with 
ASCL1 knockdown (KD; shASCL1 #1 and #2) showed reduced 
survival and increased cell death (PARP1 cleavage) compared to 
control cells (fig.  S3, C and D). In the Cancer Dependency Map 
project (DepMap; www.depmap.org/) (33), the knockdown of ASCL1 
also led to decreased growth specifically in ASCL1high SCLC cells, 
but not in other SCLC subtypes, including NEUROD1high, POU2F3high, 
and TFlow SCLC cells. These results confirmed a lineage-specific 
function of the TF ASCL1 in the ASCL1high SCLC subtype 
(fig. S3E). On the contrary, overexpression of ASCL1 (ASCL1-Myc) 
in SCLC cells attenuated cell death induced by talazoparib treatment 
(fig. S3, F and G).

We next sought to determine the molecular mechanism behind 
PARPi-induced ASCL1 down-regulation. A pan-caspase inhibitor, 
Z-VAD, did not affect talazoparib-induced ASLC1 down-regulation, 
suggesting that the down-regulation of ASCL1 might not be secondary 
to talazoparib-induced apoptotic cell death (fig. S3H). Intriguingly, 
we found that talazoparib-induced ASLC1 down-regulation was 
completely blocked by a proteasome inhibitor, MG132, suggesting 
that ASCL1 down-regulation could be regulated by the UPS (Fig. 3B 
and fig. S3I). Cell death was greatly reduced when SCLCs were treated 
with both talazoparib and MG132 (Fig. 3C). We used cycloheximide 
(CHX) to block the protein synthesis and found that talazoparib 
treatment led to greatly accelerated turnover of ASCL1 (fig.  S3J). 
Consistently, we also observed that ASCL1 ubiquitination levels 
were markedly increased in response to talazoparib treatment com-
pared to control (Fig. 3D and fig. S3K). Furthermore, we observed 
that talazoparib-induced SCLC death was attenuated by the treat-
ment of a caspase-mediated apoptosis inhibitor Z-VAD, but not the other 
cell death inhibitors (i.e., an autophagy inhibitor chloroquine, a 
necroptosis inhibitor necrostatin-1, a ferroptosis inhibitor ferrostatin-1, 
and a pyroptosis inhibitor Ac-FLTD-CMK) (fig. S3L). Collectively, 
these data provide evidence supporting a model where PARPi leads 
to the UPS-dependent degradation of ASCL1 and, subsequently, 
apoptotic cell death of SCLC.

Because PARPi causes PARP1/2 trapping, which, in return, leads 
to DDR (7–10, 13, 14), we hypothesized that an E3 ubiquitin ligase, 
whose activity is increased during DDR, could ubiquitinate ASCL1 
and mediate its degradation. Notably, an E3 ubiquitin ligase, HUWE1, 
was previously found to target ASCL1 for degradation in neuronal stem 
cells (34). HUWE1 (HECT, UBA, and WWE domain-containing 1) 
is a HECT domain-containing E3 ubiquitin ligase that regulates 
many biological processes linked to DDR (35–39). Its E3 ubiquitin 
ligase activity is known to increase upon sensing genotoxic stress 

(37–39). Intriguingly, we also identified a number of putative HUWE1 
target proteins (e.g., ASCL1 and MCL-1) in the 256 PiPS proteins 
(the talazoparib-induced down-regulated proteins in ASCL1high/
talazoparib-sensitive cell lines) (fig. S3M and table S5). These pro-
teins are linked to biological processes related to cell survival and 
proliferation, including apoptotic process (P  =  5.55  ×  10−4), cell 
cycle regulation (P = 1.77 × 10−2), and regulation of transcription 
(P = 7.39 × 10−2) (fig. S3N). However, whether HUWE1 mediates 
the degradation of ASCL1 during PARPi-induced DDR in SCLC is 
unknown. To directly demonstrate the association between ASCL1 
and HUWE1, we performed co-immunoprecipitation assays and 
observed that ASCL1 interacted with HUWE1 (fig. S3O). We found 
that: ectopic expression of HUWE1 led to the degradation of ASCL1 
(fig. S3P); this effect was blocked by MG132 (fig. S3Q); the E3 ubiq-
uitin ligase-dead (LD) mutant of HUWE1 did not degrade ASCL1 
(fig. S3R); and that exogenous overexpression of HUWE1 enhanced 
ASCL1 ubiquitination (fig. S3S).

We next interrogated HUWE1-mediated ASCL1 degradation in 
the context of PARPi treatment. Immunoblotting analyses showed 
increased auto-ubiquitination of HUWE1 (Fig. 3E) and the degra-
dation of known HUWE1 targets (i.e., MCL-1) (40) in talazoparib-
treated cells (Fig. 3F). These results suggest that PARPi-induced 
genotoxicity is able to activate the E3 ubiquitin ligase activity of 
HUWE1. Moreover, we found that talazoparib-induced ubiquitina-
tion and degradation of ASCL1 were markedly reduced in SCLC 
with HUWE1 KD (shHUWE1 #1 and #2) compared to control 
(Fig. 3, G and H). Furthermore, HUWE1 KD also greatly decreased 
the levels of talazoparib-induced cell death (Fig.  3I). Collectively, 
these data provide evidence that PARPi-induced genotoxicity acti-
vates HUWE1, which targets the degradation of ASCL1, and promotes 
the cell death of ASCL1high SCLC.

The synergistic effects between PARPi and 
PiPS-targeting agents
While approved chemotherapy usually results in significant anti-
tumor responses with clinical benefit in SCLC, relapse is almost uni-
versal (17, 18). Because the down-regulation of PiPS proteins serves 
as one of the major therapeutic responses to PARPi in SCLC, we 
tested whether cotargeting these PiPS proteins and PARP proteins 
could offer a therapeutic strategy to achieve a more complete and 
durable response. Toward this, we used talazoparib to degrade 
ASCL1 protein and JQ-1 to reduce ASCL1 expression. Consistent 
with previous findings (41), ASCL1 expression was markedly re-
duced in ASCL1high H2081 cells and xenograft tumors treated with 
JQ-1 (fig. S4, A to C). JQ-1 and talazoparib reduced the survival in 
H2081 cells in vitro (fig. S4D) and xenograft tumor growth in vivo 
(Fig. 2C and fig. S4E).

We next evaluated the potential synergy of talazoparib in combi-
nation with JQ-1 in SCLC in vitro and in vivo. The combination of 
talazoparib and JQ-1 led a more complete suppression of ASCL1 
levels in ASCL1high H2081 cells and xenograft tumors, compared to 
either agent alone (Fig.  4, A and B). Moreover, the combination 
treatment more markedly reduced the survival of SCLC cells in a 
time- and concentration-dependent manner (Fig. 4, C and D). Last, 
the growth of xenograft tumors was more markedly suppressed in 
mice treated with the combination of talazoparib and JQ-1 (also, as 
shown by a nearly complete loss of PCNA) compared to those treated 
with talazoparib or JQ-1 alone (Fig. 4, E and F, and fig. S4F). In 
addition, mice that received single or the combination treatment in 

http://www.depmap.org/
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Fig. 3. HUWE1-mediated ASCL1 degradation in response to PARPi-induced genotoxicity. (A) qRT-PCR analysis of the downstream target genes of ASCL1 in H2081 
cells treating with or without talazoparib (1 μM for 48 hours). The mRNA levels were normalized to GAPDH. Values were presented as means ± SEM (n = 3 to 6). (B and C) H2081 
cells were treated with talazoparib (1 μM for 48 hours) and MG132 [10 (+) and 20 (++) μM for 6 hours]. ASCL1 levels (B) and viability (C) were measured, and values were 
presented as means ± SD (n = 5) and ± SEM (n = 5), respectively. (D) Ubiquitination of ASCL1. H2081 cells expressing ASCL1-Myc were treated with talazoparib (1 μM for 
48 hours) and MG132 (10 μM for 6 hours). Cell lysates were subjected to immunoprecipitation using anti-Myc antibody, and immunoprecipitates were subjected to im-
munoblot analysis. (E) Auto-ubiquitination of HUWE1. H2081 cells transfected with Flag-HUWE1 were treated with talazoparib (1 μM for 48 hours), and cell lysates were 
subjected to immunoprecipitation using anti-Flag M2 beads. Immunoprecipitates were subjected to immunoblot analysis. (F) Down-regulation of MCL-1. H2081 cells 
were treated with talazoparib for 48 hours, and cell lysates were subjected to immunoblot analysis. Values were presented as means ± SD (n = 3). (G) Inhibition of ASCL1 
ubiquitination. H2081 cells expressing ASCL1-Myc were depleted with HUWE1 (shHUWE1 #1 and #2) and treated with talazoparib (1 μM for 48 hours) and MG132 (10 μM 
for 6 hours). Cell lysates were subjected to immunoprecipitation using anti-Myc antibody. Immunoprecipitates were subjected to immunoblot analysis. (H and I) H2081 
cells depleted with HUWE1 (shHUWE1 #1 and #2) were treated with talazoparib (1 μM for 48 hours). ASCL1 levels (H) and viability (I) were measured, and values were 
presented as means ± SD (n = 5) and ± SEM (n = 6), respectively. IP, immunoprecipitation; HA, hemagglutinin.
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xenograft experiments did not show any significant changes in body 
weight, providing one test of no increased toxicity (fig. S4G). These 
results indicate that these two compounds (i.e., talazoparib and JQ-
1) lower the expression of ASCL1 via two orthogonal mechanisms 
(i.e., degradation and transcription, respectively), leading to pro-
found and synergistic suppression of tumor growth in vivo. The full 
therapeutic potential of these combination strategies warrants fur-
ther studies.

Predictive biomarkers for PARPi-mediated 
cytotoxicity in SCLC
PARP proteins have been proposed as a promising therapeutic 
target for SCLC (42, 43). However, BRCA1/2 mutations are rarely 
found in SCLC, and the mechanism for the selective PARPi toxicity 
in certain SCLC cell lines is poorly understood. Despite the hetero-
geneous response of these SCLC cell lines to PARPi (Fig. 1B), we 
found that talazoparib treatment was able to elicit a general DDR in 

Fig. 4. The synergistic effects between talazoparib and BET inhibitor JQ-1. (A) Effect of talazoparib with JQ-1 in ASCL1 degradation. H2081 cells were treated with 
talazoparib (1 μM for 48 hours), JQ-1 (0.1 μM for 48 hours), or talazoparib + JQ-1 as indicated, and the cell lysates were subjected to immunoblot analysis using the indicated 
antibodies. Values were presented as means ± SD (n = 3). (B) Effect of talazoparib with JQ-1 in ASCL1 degradation in vivo. Mice implanted with H2081 cells were treated 
with talazoparib (0.3 mg/kg), JQ-1 (25 mg/kg), or talazoparib + JQ-1 as indicated, and the tumor extracts were subjected to immunoblot analysis using the indicated 
antibodies. Values were presented as means ± SD (n = 3). (C) Effect of talazoparib with JQ-1 in a time-dependent manner. H2081 cells were treated with talazoparib (1 μM), 
JQ-1 (0.1 μM), or talazoparib + JQ-1 in a time-dependent manner. Viability was measured using a CellTiter-Glo assay, and all values were normalized by the DMSO control 
(100%) in each time point and presented as means ± SEM (n = 3). (D) Antitumor effect of talazoparib with JQ-1 in a concentration-dependent manner demonstrated 
synergy. H2081 cells were treated with talazoparib, JQ-1, or talazoparib + JQ-1 in a concentration-dependent manner. Viability was measured using a CellTiter-Glo assay. 
Left: Cell death ratio; right: synergistic score. AVE, average. (E) Overview of H2081-implanted xenograft tumor models. (F) Synergistic effects of talazoparib with JQ-1 
in vivo. Mice implanted with H2081 cells were treated with talazoparib (0.3 mg/kg), JQ-1 (25 mg/kg), or talazoparib + JQ-1 as indicated. Left: The image of representative 
tumors; right: tumor volume and weight. Values were presented as means ± SD (n = 6 to 10).
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these cells, as shown by the universal increase in γH2AX levels 
(Fig. 5A and fig. S5A). These results suggest that the selective toxicity 
of PARPi in certain SCLC cells could result from a cell context-
specific response to PARPi-induced DDR stimuli, rather than an 
unequal DDR signal itself.

Using PARP1 cleavage as a marker for apoptosis, we found that the 
SCLC cells demonstrated varying degrees of talazoparib sensitivity 
(fig. S5, B to D). We then studied the level of ASCL1 degradation 
induced by talazoparib treatment in ASCL1high talazoparib-sensitive 
and talazoparib-resistant SCLC cells, (i.e., H209, H1876, H2107, 

H2081, H1092, H1436, and H889). We observed that the degree of 
ASCL1 degradation was highly correlated with the level of talazoparib 
toxicity (Fig. 5B). Specifically, talazoparib treatment led to increased 
ASCL1 degradation in ASCL1high/talazoparib-sensitive cells, but 
not in ASCL1high/talazoparib-resistant cells (Fig. 5B and fig. S5F). 
Similarly, we observed the degradation of NEUROD1 in NEUROD1high/
talazoparib-sensitive cells, but not in NEUROD1high/talazoparib-
resistant cells (fig.  S5, E and F). We were only able to study one 
POU2F3high SCLC and observed robust degradation of POU2F3 in 
H1048 cells, which is a POU2F3high/talazoparib-sensitive cell line 

Fig. 5. Predictive biomarkers for PARPi-mediated cytotoxicity in SCLC. (A) Extent of DNA damage in a panel of SCLC cells treated with talazoparib. Cells were treated 
with talazoparib (1 μM for 48 hours), and cell lysates were subjected to immunoblot analysis. Red: Sensitive SCLC cells; blue: resistant SCLC cells. (B) Levels of ASCL1 and 
cleaved PARP1 in ASCL1high SCLC cells treated with talazoparib. ASCL1high SCLC cells were treated with talazoparib [1 (+) and 10 (++) μM for 48 hours]. Cell lysates were 
subjected to immunoblot analysis. Red: Sensitive ASCL1high SCLC cells; blue: resistant ASCL1high SCLC cells. (C) Levels of HUWE1 in ASCL1high SCLC cells. Values were pre-
sented as means ± SD from (n = 3 to 7). Red: Sensitive ASCL1high SCLC cells; blue: resistant ASCL1high SCLC cells. S.E., short exposure; L.E., long exposure. (D) Relative levels 
of HUWE1 in ASCL1high SCLC cells from TMT-based proteomic datasets. The values of HUWE1 from the DMSO-treated samples in PARPi-sensitive and PARPi-resistant ASCL1high 
SCLC cells used in this study were collected, normalized, and presented as means ± SD. (E) HUWE1-mediated ASCL1 degradation in PARPi-resistant ASCL1high SCLC cells. 
H1436 and H889 cells expressing Flag-HUWE1 were treated with talazoparib (1 μM for 48 hours), and cell lysates were subjected to immunoblot analysis. Values were 
presented as means ± SD (n = 3). (F) HUWE1-mediated cell death in PARPi-resistant ASCL1high SCLC cells. H1436 and H889 cells expressing Flag-HUWE1 were treated with 
talazoparib (1 μM for 48 hours). Viability was measured and values were presented as means ± SEM (n = 4). (G) Boxplots showing the sensitivity of a panel of ASCL1high 
SCLC cells to PARPi. ASCL1high SCLC cells were grouped by the relative levels of HUWE1 expression, and the sensitivity was determined by the analysis of the GDSC database 
measuring IC50 against talazoparib treatment. Values were presented as means ± SD.
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(fig. S5, E and F). Furthermore, we examined two TFlow SCLC lines 
(SW1271 and H1341) and found both to be resistant to talazoparib 
(fig. S5, E and F). Collectively, these results are all consistent with 
the hypothesis that talazoparib induced degradation of lineage-
specific TFs correlates with PARPi sensitivity in SCLC cell lines.

Because HUWE1 plays a critical role in regulating the PARPi-
induced degradation of ASCL1 (Fig.  3), we hypothesized that ex-
pression levels of HUWE1 could be a predictive biomarker for SCLC 
sensitivity to PARPi. Toward this, we first measured the abundance 
of HUWE1 in a representative panel of ASCL1high SCLC cell lines. 
We observed that the PARPi-sensitive ASCL1high SCLC cell lines 
expressed significantly higher levels of HUWE1, compared to PARPi-
resistant ASCL1high SCLC cell lines (Fig. 5C). From our TMT-based 
quantitative mass spectrometric analyses (Fig. 1C and table S2), we 
also observed that the ASCL1high/talazoparib-sensitive cells had 
higher HUWE1 levels, compared to the ASCL1high/talazoparib-
resistant cells (Fig. 5D). However, we did not observe that talazoparib 
treatment regulates HUWE1 expression in SCLC cells (fig. S5G and 
table S2).

We selected two ASCL1high SCLC cells (i.e., H1436 and H889) 
that displayed relatively low levels of HUWE1 expression and demon-
strated resistance to talazoparib treatment. We examined how HUWE1 
overexpression influenced the following two aspects in response to 
talazoparib treatment: (i) ASCL1 degradation and (ii) cell survival. 
HUWE1 overexpression resulted in a significantly increased level of 
talazoparib-induced ASCL1 degradation and cell death in both cell 
lines (Fig. 5, E and F). These data again provided compelling evidence 
pointing to the critical role of HUWE1 in the regulation of talazoparib 
sensitivity in ASCL1high SCLC. To further investigate the potential 
impact of HUWE1 expression on the sensitivity of ASCL1high SCLC 
cells to PARPi, we conducted an analysis using the Genomics of 
Drug Sensitivity in Cancer dataset (GDSC; www.cancerrxgene.org/) 
(44, 45). Our analysis revealed that ASCL1high SCLC cell lines with 
higher levels of HUWE1 exhibited increased sensitivity to talazoparib 
(Fig. 5G). A similar trend was observed with olaparib treatment 
(fig. S5H).

In addition, we explored the impact of HUWE1 expression on 
the survival of patients with SCLC by analyzing a survival dataset 
and matching genotype and expression datasets from publicly available 
sources (20). Our findings from this SCLC database indicated that 
SCLC patients with high HUWE1 expression had a significantly 
better survival when treated with chemotherapy alone or in combi-
nation with radiotherapy compared to those with low HUWE1 
expression (fig. S5, I and J). Collectively, these results suggest that 
HUWE1 abundance could serve, at least in part, as a predictive bio-
marker for the therapeutic response to genotoxic agents (i.e., PARPi 
and other chemotherapeutic agents) for ASCL1high SCLC.

DISCUSSION
The critical roles of PARP1/2 in mediating DDR provide the rationale 
for the usage of PARPi to treat human malignancy. In particular, it is 
well known that cancers with HR deficiencies (HRDs; as a result, for 
example, BRCA1/2 mutations) are particularly sensitive to PARPi, as 
a result of the synthetic lethality mechanism (4). In addition to 
BRCA1/2-mutated breast and ovarian cancers, recent studies have 
indicated that a number of other human malignancies could poten-
tially benefit from PARPi. For example, it is known that at least a 
subset of SCLC responds favorably to PAPRi, and based on these 

results, multiple clinical trials have been initiated for the evaluation 
of PARPi in SCLC (46). However, the underlying mechanism(s) 
of PARPi sensitivity in SCLC is poorly understood. Mutations of 
BRCA1/2 are not commonly found in this tumor type (e.g., less than 
3% of the SCLC cases contain BRCA1/2 mutations) (20, 24). Using a 
series of PDX (patient-derived xenograft) models, a recent study 
evaluated whether HRD scores could predict PARPi sensitivity in 
SCLC (47). In this study, no association was found between the 
in vivo sensitivity to talazoparib and the HRD score or the mutation 
status of common DDR genes. These results point to a disease-
specific context for the HRD to predict PARPi sensitivity. It was also 
concluded from this study that standard predictive biomarkers for 
PARPi in other cancer types (HRD scores, mutational burden, and 
DDR gene mutations) are unlikely to be applicable in SCLC.

Although gene expression profiling experiments have been widely 
used to characterize tumor adaptive response to chemical perturba-
tions, mRNA levels alone do not fully recapitulate these adaptive 
changes. Toward this, we used isobaric labeling-based, quantitative 
MS experiments to evaluate how the SCLC proteome is remodeled 
upon the treatment of PARPi. To do so, the global quantitative pro-
teomic experiments were performed in a panel of 24 SCLC cell lines 
that were treated with talazoparib. These cells signify the common 
subtypes of SCLC, i.e., ASCL1high, NEUROD1high, POU2F3high, and 
low expression of all three TFs (TFlow).

Because of the profound heterogeneity in the SCLC proteome 
and the limited number of the talazoparib-sensitive and talazoparib-
resistant cell lines for each SCLC subtype (i.e., ASCL1high, NEUROD1high, 
POU2F3high, and TFlow), the aggregation of the ratios (talazoparib 
versus DMSO) across the cell lines and biological replicates appears 
to have caused the low average log2 fold change (log2FC). The com-
parison of the talazoparib-sensitive or talazoparib-resistant cell 
lines based on the log2FC was also less ideal to capture the pro-
teomic changes associated with each subgroup. We hereby used a 
workflow where we first divided each subtype (e.g., ASCL1high) into 
two categories based on their sensitivities to talazoparib treatment 
(i.e., talazoparib-sensitive and talazoparib-resistant cell lines) (fig. S1H). 
The protein abundances were directly extracted from the DMSO 
and talazoparib treatment samples for each cell line. In this step, we 
also calculated the P value and adjusted P value for every protein and 
identified a list of proteins that were significantly down-regulated 
in either the talazoparib-sensitive or the talazoparib-resistant sub-
group. Next, we performed cross-reference analyses to extract the 
proteins that were down-regulated (in response to talazoparib treat-
ment) only in the talazoparib-sensitive groups. Using this workflow, 
we found that ASCL1 was down-regulated only in the talazoparib-
sensitive ASCL1high groups. Using similar analyses, we also identified 
NEUROD1 and POU2F3 as talazoparib-induced down-regulated pro-
teins from the NEUROD1high and POU2F3high subtypes, respectively.

These analyses led to the identification of key proteomic changes 
that might explain talazoparib sensitivity in SCLC. As an example, 
ASCL1 is a TF that is highly expressed in ~70% of the SCLC cases. 
ASCL1 is required for the establishment of pulmonary NE lineage 
and therefore is a lineage-specific oncoprotein for SCLC (29, 31). 
Furthermore, it is required for the continued survival of SCLC in vitro, 
and for tumor formation in a genetically engineered mouse model 
of SCLC (25, 48). We confirmed that talazoparib treatment down-
regulates TFs (e.g., ASCL1). ASCL1 was also down-regulated upon 
the treatment of other clinically relevant chemotherapeutic agents. 
These results suggest that the degradation of these oncoproteins in 

http://www.cancerrxgene.org/
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SCLC could be a critical mediator of the cytotoxicity induced by 
PARPi and chemotherapy.

How does talazoparib regulate the abundance of these PiPS 
proteins? We found that talazoparib treatment did not alter the mRNA 
abundances of these proteins (e.g., ASCL1), suggesting that the 
PARPi-mediated regulation occurred at the protein level. These results 
also highlighted the power of quantitative proteomics in identifying 
translational or posttranslational regulation events. Ubiquitination is 
known to play a crucial role in regulating various forms of DDR. We 
performed biochemical characterization and showed that ASCL1 was 
degraded by E3 ligase HUWE1. HUWE1 is known to be induced in 
DDR to regulate genomic stability by promoting the repair of DSB 
through ubiquitin signaling (38, 39, 49). HUWE1 has been previously 
proposed as a tumor suppressor (36, 50–52). Specifically, HUWE1 KO 
results in increased oncogenesis in a mouse model of skin cancer. 
Consistent with its role as a tumor suppressor, besides ASCL1, several 
additional oncoproteins are also known substrates of HUWE1, includ-
ing MYC and MCL-1. Here, we found that HUWE1 could function as 
a “sensor” to detect PARPi-induced DDR. The activation of HUWE1 
E3 ligase subsequently causes the degradation of ASCL1, leading to 
the death of the corresponding SCLC cells. However, the E3 ubiquitin 
ligases that are involved in degrading the other lineage-specific onco-
proteins (e.g., NEUROD1 and POU2F3) are currently unknown.

Although SCLC usually responds to initial chemo- and/or ra-
diotherapy approaches, resistance often rapidly develops (12, 17, 
53, 54). While we have not explored the development of talazopa-
rib resistance in SCLCs that are initially talazoparib sensitive, it 
would be important to find a companion treatment that would en-
hance the anti-SCLC effects of talazoparib potentially leading to 
more complete and durable control of the disease. Toward this and 
given our finding that talazoparib led to dramatic decreases in ex-
pression of ASCL1, we explored the combination of talazoparib 
with other agents that could also potentially lower ASCL1 expres-
sion. This led us to discover that cotreatment of talazoparib and the 
BET inhibitor, JQ-1 (targeting ASCL1) markedly increased cell 
death both in vitro and in vivo (Fig. 4). In this case, ASCL1 protein 
levels were greatly reduced by two different mechanisms, i.e., JQ-
1–mediated ASCL1 transcription reduction and PARPi-mediated 
ASCL1 degradation. Therefore, the combination of PARPi with 
agents targeting the lineage-specific oncoprotein (e.g., ASCL1) 
could offer a strategy to achieve a more complete and durable con-
trol of the disease.

Previous studies and our current study show that there is consider-
able heterogeneity among SCLC in their response to PARPi (47). 
However, we found that PARPi was able to induce robust DDR (as 
shown by γH2AX) in all SCLC cell lines tested, regardless of their 
sensitivity to PARPi (Fig. 5A and fig. S5A). These observations raise 
the hypothesis that the selective toxicity of PARPi in certain SCLC 
does not originate from a cell-specific generation of the DNA dam-
age signal, but rather how each SCLC cell line senses and responds 
to this genotoxic stimulus. We found that the selective toxicity 
of PARPi could be explained, at least in part, by the cell-specific 
regulatory mechanisms of the PiPS proteins. Specifically, among the 
ASCL1high SCLC cells, ASCL1 was degraded by PARPi in PARPi-
sensitive cells, but not in those cells that were resistant to PARPi. 
PARPi-sensitive cells appeared to express higher levels of HUWE1 
compared to PARPi-resistant cells. These results suggest that HUWE1 
might serve as a potential predictive biomarker for PARPi treatment 
in SCLC. However, it is important to note that serial biopsy samples 

are not generally available for patients with SCLC treated with PARPi 
or other therapeutic agents. The potential connection between ASCL1 
and HUWE1 in the context of PARPi treatment for patients with 
SCLC needs to be addressed in future studies. Nevertheless, the Lok 
et al. (19) study showed that SCLC cell lines with high expression of 
SLFN11 are sensitive to PARPi. SLFN11 has been shown to inter-
act with RPA1, which leads to the destabilization of RPA1-ssDNA 
complexes. This results in a “BRCA-like” state that renders these 
cells sensitive to PARPi treatment. In summary, these results sug-
gest that a combination of all these factors might predict the ther-
apeutic response of SCLC to PARPi. Future clinical investigation 
is warranted to define the full biomarker potential of these pro-
tein factors.

In conclusion, using quantitative MS, we performed proteomic 
characterization of the adaptive response of SCLC to PARPi (Fig. 6). 
Through these unbiased studies, we identified a set of PARPi-
responsive proteins that contained key lineage-specific oncoproteins 
for SCLC (e.g., ASCL1). Combinatorial treatment of PARPi with the 
agents targeting the ASCL1 showed synergistic effects. We found 
that PARPi induces the degradation of these proteins via a set of 
DDR-responsive E3 ligases (e.g., HUWE1). Last, we found that the 
context-specific sensitivity of SCLC to PARPi originates from the 
heterogeneous expression of the relevant E3 ligases (e.g., HUWE1). 
Together, our efforts highlight PARP proteins as a relevant therapeutic 
target for SCLC. The identification of the molecular underpinnings 
of these processes could provide previously unknown patient strati-
fication strategies to accelerate the clinical utility of PARPi in 
SCLC. Last, in addition to SCLC, a number of other human malig-
nancies are driven by certain TFs that function as lineage-specific 
oncogenes. Whether these proteins will be degraded as a result of 
genotoxicity (e.g., as induced by chemotherapeutic agents), and 
whether this phenomenon underlies the therapeutic vulnerability 
warrant future studies. Together, our data will serve as an invaluable 
resource, providing the foundation for future hypothesis-driven 
research that helps delineate the molecular mechanisms that underlie 
the therapeutic potential of PARPi in SCLC and, more broadly, 
BRCA1/2-proficient cancers.

MATERIALS AND METHODS
Cell lines and culture procedures
Cells used in this study—human SCLC cell lines NCI-H209, NCI-H1876, 
NCI-H2107, NCI-H2081, NCI-H128, NCI-H69, NCI-H1092, DMS-
79, NCI-H2171, NCI-H524, NCI-H446, NCI-H1048, NCI-H1436, 
NCI-H889, NCI-H1836, NCI-H2029, SHP-77, NCI-H196, NCI-H1963, 
NCI-H378, NCI-H82, SW1271, NCI-H1341, and NCI-H84—were 
either obtained from the Hamon Center for Therapeutic Oncology 
Research at UT Southwestern Medical Center or purchased from 
American Type Culture Collection. Cells were maintained in RPMI 
1640 (MilliporeSigma) supplemented with 10% FBS (MilliporeSigma) 
at 37°C in 5% CO2. Human embryonic kidney (HEK) 293T (HEK293T), 
HEK293TD, and HeLa cell lines were maintained in high glucose 
Dulbecco’s modified Eagle’s medium (MilliporeSigma) supplemented 
with 10% FBS (MilliporeSigma) at 37°C in 5% CO2. All cells were 
found to be mycoplasma-free using the e-Myco kit (Boca Scientific). 
Cell lines were authenticated by DNA fingerprints for cell line indi-
vidualization using Promega Stem Elite ID system, a short tandem 
repeat (STR)–based assay at UT Southwestern Medical Center 
Genomics Core.
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Mice
All animal experiments were performed in compliance with the Insti-
tutional Animal Care and Use Committee (IACUC) at the UT South-
western Medical Center. Female NOD Scid gamma (NSG; NOD-SCID) 
mice (the Jackson Laboratory) at 6 to 8 weeks of age were used.

Antibodies and reagents
Antibodies against the following proteins were used: Cell Signaling 
Technology: PARP1 (#9542), γH2AX (#9718), Caspase 3 (#9665), 
α-tubulin (#3873), Histone H3 (#4499), NEUROD1 (#4373), Myc 
(#2276), hemagglutinin (#3724), HUWE1 (#5695), and MCL-1 
(#94296); Santa Cruz Biotechnology: glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (#sc-32233), ASCL1 (#sc-374550), POU2F3 
(#sc-293402), PCNA (#sc-56), Myc (#sc-40), and ubiquitin (#sc-8017); 
Trevin: PAR (#4335-MC-100); MilliporeSigma: Flag (#F7425); and 
ActiveMotif: PARP2 (#39743). The following reagents were used 
(1 μM for 48  hours, if not indicated): Talazoparib (Pfizer Inc.), 
MG132 (10 μM), and Z-VAD-FMK (Z-VAD, 50 μM) were all pur-
chased from Selleck; Necrostatin-1 (20 μM), Ferrostatin-1 (10 μM), 
Ac-FLTD-CMK (10 μM), DMSO, and Lipofectamine 2000 were all 
purchased from Thermo Fisher Scientific; JQ-1 was purchased from 
AddoQ Bioscience; chloroquine diphosphate salt (chloroquine; 50 μM), 
CHX (10 μg/ml), polybrene (8 μg/ml), puromycin (2 μg/ml), NEM 
(25 mM), sodium orthovanadate (2 mM), and sodium fluoride (20 mM) 
were purchased from MilliporeSigma. See also table S7.

Sample preparation for MS
Following procedures previously described (11), all SCLC cell lines 
were treated with either DMSO or talazoparib for 48 hours. Cells 
were lysed with 1% SDS lysis buffer containing 10 mM Hepes 
(pH 7.0), 2 mM MgCl2, universal nucleases (20 U/ml). Protein con-
centrations were determined with the BCA assay (Thermo Fisher 
Scientific). Samples were reduced with 3 mM dithiothreitol for 
20 min and alkylated with 25 mM iodoacetamide for 30 min at room 
temperature (RT) in dark. The detergents were removed by methanol/
chloroform precipitation. The proteins were resolubilized in 8 M 
urea and digested by Lys-C at a 1:100 (w/w) enzyme/protein ratio 
for 2 hours, followed by trypsin digestion at 1:100 (w/w) enzyme/
protein ratio overnight at RT in 2 M urea. The peptides were desalted 
using Oasis HLB solid-phase extraction cartridges (Waters), and 
approximately 100 μg of peptides for each sample was resuspended 
in 200 mM Hepes (pH 8.5). The peptides were then labeled with 
either the amine-based TMT 16-plex reagents (Thermo Fisher 
Scientific) for 1 hour at RT. Hydroxylamine solution was added to 
quench the reaction, and the labeled peptide samples were combined. 
Next, the TMT samples were lyophilized and were reconstituted in 
buffer A (10 mM ammonium formate, pH 10.0). It was then centri-
fuged at 10,000g for 3 min using Corning Costar Spin-X Plastic 
Centrifuge Tube Filters (MilliporeSigma) before loading onto a 
ZORBAX 300 Extend-C18 high-performance liquid chromatography 
(HPLC) column (Agilent; narrow bore RR, 2.1 mm by 100 mm, 

Fig. 6. A Schematic of the workflow in this study. Proteomic changes were identified that signify PARPi responses in a large panel of molecularly annotated human SCLC 
cells. The therapeutic vulnerability of SCLC to PARPi in SCLC could be explained, at least in part, by the PARPi-induced degradation of key lineage-specific oncoproteins 
including ASCL1. Although PARPi resulted in a general DDR in all SCLCs, this signal is sensed differently by individual SCLC cells to generate a cell-specific response. PARPi-
induced activation of the E3 ubiquitin ligase HUWE1 mediated the UPS-dependent ASCL1 degradation and eventually, led to SCLC cell death. In addition, PARPi-sensitive 
ASCL1high SCLC cells expressed significantly higher levels of HUWE1 compared to PARPi-resistant ASCL1high SCLC cells. Therefore, these observations suggested HUWE1 as 
a potentially predictive biomarker for PARPi.
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3.5 μm in particle size, 300 Ǻ in pore size). Peptides were fractioned 
by bRPLC (basic pH reversed-phase HPLC) at a flow rate of 0.2 ml/min 
using a gradient from 0 to 70% buffer B (1% ammonium formate, 
pH 10.0 and 90% acetonitrile). The collected 17 fractions were 
lyophilized, desalted, and analyzed by liquid chromatography tan-
dem mass spectrometry (LC-MS/MS) as described previously (55). 
Briefly, peptides were separated on a PicoFrit microcapillary column 
(75 μm × 15 cm; New Objective). A 180-min linear gradient was 
developed ranging from 7 to 32% acetonitrile in 0.1% formic acid at 
300 nl/min to elute the peptides (Thermo EASY-nLC system).

Quantitative proteomic analysis by LC-MS/MS
Following procedures previously described (11), the TMT sample 
was analyzed by LC-MS/MS on an Orbitrap Eclipse Tribrid Mass 
Spectrometer (Thermo Fisher Scientific) using a multi-notch 
[synchronous precursor selection (SPS)]–MS3 approach (56–58). 
Briefly, MS1 spectra within 375 to 1500 mass-charge ratio (m/z) 
were acquired at 120,000 resolving power with a maximum of 50-ms 
ion injection in the Orbitrap. MS2 spectra were acquired by selec-
tion of the most abundant features within 3 s via collisional-induced 
dissociation in the ion trap using an automatic gain control (AGC) 
setting of 10,000, quadrupole isolation width of 0.5 m/z and a maxi-
mum ion accumulation time of 100 ms. Then, an SPS-MS3 scan was 
performed using up to 10 b- and y-type fragment ions as precursors 
with an AGC of 200 K for a maximum of 86 ms, with a normalized 
collision energy setting of 45. MS spectra were searched against a 
composite database of human protein sequences (Uniprot) and their 
reversed complement using the Sequest algorithm (Ver28) embedded 
in an in-house–developed software suite (59) or Proteome Discoverer 
Software (Thermo Fisher Scientific). MS1 mass tolerance was set to 
be 50 ppm. Search parameters allowed for full tryptic peptides with 
a static modification of 57.02146 Da on cystine (Carbamidomethyl), 
a variable modification of 15.994915 Da on methionine (oxidation), 
and a static modification of TMT labels (295.1896 Da, TMT 16-
plex) on peptide N terminus and lysine. Search results were filtered 
to include <1% matches (both peptide and protein level filtering) 
to the reverse database by the linear discriminator function using 
parameters including Xcorr, dCN, missed cleavage, charge state 
(exclude 1 + peptides), mass accuracy, peptide length, and fraction 
of ions matched to MS/MS spectra. Peptide quantification was 
performed by using the CoreQuant algorithm implemented in an 
in-house–developed software suite (60) or Proteome Discoverer 
Software (Thermo Fisher Scientific). The labeling scheme for the 
TMT experiments is listed in table S2. For TMT quantification, a 
0.03-Th window was scanned around the theoretical m/z of each 
reporter ion to detect the presence of these ions. The maximum 
intensity of each ion was extracted, and the signal-to-noise value 
of each protein was calculated by summing the reporter ion counts 
across all identified peptides. Because the same amount of pep-
tides was used for each TMT channel, the total reporter ion inten-
sity of each channel was summed across all quantified proteins and 
was then normalized and reported. Data were exported to Excel 
for further analysis.

Immunoprecipitation and immunoblot analysis
Cellular lysates were prepared using a Triton X-100 lysis buffer, con-
sisting of 50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM 
N-ethylmaleimide, 2 mM Na3VO4, 20 mM NaF, 1 mM phenylmethyl
sulfonyl fluoride, and 1× protease inhibitor cocktail and 0.5% (v/v) 

Triton X-100. Cellular lysates were clarified by centrifugation at 
14,000g at 4°C for 15 min. The resulting supernatants were sub-
jected to immunoprecipitation and immunoblot analysis with the 
corresponding antibodies. For immunoprecipitation, proteins (1 mg) 
were pre-incubated with Protein G Sepharose beads (MilliporeSigma) 
for preclearing and further incubated with 1 to 2 μg of the corre-
sponding antibodies or anti-Flag M2 affinity gel beads (MilliporeSigma) 
overnight at 4°C. The immunocomplexes were collected with Pro-
tein G Sepharose beads followed by centrifugation at 3000g at 4°C 
for 2 min. Proteins were eluted from the beads by addition of 2× 
protein sample buffer, denatured by boiling, separated on SDS–
polyacrylamide gel electrophoresis, and subjected to immunoblot 
analysis. Indicated antibodies were used. Enhanced chemiluminescence 
was used to detect specific bands using standard methods. The 
relative band intensity was measured using the ImageJ imag-
ing software.

Cellular fractionation
Following procedures previously described (11), cells were fractioned 
using a subcellular protein fractionation kit (Thermo Fisher Scientific) 
according to the manufacturer’s instructions. Briefly, cells were 
harvested with trypsin-EDTA, centrifuged at 500g for 5 min, and 
washed with ice-cold phosphate-buffered saline (PBS). After adding 
cytoplasmic extraction buffer (CEB) buffer to the cell pellet, the tube 
was incubated at 4°C for 10 min with gentle mixing. Following cen-
trifugation at 500g for 5 min, the supernatant (cytoplasmic extract) 
was transferred to a clean prechilled tube on ice. Next, the MEB buffer 
was added to the pellet. The tube was briefly vortexed and was incu-
bated at 4°C for 10 min with gentle mixing. The tube was then 
centrifuged at 3000g for 5 min, and the supernatant (membrane 
extract) was transferred to a clean prechilled tube on ice. An ice-
cold nuclear extraction buffer (NEB) buffer was added to the pellet, 
and the tube was vortexed at the highest setting for 15 s. Following 
incubation at 4°C for 30 min with gentle mixing, the tube was cen-
trifuged at 5000g for 5 min and the supernatant (soluble nuclear ex-
tract) was transferred to a clean prechilled tube on ice. Last, RT NEB 
buffer containing micrococcal nuclease and CaCl2 was added to the 
pellet. The tube was vortexed for 15 s and was incubated at RT for 
15 min. After incubation, the tube was centrifuged at 16,000g for 
5 min and the supernatant (chromatin-bound nuclear extract) was 
transferred to a clean prechilled tube on ice.

In vivo drug treatment experiments
All animal experiments were performed in compliance with the 
IACUC at the UT Southwestern Medical Center. Female NSG 
(NOD-SCID) mice (the Jackson Laboratory) at 6 to 8 weeks of age 
were used. Compounds were dissolved in 2% DMSO + 30% poly-
ethylene glycol, molecular weight 300 + 5% Tween 80 + ddH2O (for 
JQ-1) and in 10% Dimethylacetamide (DMAc) + 6% solutol + 84% 
PBS (for talazoparib), respectively. Tumors were engrafted in NSG 
mice by subcutaneous injection of 1 × 106 cells of H2081 in RPMI 
1640 medium supplemented with 50% Matrigel (BD Biosciences). 
Ten days after the injection, mice carrying 100- to 150-mm3 sub
cutaneous tumors were assigned randomly to control and various 
treatment groups (n = 6 to 10 for each group). Tumor-bearing mice 
were orally (for talazoparib) or intraperitoneally injected (for JQ-1) 
with vehicle, talazoparib (0.3 mg/kg), or JQ-1 (25 mg/kg) daily for 
30 days. The weight of the mice was monitored every 3 days, and the 
tumor volume was also measured with calipers every 3 days. Tumor 
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volumes were calculated using a modified ellipsoid formula: tumor 
volume = ½(length × width2). Mice were euthanized at 31 days after 
injection. Fresh tumor samples were harvested, and the weight was 
measured with an electronic scale, followed by extraction for further 
experiments.

Histological analysis
For tissue preparation, freshly dissected xenograft tumor samples 
were fixed overnight at 4°C in 10% neutral-buffered formalin. 
Tissue sections were cut at a thickness of 4 μm from formalin-fixed 
paraffin-embedded (FFPE) tissue blocks using a microtome. Slides 
containing FFPE sections were warmed for 30 min in a 60°C oven 
before deparaffinization. Tissue sections were deparaffinized with 
xylene and then rehydrated through a series of decreasing ethanol 
concentration. After a 10 min wash in deionized water, tissue 
sections were stained with hematoxylin and eosin. For immuno-
histochemistry, post-rehydration and antigen retrieval were performed 
in SignalStain Citrate Unmasking Solution (Cell Signaling Technology, 
#14746) at 98°C for 10 min. After antigen retrieval and inhibition of 
endogenous peroxidase activity with 3% H2O2, the slides were incu-
bated with 10% normal goat serum for 1 hour at RT. Tissue sections 
were then incubated overnight at 4°C in a humid chamber with 
primary antibodies, neural cell adhesion molecule (Cell Signaling 
Technology, #99746) and synaptophysin (Cell Signaling Technology, 
#36406), and diluted in SignalStain Antibody Diluent (Cell Signaling 
Technology, #8112). After washing with Tris Buffered Saline with 
Tween 20 (TBST), tissue sections were incubated with horseradish 
peroxidase–conjugated secondary antibody (Vector Laboratories) 
for 1 hour. The signal was developed using the chromogenic substrate 
DAB (SignalStain DAB Substrate Kit, Cell Signaling Technology, 
#8059). Slides were scanned, and images were captured using a 
NanoZoomer (Hamamatsu).

Plasmids
Human ASCL1 complementary cDNA was inserted into a pCI/3’Myc 
(modified pCI vector containing C-terminal Myc tag) by subcloning. 
Flag-Ub and HA-Ub (all in pcDNA3.1) and Flag-HUWE1 WT 
(wild type) and LD were gifts from Y.J. Oh (Yonsei University, South 
Korea), and Q. Zhong (UT Southwestern Medical Center, USA) 
(40), respectively. Lentiviral plasmids (VSVG and ∆8.9) were gifts 
from A. Kung (Dana Farber Cancer Institute, USA) and D. Baltimore 
(California Institute of Technology, USA). All plasmids were subjected 
to DNA sequencing for verification.

RNA interference and ectopic overexpression using 
mammalian lentiviral system and transfection
To produce the lentiviruses, shRNA plasmids were cotransfected 
into HEK293TD cells along with packaging (Δ8.9) and envelope 
(VSVG) expression plasmids using the Lipofectamine 2000 reagent 
(Invitrogen) according to the manufacturer’s instructions. After 
2 days, viral supernatants were collected and were filtered using a 
0.45-μm filter. Recipient cells were infected in the presence of a 
serum-containing medium supplemented with polybrene (8 μg/ml). 
Two days after infection, cells were used for the indicated experi-
ments. Lipofectamine 2000 reagents were also used to transiently 
knock down or overexpress the target genes, according to the manu-
facturer’s instructions. The knockdown or overexpression of target 
genes was validated by immunoblot assays. The shRNA constructs 
and overexpression plasmids were listed in tables S6 and S7.

Measurement of IC50
Cells were plated into 96-well plates at densities of 1000 to 2000 cells 
per well. The next day, cells were treated with the indicated concen-
tration of talazoparib for 4 days. The value of IC50 was measured using 
the CellTiter-Glo assay (Promega) according to the manufacturer’s 
instructions. Briefly, after incubation, RT CellTiter-Glo reagent was 
added 1:1 to each well, and the plates were incubated at RT for 2 
min. Luminescence was measured with the Synergy HT Multi-
Detection Microplate Reader and was normalized against control 
cells treated with DMSO.

Cell viability measurement
Cells were plated into 96-well plates at densities of 1000 to 2000 cells 
per well. Two days later, cells were treated with indicated com-
pounds. Cell viability was measured using the CellTiter-Glo assay 
(Promega) according to the manufacturer’s instructions. For syner-
gistic effect measurement, cells were treated with talazoparib or 
JQ-1, alone or in combination as indicated for 1 to 4 days. Briefly, 
after incubation, RT CellTiter-Glo reagent was added 1:1 to each 
well, and the plates were incubated at RT for 2 min. Luminescence 
was measured with the Synergy HT Multi-Detection Microplate 
Reader and was normalized against control cells treated with vehicle.

Quantitative real-time polymerase chain reaction
The mRNA extraction was performed using the RNeasy Mini Kit 
(QIAGEN) according to the manufacturer’s instructions. Subsequently, 
total RNAs were converted into cDNA using the SuperScript III 
Reverse Transcriptase (Thermo Fisher Scientific) following the manual 
for first-strand cDNA synthesis. qRT-PCR reactions were performed 
on a CFX384 Touch Real-Time PCR Detection System using 2× 
Power SYBR Green PCR Master Mix (Thermo Fisher Scientific). For 
each condition, technical triplicates were prepared and the quantita-
tion cycle (Cq) was calculated. For normalization, GAPDH levels 
were used as an internal reference and relative expression levels were 
presented.

Ubiquitination assays
A cell-based in vivo ubiquitination and auto-ubiquitination assays 
were performed as previously described (61). Briefly, for cell-based 
in vivo ubiquitination assays, cells were incubated with MG132 
(10 μM for 6 hours) and were lysed in the abovementioned Triton 
X-100 lysis buffer. The cell lysates were subjected to immuno-
precipitation using the indicated antibodies and beads followed by 
immunoblot analysis with the corresponding antibodies. For auto-
ubiquitination assays, the denaturing immunoprecipitation method 
was performed. To disrupt noncovalent protein-protein interactions, 
the cell lysates were heated at 98°C in a lysis buffer containing 1% 
SDS and then were diluted with Triton X-100 lysis buffer (1:10 ratio).

DepMap analysis
To determine whether the identified proteins play a role in regulating 
SCLC cell proliferation and survival, we examined their dependency 
scores using the data available from the Cancer Dependency Map 
portal (https://depmap.org/portal/download/) (33). Gene depen-
dency scores were derived using the DEMETER2 algorithm applied 
to combined RNAi screen data (62). A negative gene dependency 
score corresponds to greater gene essentiality, such that the median 
gene dependency score of pan-essential genes is normalized to −1 
and that of negative control genes is set to 0. We analyzed the 

https://depmap.org/portal/download/
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distribution of dependency scores from SCLC cell lines (n =  25). 
Genes were organized in ascending order by median gene depen-
dency scores.

Drug response data analysis
To quantify the association between PARPi sensitivity and the 
expression level of the HUWE1 gene, we focused our analysis on 
ASCL1high SCLC cell lines, which were previously defined as having 
significantly higher expression of the ASCL1 gene (45). Drug re-
sponse data across cell lines of SCLC lineage was downloaded from 
the GDSC (61 human SCLC cell lines; www.cancerrxgene.org/) 
(44). The GDSC cohorts utilized the half maximal inhibitory 
concentration (IC50) as a measure of a small-molecule compound’s 
potency in inhibiting the growth of a specific cell line. Briefly, we 
initially stratified the cell lines into two equally populated groups 
based on the log-normalized expression level of the HUWE1 gene 
(value = 3.89). We then conducted a nonparametric Mann-Whitney 
U test on the IC50 values to examine whether PARPi exhibited sig-
nificantly different sensitivity between the two groups (HUWE1high 
and HUWE1low).

Survival association analysis
Gene expression and clinical data was downloaded from (20). As we 
observed bimodal distribution for both ASCL1 and HUWE1 gene 
expression, model-based clustering was used to determine the cutoff 
to dichotomize the low and high groups. For each gene, the Mclust 
R package was used to classify subgroups. The package automati-
cally estimates models with different numbers of clusters and cova-
riance structures, the best model was then selected by the Bayesian 
Information Criterion. For both ASCL1 and HUWE1, two clusters 
with variable variance stood out as the best model and the groups 
were classified accordingly. In the Kaplan Meier plot, P value was 
computed by log-rank test. As for the table, Cox proportional hazards 
regression models were used to assess the association between the 
HUWE1 expression level; sex; T, N, and M stages; and overall 
survival. Both univariate and multivariate Cox proportional hazards 
regression analyses were performed. In the univariate analysis, each 
selected feature was individually examined in separate models, 
without adjusting for other variables. The hazard ratio (HR) and 
corresponding P value were calculated for each feature to determine 
their individual association with overall survival. For the multivariate 
analysis, a comprehensive model was constructed that included all 
selected features simultaneously. This model allowed for the assess-
ment of each feature’s association with overall survival while con-
trolling for the effects of other variables. The HR and P value were 
estimated for each feature in the multivariate model.

Quantification and statistical analysis
All the other statistical analyses including unpaired Student’s t tests, 
one- and two-way analysis of variance (ANOVA) were performed 
using the GraphPad Prism software (v9.2.0). Data were calculated as 
means ± SEM or SD. For the proteomic data analyses, we first grouped 
the SCLC cell lines into four subtypes (ASCL1high, NEUROD1high, 
POU2F3high, and TFlow). For the ASCL1high and NEUROD1high sub-
types, we then divided the cells into two categories based on their 
sensitivities to talazoparib treatment (i.e., talazoparib-sensitive and 
talazoparib-resistant). The changes of the protein abundances be-
tween DMSO and talazoparib were analyzed in each subgroup using 
the Limma package (3.50.0) in R (4.1.1). The POU2F3high and TFlow 

subtypes were not further divided because they only contained 
either talazoparib-sensitive cell lines (POU2F3high) or talazoparib-
resistant cell lines (TFlow). The paired t test analyses were used when 
comparing PARPi versus DMSO in each group. The significance was 
calculated, and the resulting P values were corrected for multiple testing 
using the Benjamini-Hochberg method in R. (Synergy statistical 
tests used).

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
Legends for tables S1 to S7

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S7
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