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Aggressive neuroendocrine lung cancers, including small cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC), represent
an understudied tumor subset that accounts for approximately
40,000 new lung cancer cases per year in the United States. No tar-
geted therapy exists for these tumors. We determined that achaete-
scute homolog 1 (ASCL1), a transcription factor required for proper
development of pulmonary neuroendocrine cells, is essential for the
survival of a majority of lung cancers (both SCLC and NSCLC) with
neuroendocrine features. By combining whole-genome microarray
expression analysis performed on lung cancer cell lines with ChiP-
Seq data designed to identify conserved transcriptional targets of
ASCL1, we discovered an ASCL1 target 72-gene expression signature
that (/) identifies neuroendocrine differentiation in NSCLC cell lines,
(ii) is predictive of poor prognosis in resected NSCLC specimens from
three datasets, and (iii) represents novel “druggable” targets. Among
these druggable targets is B-cell CLL/lymphoma 2, which when phar-
macologically inhibited stops ASCL1-dependent tumor growth in
vitro and in vivo and represents a proof-of-principle ASCL1 down-
stream target gene. Analysis of downstream targets of ASCL1 rep-
resents an important advance in the development of targeted
therapy for the neuroendocrine class of lung cancers, providing a sig-
nificant step forward in the understanding and therapeutic target-
ing of the molecular vulnerabilities of neuroendocrine lung cancer.

ASCL1 transcriptome | target discovery | personalized therapy

G ene expression signatures from large cohorts of lung tumors
suggest that cancers with neuroendocrine features appear in
~10% of pathologically diagnosed non-small cell lung cancers
(NSCLGs) (1, 2), whereas small cell lung cancers (SCLCs)
compose 15-20% of all lung cancer cases (3). In the United
States, this represents nearly 40,000 patients per year presenting
with a high-grade neuroendocrine lung tumor. Molecular and
functional characterization of these aggressive tumors, along
with the development of relevant preclinical models, is needed
to rationally develop and test new targeted therapies.

A highly expressed gene in the class of neuroendocrine lung
cancers is the lineage-specific transcription factor achaete-scute
homolog 1 (ASCL1) (4, 5). ASCL1 is required to establish the
lineage of pulmonary neuroendocrine cells (6) and is necessary
for the continued survival of SCLCs (7, 8). ASCL1’s appearance
in an NSCLC subset, neuroendocrine NSCLC (NE-NSCLC), is
a recent and unexplained finding (9), and, importantly, its role as
a potential lineage oncogene in lung tumors has been heretofore
unexplored. The lineage addiction hypothesis in cancer suggests
that certain tumors arise from dysregulation of genes involved in
normal development. Hijacking these genes, which are involved
in numerous facets of growth, cell division, and differentiation,
provides a budding precancerous cell with the framework within
which to progress to full tumorigenicity. The transcription factors
sex determining region Y-box 2 (SOX2, required for basal cell
generation) and thyroid transcription factor 1 (TTF1/NKX2.1,
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required for distal lung formation) have been implicated as
lineage-dependent oncogenes in lung squamous cell carcinoma
(10) and adenocarcinoma (11), respectively. ASCL1 may play a
comparable role in ASCL1-expressing lung cancers, where, as we
show here for NE-NSCLC and others have shown for SCLC, loss
of ASCL1 leads to cell death, suggesting an “addiction” to ASCL1
for tumor cell survival. Pursuit of ASCL1 lineage-based drug tar-
gets may provide previously unidentified insight into the treatment
of high-grade neuroendocrine lung cancers.

To extend previous findings of the dependence of SCLC on
ASCLI1 expression, we first identified a subset of NSCLC tumors
(~10% of NSCLSs) and cell lines that have neuroendocrine features
(NE-NSCLC) and a gene expression signature similar to that of
SCLC. With these NE-NSCLC lines, we verified that ASCLLI is ex-
pressed in, and required for, their continued growth and survival. We
then performed ASCLI-focused ChIP-Seq analysis on ASCL1(+)
NE-NSCLC and SCLC lines compared with ASCL1(-) (but
neuroendocrine) SCLCs to identify downstream targets of ASCLLI,
to (i) elucidate the ASCLL1 transcriptome in lung cancers expressing
ASCLY, (ii) determine the prognostic ability of ASCL1 transcrip-
tional targets, (ii7) uncover targets of ASCLI that are “druggable” to
serve as therapeutic interventions, and (iv) provide proof-of-principle
studies showing that druggable downstream ASCLI targets can in-
hibit ASCL1(+) lung cancer growth. Our findings demonstrate that
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New advances in the treatment of aggressive neuroendocrine
lung cancers are needed to improve survival in patients with this
class of tumors. The current treatment approach, which has
remained unchanged for the past 30 years, involves combination
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identified the transcriptome of achaete-scute homolog 1 (ASCL1),
a transcription factor that is both necessary for the proper de-
velopment of neuroendocrine cells and essential for the growth
and survival of neuroendocrine lung cancers. Analysis of down-
stream targets of ASCL1 has revealed unique molecular vulner-
abilities that can be exploited for future therapeutic use.
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Fig. 1. ASCL1 is highly expressed in a subset of NSCLC cell
lines. (A) Unsupervised clustering analysis of genome-wide
expression analysis performed on 206 lung cell lines in-
cluding NSCLGCs, SCLCs, and normal immortalized HBECs/
HSAEGs. (B) Known TP53, KRAS, RB1, and EGFR mutations
for the putative NE-NSCLC cohort. (C) Log2 expression
differences between NE-NSCLC and NSCLC lines plotted
against —-log10(P value). ASCL1 is noted. A total of 69
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(D) Supervised clustering of NSCLC cell lines using the 69

NSCLC

69 Genes

Expression (log2 change)

£ H o 3
Log2 NENSCLONSELE -6.0 0 6.0

targeting the ASCL1 pathway is a promising route of therapy for
ASCL1-addicted neuroendocrine lung cancers.

Results

Identification of a Neuroendocrine Subset of NSCLCs Expressing ASCL1.
We analyzed genome-wide mRNA expression data collected from
206 human lung cell lines, including NSCLC (n = 118), SCLC
(n = 29), and our own normal, immortalized human bronchial
and small airway epithelial cells (HBECs/HSAECs; n = 59) (Fig.
14) (12). An important finding was that 10 of the histologically
diagnosed NSCLC cell lines (all NE-NSCLCs) grouped with
SCLC, suggesting a common neuroendocrine gene expression
phenotype. Only two of the lines were derived from patients with
large cell neuroendocrine carcinoma (LCNEC), a neuroendocrine

Fig. 2. ASCL1 is required for the survival of NE-
NSCLC cell lines. (A) siRNA-mediated knockdown
of ASCL1 reduces relative mRNA expression of
ASCL1 and DLL1 in NCI-H1755 and HCC1833
cells, as measured by gRT-PCR. n.s., not signifi-
cant. n = 3. *P < 0.05; **P < 0.01; ***P < 0.005.
(B) siRNA-mediated knockdown reduces ASCL1 oo
protein expression in NCI-H1755 and HCC1833 o

Relative Expression >
°

== most significantly differentially expressed genes. (E) Log10
g é § relative mRNA expression of ASCL1 in lung cancer cell lines
measured by gRT-PCR. (F) Protein expression of ASCL1 in
lung cancer cell lines. These data were collected from
three separate gels.

subtype recognized by the World Health Organization (13). It is
unlikely that these NE-NSCLC cell lines were developed from
patients with misdiagnosed SCLC, owing to the prevalence of
KRAS mutations (5/10 lines), which are rarely if ever seen in
SCLC, and the absence of RB mutations (7/10 lines), which are
seen in the majority of SCLC cases (3) (Fig. 1B).

We performed an extensive mutation correlation analysis be-
tween high ASCL1-expressing cell lines as well as high ASCL1-
expressing NSCLCs from The Cancer Genome Atlas (TCGA)
and compared them with NSCLC lines and resected tumors
without ASCL1 expression. Using Fisher’s exact test, we identified
nine mutated genes (CLIPI, FSHR, OR4E2, PPRC2B, REG3A,
SRPX, TACR3, TROAP, and ZYMYM?) that had a higher prob-
ability of mutation in NE-NSCLCs compared with NSCLCs, albeit
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Fig. 3. IHC analysis for ASCL1 performed on adenocarcinoma and squamous
cell carcinoma samples. (A) Representative slides showing ASCL1 nuclear
staining in adenocarcinoma and squamous cell carcinoma samples from tis-
sue microarray and whole- section IHC. Negative samples are displayed as
a reference. (B) Table displaying the number of tumor samples staining
positive for ASCL1. (C) Overall survival was not significantly different be-
tween ASCL1(+) tumors and ASCL1(-) tumors.

with low false discovery rate significance (SI Appendix, Table S1).
In fact, sushi-repeat containing protein, X-linked (SRPX/DRS) is
a tumor-suppressor gene previously reported to have down-regu-
lated expression in highly malignant pulmonary neuroendocrine
tumors (14). However, although our data showed increased SRPX
mutation frequency, it did not show decreased expression in NE-
NSCLCs. The in vitro morphology of the 10 NE-NSCLC lines is
varied, including attached, floating, and combined populations,
unlike the typical floating spheroids found in SCLCs (15).
Whereas SCLCs are very sensitive to platinum and etoposide
therapy, no difference was detected between NE-NSCLC and
NSCLC cell lines in their response to these and other standard
chemotherapy regimens (SI Appendix, Table S2).

A direct comparison of the genes expressed in the 10 NE-
NSCLC lines versus those expressed in typical NSCLC lines
demonstrated an up-regulation of a panel of well-studied neu-
roendocrine markers, of which ASCL1 showed the greatest dif-
ferential expression (SI Appendix, Fig. S14). A total of 69 genes
were differentially expressed between NE-NSCLCs and NSCLCs
(log2 > +5.00; P < 0.001) (Fig. 1C). Those 69 genes, inclusive of
ASCLI, were able to cleanly separate NE-NSCLC cell lines from
NSCLC lines (Fig. 1D). Quantitative RT-PCR analysis verified
ASCLI expression levels in SCLC, NE-NSCLC, and NSCLC
cell lines and was significantly correlated with microarray ex-
pression data (R* = 0.72, P < 0.0001) (Fig. 1E). In addition, the
NE-NSCLC cell lines also expressed high levels of delta-like 1
(DLL1), an established ASCL1 target (16), which was correlated
with the expression pattern of ASCLI (SI Appendix, Fig. S1B).
ASCL1 protein was detected in 8 of 10 NE-NSCLC cell lines and
was not expressed in a typical NSCLC cell line (Fig. 1F). NCI-
H1155 expresses ASCL1 mRNA, but not protein, and is regulated
by a separate neurogenic transcription factor, NeuroD1 (17). NCI-
H2106 does not express ASCL1 mRNA, suggesting that a separate
pathway drives the neuroendocrine phenotype in this cell line.

14790 | www.pnas.org/cgi/doi/10.1073/pnas.1410419111

ASCL1 Is Required for Survival of NE-NSCLC Cell Lines. Knockdown
of ASCLI in ASCL1(+) NE-NSCLC lines NCI-H1755 and
HCC1833 using three independent siRNAs resulted in signifi-
cant down-regulation of ASCL1 mRNA and protein (Fig. 2 4
and B), with a concomitant reduction in DLLI! mRNA. Lenti-
viral shRNAs targeting ASCL1 or shRNAs with a nontargeting
sequence (NTC) were transfected into ASCL1(+) and ASCL1(-)
lung cancer lines and selected with puromycin for 1 wk. Liquid
colony-formation assays showed significant inhibition of colony-
forming ability by the ASCL1 shRNA in ASCL1(+) lung cancer
lines (NCI-H1755 and HCC1833) compared with an ASCL1(-)
lung cancer line (NCI-H1993) (Fig. 2C and SI Appendix, Fig. S2
A and B). In a 5-d MTS proliferation assay, siASCL1-3-mediated
loss of ASCL1 in NCI-H1755 and HCC1833 reduced growth by 60—
70%, an effect comparable to that seen in our “toxic” oligonucle-
otide siRNA control (SI Appendix, Fig. S2C).

At 72 h after siRNA transfection, cell cycle analysis showed
a twofold to sixfold increase in the number of cells in sub-G1 phase,
indicating cell death in siASCL1-treated cells compared with control
cells in ASCL1(+) NCI-H1755 and HCC1833, whereas ASCL1(-)
NCI-H1993 was unaffected by siASCL1 (Fig. 2D). Apoptosis
was verified as the cell death mechanism by induction of cleaved
poly-ADP ribose polymerase (PARP) and flow cytometry anal-
ysis of annexin-expressing cells posttransfection (Fig. 2 E and F).
An siRNA screen was performed to identify the phenotype after
siRNA-mediated knockdown of ASCL1 in comparison with the
lung lineage oncogenes TTF1 and SOX2 in NE-NSCLC cell lines,
NSCLC cell lines, and normal HBECs. Knockdown of TTF1
appeared to be nearly pan-cytotoxic to lung cancer cell lines, in-
ducing cell death in both NE-NSCLC and NSCLC lines while
sparing a normal immortalized HBEC cell line (Fig. 2G).
Knockdown of SOX2 induced cell death in only one NSCLC cell
line, NCI-H2009, whereas ASCL1 knockdown confirms the
previously reported results and is cytotoxic to NE-NSCLCs only.
Taken together, these results demonstrate that ASCL1 is highly
expressed in most NE-NSCLCs, and that its continued expres-
sion is required for the growth and survival of NE-NSCLC lines.

ASCL1 Protein Is Expressed in Lung Adenocarcinoma Samples. Pre-
vious genome-wide mRNA expression analyses of lung adeno-
carcinoma specimens identified the presence of neuroendocrine
tumors in ~10% of lung cancers histologically diagnosed as
adenocarcinomas (1). To determine the frequency of ASCL1
expression in a large cohort of well-characterized, surgically
resected tumors that had been diagnosed as NSCLC, we stained
138 lung adenocarcinoma (AC) and 64 lung squamous cell car-
cinoma (SCC) specimens for ASCL1 on a tissue microarray by
immunohistochemistry (IHC) (Fig. 34). These studies demon-
strated ASCL1 protein was expressed in 8% of AC samples,
agreeing with prior reports of neuroendocrine incidence in AC.
In contrast, only one SCC sample was positive for ASCL1. In
addition to tissue microarray studies, whole section staining was
performed on 20 randomly selected AC and SCC samples, with
three AC samples testing positive for ASCL1 (Fig. 3B). Survival
analysis comparing IHC ASCL1(+) ACs and ASCL1(-) ACs
found no significant difference in mortality, suggesting that de-
tection of ASCL1 expression alone is not sufficient to determine
prognosis in cases of NSCLC (Fig. 3C). Coexpression of the lung
lineage oncogenes SOX2 and TTF1 was detected in seven of
eight ASCL1(+) tumors, suggesting that these cancers may be
dependent on multiple lineage factors (SI Appendix, Table S3).

ChIP-Seq Analysis Uncovers Downstream Targets of ASCL1 That
Predict for Poor Prognosis in NSCLC. Based on our observation
that ASCL1 is highly expressed in high-grade neuroendocrine
lung cancers and is required for the survival of NE-NSCLC cell
lines, we investigated whether a gene signature composed of
ASCL1 target genes could be developed and applied to patient
tumor specimens to determine prognosis. To identify down-
stream targets of ASCL1, we performed ChIP analysis on
ASCL1(+) and ASCL1(-) lung cancer cell lines, followed by
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massively parallel sequencing (ChIP-Seq). The five ASCL1(+)
lung cancer cell lines included two NE-NSCLCs (NCI-H1755
and HCC4018) and three SCLCs (NCI-H128, NCI-H1184, and
NCI-H2107), with two neuroendocrine ASCL1(—) SCLC lines
(NCI-H524 and NCI-H526) serving as controls (SI Appendix,
Fig. S34). SCLC cell lines were included to allow identification
of a consensus ASCL1 transcriptome irrespective of histology.
The ASCL1(+) cell lines demonstrated high relative ChIP-Seq
peak heights compared with the ASCL1(-) control cell lines
(Fig. 4A4). Several thousand ASCL1-bound sites were identified
in each lung cancer line (Fig. 4B and SI Appendix, Table S4).
A de novo motif analysis revealed ASCL1’s DNA-binding site
(E-box; CASSTG) as the primary motif in each cell line. A total
of 912 consensus peaks were found among the five ASCL1(+)
cell lines (Fig. 4B); the binding sites were also enriched with the
E-box motif, and these corresponded to 1,330 potential gene
targets [analysis performed using GREAT (18); SI Appendix, Fig.
S3B]. Among the common ASCLI1 targets are the previously
identified Notch ligands DLLI and DLL3 (16) (SI Appendix,
Table S5 and Fig. S3C), whereas other gene targets include
neuroendocrine markers such as CDH2, GRP, INSM1, and SYT1,
suggesting that ASCL1 supports the neuroendocrine phenotype in
these cancers (SI Appendix, Fig. S3D). Supervised clustering of the
lung cell line panel using the expression of 1,330 ASCLI target
genes resulted in separation of the neuroendocrine and non-neu-
roendocrine lung cancer cell lines (SI Appendix, Fig. S4).

ASCL1-Driven 72-Gene Prognostic Signature. Seventy-two genes
identified in our ChIP-Seq studies also exhibited significantly higher
mRNA expression (log2 >2; P < 0.01) in the five neuroendocrine
ASCLI1(+) lung cancer lines compared with the two neuroendo-
crine ASCL1(—) lung cancer lines. These 72 genes represent targets
whose overexpression likely is directly regulated by ASCL1. Akin to
ASCLL1 expression being able to stratify typical NSCLC and NE-
NSCLC cell lines, a supervised clustering analysis using the 72-gene
ASCL1-associated signature performed on the 118 NSCLC lines
grouped 9/10 NE-NSCLC cell lines (Fig. 4C and SI Appendix,
Table S6). The misclassified cell line, NCI-H2106, does not ex-
press ASCL1, indicating that the neuroendocrine phenotype in
NCI-H2106 likely is driven through a different pathway.

To determine whether the 72-gene ASCLI1 target signature
has prognostic capability, we applied the signature to three
clinically annotated resected NSCLC mRNA expression datasets:
NCI Director’s Consortium (19), Tomida GSE13213 (20), and
SPORE GSE41271 (21). Using supervised principal component
analysis, we found that patients whose tumors had higher proba-
bility of expressing the 72-gene ASCL1-associated gene signature
had a significantly worse prognosis, independent of which dataset
served as the training set or testing set (Fig. 4D and SI Appendix,
Fig. S5). This finding suggests that ASCL1 transcriptional targets
can be used to predict prognosis in retrospective patient dataset
analyses, and can potentially serve as biomarkers to detect neu-
roendocrine differentiation in NSCLCs.

B-Cell CLL/Lymphoma 2: A Druggable Downstream Target of ASCL1
Identified by ChIP-Seq. ChIP-Seq data affords the ability to sys-
tematically identify downstream targets of ASCL1 that are po-
tentially sensitive to pharmacologic inhibition via induction of
apoptotic effects similar to those seen with ASCL1 knockdown.
Using a database of druggable genes (DrugBank) (22) to uncover
potential therapeutic targets, we narrowed the list of 72 overex-
pressed ASCL1 target genes to 24 druggable targets (SI Appendix,
Table S7). One target present in both the prognostic and drug-
gable target gene lists for both ASCL1(+) SCLC and NE-NSCLC
cell lines was the antiapoptotic factor B-cell CLL/lymphoma 2 (BCL2),
which contained conserved ASCL1 E-box binding sites in all five
ASCL1(+) cell lines (Fig. 54). BCL2 expression analysis showed
high mRNA levels in SCLC and NE-NSCLC lines and low or
absent expression in typical NSCLC lines (SI Appendix, Fig. S6).
Knockdown of ASCL1 in NE-NSCLC cell lines resulted in
reductions of BCL2 mRNA and protein, suggesting a direct
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Fig. 4. ASCL1 ChIP-Seq analysis delineates downstream targets. (A) Base
coverage plot of the 912 consensus peaks in all five ASCL1(+) cell lines. The
base coverage in a 1,000-bp window is centered on the summits of the 912
consensus peaks collected at a 10-bp resolution and averaged for each cell line.
The vertical axis is the normalized average base coverage of the consensus
peaks, and the horizontal axis is the position relative to the summit. (B) Venn
diagram showing peak-level overlap for all five ASCL1(+) samples along with
the E-box binding site for each sample, as well as the consensus E-box binding
site. Peak-level heterogeneity between samples is evident. (C) The 72-gene
ASCL1 expression signature clustering analysis groups 9/10 of the NE-NSCLC
cell lines separate from the typical NSCLC lines. (D) The ASCL1-associated 72-
gene signature correlates with poor survival in retrospective analyses of lung
adenocarcinoma patient datasets. Patients more likely to express the gene
signature have poorer 5-y outcomes. (Upper) P < 0.0001, Gehan-Breslow-
Wilcoxon test. (Lower) P < 0.0302, Gehan-Breslow-Wilcoxon test.

transcriptional link (Fig. 5 B and C). In contrast, knockdown of
BCL2 did not affect ASCL1 expression, demonstrating that
BCL2 acts downstream of ASCL1 (Fig. 5D). Transfection of
siBCL2 into NCI-H1755 and HCC1833 induced a twofold to
eightfold increase in cell death as measured by cell cycle analysis,
but no cell death was detected with siBCL2 transfected into ASCL1(—)
NCI-H1993 (Fig. 5E and SI Appendix, Fig. S6).

Several BCL2 small molecule inhibitors have activity in SCLCs
(23, 24), including ABT-263, which targets BCL2 as well as the
related family members BCL-xL and BCL-w. A 24-h treatment
of ASCLI1(+) NCI-H1755 and HCC1833 cells with ABT-263
resulted in induction of cell death (within 4 h in NCI-H1755)
that was 10- to 30-fold greater than that seen in control HBEC-
3KT and ASCLI1(—) NCI-H1993 cells (Fig. 5F). Cleavage of
PARP and Caspase 3 was detected in a dose-dependent manner
after 12 h (Fig. 5G). Treatment of mouse xenografts in vivo re-
capitulated the in vitro results. In these experiments, 1 x 10°
NCI-H1993 and NCI-H1755 cells were implanted in the s.c.
flank region of female NOD/SCID mice. Once tumors were
established, the mice were treated with ABT-263 or vehicle,
delivered via i.p. injection, for 14 consecutive days. ASCL1(—) NCI-
H1993 cells were insensitive to treatment, whereas ASCL1(+)
NCI-H1755 showed dramatic reductions in tumor volume (Fig. SH),
tumor size (Fig. 5I), and tumor weight (Fig. 5J).

Interestingly, two previously described ASCLI1 target genes, al-
dehyde dehydrogenase 1Al (ALDHIAI) and prominin 1 (CD133/
PROMI), do not appear to be conserved transcriptional targets
among all ASCL1(+) cell lines as determined by ASCL1 ChIP-
Seq analysis (7). ALDH1A1 and CD133/PROMI are cancer stem
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cell-associated genes that presumably mark populations of cells
with stem-like or tumor initiation capacity. The ALDHIAI gene
showed no enrichment of ASCL1-bound sites, and knockdown of
ASCLI resulted in no reduction of ALDH1A1 mRNA or pro-
tein in NCI-H1755 (SI Appendix, Fig. S7). In contrast, CD133/
PROM]1 demonstrated enrichment of ASCL1-binding sites only
in ASCL1(+) SCLC cell lines, suggesting a potentially important
functional difference between NE-NSCLC and SCLCs driven by
ASCL1 (SI Appendix, Fig. S8).

A third recently described ASCL1 target gene, ret proto-oncogene
(RET) (25), demonstrated enrichment of ASCL1-bound sites only
for ASCL1(+) NE-NSCLC lines. In contrast, ChIP-Seq analysis of
ASCLI1(+) SCLC lines failed to show this enrichment (SI Appendix,
Fig. S94). RET was determined to be significantly expressed by
qRT-PCR in 9 of 10 NE-NSCLC lines, in 9 of 15 SCLC lines, and in
none of 11 NSCLC lines (SI Appendix, Fig. S9B). Knockdown of
ASCLL1 in NCI-H1755 and HCC1833 resulted in reductions of RET
mRNA and protein, suggesting that ASCL1 is a direct transcrip-
tional regulator of the RET gene (S Appendix, Fig. S9C). siRNA-
mediated knockdown of RET in NE-NSCLC cell lines was able to
quantifiably induce cell death (SI Appendix, Fig. SOD); however,
treatment with a RET inhibitor (cabozantinib) was unable to dem-
onstrate improved sensitivity in the ASCL1(+) NE-NSCLC lines (S/
Appendix, Fig. SOE), and the cabozantinib ICs, values were uM, indi-
cating this drug likely will not be of use in ASCL1-dependent tumors.

Discussion

The lack of specific treatment options for patients with high-
grade neuroendocrine lung cancers (SCLC and NE-NSCLC)
necessitates the discovery of new, rational targeted therapies as
well as preclinical models that will encompass this important
subtype of lung cancer. Here we describe human lung cancer cell
line models for NE-NSCLC that depend on the lineage-specific
transcription factor ASCL1 for survival. Previous lineage-
dependent models in the lung focused on SOX2 and TTF1 (10,
11). TTF1 is known to be expressed in SCLC (26) and may
represent a lineage factor for neuroendocrine carcinomas. Based
on our results, TTF1 is important for maintaining the survival of
NE-NSCLC cell lines and thus merits further study.

ASCL1 is expressed in 8% of lung adenocarcinomas and in nearly
all SCLGs, representing approximately 40,000 cases of lung cancer
per year in the United States. ChIP-Seq combined with gene ex-
pression analysis of ASCL1(+) NE-NSCLC and SCLC cell lines led
us to identify an up-regulated 72-gene ASCL1-associated signature

14792 | www.pnas.org/cgi/doi/10.1073/pnas.1410419111

Fig. 5. BCL2 is a conserved ASCL1 target with thera-
peutic implications. (A) Consensus E-box binding sites
for ASCL1 are present in all ASCL1(+) samples within
the BCL2 second intronic region. (B) Knockdown of
ASCL1 by siRNA reduces BCL2 mRNA in NCI-H1755 and
HCC1833 cell lines. n = 3. *P < 0.05; **P < 0.01; ***P <
0.005. (C) siRNA-mediated reduction of ASCL1 reduces
BCL2 protein in NCI-H1755 and HCC1833. (D) Knock-
down of BCL2 does not affect ASCL1 protein ex-
pression. (E) BCL2 knockdown by siRNA induces cell
death in NE-NSCLGs, as measured by cell cycle analysis
of the sub-G1 phase. n = 3 for each group. **P < 0.01;
**x*p < 0.0001). (F) Treatment of cell lines with BCL2
inhibitor ABT-263 for 24 h demonstrates specificity for
ASCL1(+) NE-NSCLC cell lines. n = 3 for each group.
*P < 0.05; **P < 0.01; ***P < 0.005. (G) ABT-263
treatment induces dose-dependent cleavage of PARP
and Caspase 3 after 12 h of treatment in NCI-H1755.
J (H) Xenografts established from NCI-H1993 and NCI-
H1755 were treated with 100 mg/kg ABT-263 or vehicle
control for 14 consecutive days after tumors reached
an average size of ~250 mm>. n = 3 per treatment
group per cell line. ***P < 0.001. (/) Photograph of
resected s.c. tumors from ABT-263-treated xenografts.
() Weight of H1993 and H1755 xenograft tumors
treated with ABT-263 after resection. ***P < 0.001.
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that is predictive of poor prognosis in resected NE-NSCLCs. This
was true despite the fact that ASCLI expression by itself was not
prognostic, indicating the importance of ASCL1 downstream targets.
In addition, mining of a druggable genome database identified 24 of
the 72 genes as novel ASCLI1-regulated drug targets.

One of the specific ASCLL1 transcriptional targets was the anti-
apoptotic regulator BCL2. BCL2 is a natural mediator of lineage
survival by virtue of its ability to inhibit release of cytochrome C
into the cytoplasm, avoiding a critical apoptotic stimulus within the
cell. A previous study showed increased BCL2 expression in mouse
non-neuroendocrine epithelial cells following the constitutive ex-
pression of ASCLI, further linking the two genes (27). The possi-
bility exists that ASCL1 maintains lineage survival of pulmonary
neuroendocrine cell progenitors by regulating the expression of
BCL2, similar to the mechanism discovered for Mitf in melanocytes
(28). Thus, BCL2 is an attractive oncogene for NE-NSCLC cancers
to use, and as such represents an acquired vulnerability for therapy
of this lung cancer subtype. Treating NE-NSCLC cells in vitro and
xenografts in vivo with a BCL2 inhibitor demonstrates dramatic
specificity in ASCL1(+)/BCL2(+) lung cancers compared with
ASCL1(-)/BCL2(-) lung cancers. BCL2-targeted therapy has
previously shown efficacy in SCLC xenograft models (23). This
suggests that BCL2 is an acquired vulnerability for high-grade
neuroendocrine lung cancers, and that it likely mediates lineage-
specific survival of these tumors. Although a BCL2 inhibitor for-
mulated for clinical trials in patients with treatment-refractory
SCLC failed to show a major therapeutic benefit (29), combining
anti-BCL2 therapy with other therapies, as well as newer anti-BCL2
formulations that are more specific for BCL2 itself, hold promise as
therapies for ASCL1-driven tumors (30). Other druggable targets
of ASCL1 were identified by our ChIP-Seq analysis, representing
additional potential therapeutic interventions (SI Appendix,
Table S7). A mouse model exists for LCNE carcinomas, which may
enhance the potential for testing therapeutic agents in vivo (31).

Our ASCL1 ChIP-Seq analysis failed to validate the cancer stem
cell markers ALDH1A1 and CD133/PROMI as conserved ASCL1
transcriptional target genes, suggesting that the transcriptional pro-
gram driven by ASCLI is quite heterogenous. The wide range of
ASCLI1-bound peaks detected across the five ASCL1(+) lung cancer
lines used for ChIP-Seq analysis demonstrates the complexity of the
ASCLI transcriptome. Although ALDHI1ALI showed no enrichment
of ASCL1-bound sites in any of the cell lines tested, CD133/PROM1
showed enrichment in only SCLC lines, whereas another cancer
stem cell marker, RET, showed significant enrichment in only
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NE-NSCLC lines. This discovery demonstrates an important
functional distinction between SCLC and NE-NSCLC. Although
RET inhibition of ASCL1(+) NE-NSCLC lines with cabozanti-
nib failed to show growth inhibition at nanomolar drug levels, it
is possible that more specific RET-targeting agents may exhibit
improved responses in ASCL1-dependent NE-NSCLCs.

In conclusion, our findings indicate an important role of ASCL1
in NE-NSCLC, whereas our preclinical models and detailed ASCL1
ChIP-Seq analysis provide a path for the systematic development of
ASCLI1-targeted cancer therapy for NE-NSCLC and SCLC.

Materials and Methods

Cell Lines. All cell lines used were obtained from the Hamon Cancer Center
Collection (University of Texas Southwestern Medical Center), maintained in
RPMI-1640 medium (Life Technologies) supplemented with 5% or 10% FCS
without antibiotics at 37 °C in a humidified atmosphere containing 5% CO,
and 95% air. Cell lines were DNA-fingerprinted using the PowerPlex 1.2 Kit
(Promega), and mycoplasma was tested using an e-Myco Kit (Boca Scientific).
Cells were treated with ABT-263 (Selleck) or DMSO control for up to 72 h.

Protein Expression, MTS Proliferation Assay, Transient siRNA Transfection, Stable
shRNA Expression, and In Vivo Tumor Xenograft Experiments. All of these pro-
cedures and assays were performed as described in S/ Appendlix, Materials and
Methods. MTS reagent (Promega), primary antibodies against ASCL1 (BD Bio-
sciences), BCL2, PARP, Cleaved PARP, Cleaved Caspase 3, RET, ALDH1A1, and
Hsp90 (Cell Signaling) were used in this study. siRNAs (Qiagen) included siASCL1-
1-3, siBCL2, SiRET, siSOX2, siTTF1, siLUC, and siSCR. Stable pGIPZ lentiviral ShRNA
constructs targeting ASCL1 and pGIPZ-shNTC (Thermo Scientific) were selected
in lung cancer lines with puromycin. The in vivo efficacy of ABT-263 was tested
in s.c. flank xenografts of NCI-H1993 and NCI-H1755 in female 5- to 6-wk-old
NOD/SCID mice. All animal care was provided in accordance with institutional
guidelines and approved Institutional Animal Use and Care Committee proto-
cols. IHC methodology and scoring were performed as reported previously (32).
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Microarray Analysis. Total RNA from cell lines was isolated using RNEasy kit
(Qiagen). Gene expression profiling on each sample was performed using
Illumina HumanWG-6 V3 BeadArrays (dataset for the 206 lung cell lines
deposited as GSE32036) and analyzed as described previously (33).

ChiIP, Sequence Library Preparation, Alignment, Peak Calling, and Motif Analysis.
ChIP and analyses were performed as described previously (34) and in S/
Appendix, Materials and Methods. The cell lines used for ChIP were H1755,
HCC4018, H128, H1184, H2107, and control cell lines H524 and H526. Bowtie
was used for DNA sequence alignment after library preparation using ref-
erence genome HG19 (35). ChIP-Seq peaks were called using MACS version
1.4.0rc (36). DNA motif analysis was performed using HOMER (37).

Survival Analysis. The prognostic performance of the 72-gene set was tested on
three independent mRNA expression datasets: 442 primary lung adenocarcinomas
from the National Cancer Institute Director’s Challenge Consortium study (19); the
Tomida dataset, consisting of 119 lung adenocarcinomas (GSE13213) (20); and 209
primary lung adenocarcinomas and squamous cell carcinomas from our SPORE
dataset (GSE41271) (21), as described in S/ Appendix, Materials and Methods using
Kaplan-Meier analysis, the log-rank test, and published standard methods (38).

SWEAVE Documentation. This documentation is provided for ChIP procedures,
correlation with microarray expression data, and survival analyses in S/ Ap-
pendix, Materials and Methods.
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