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Abstract

Background: Small cell lung carcinoma (SCLC) is an aggressive, recalcitrant cancer, often metastatic at diagnosis and

unresponsive to chemotherapy upon recurrence, thus it is challenging to treat.

Methods: Sixty-three human SCLC lines and three NSCLC lines were screened for response to 103US Food and Drug

Administration–approved oncology agents and 423 investigational agents. The investigational agents library was a diverse

set of small molecules that includedmultiple compounds targeting the samemolecular entity. The compounds were

screened in triplicate at nine concentrations with a 96-hour exposure time using an ATP Lite endpoint. Gene expression was

assessed by exon array, and microRNA expression was derived by direct digital detection. Activity across the SCLC lines was

associated with molecular characteristics using pair-wise Pearson correlations.

Results: Results are presented for inhibitors of targets: BCL2, PARP1, mTOR, IGF1R, KSP/Eg5, PLK-1, AURK, and FGFR1. A

relational map identified compoundswith similar patterns of response. UnsupervisedmicroRNA clustering resulted in three

distinct SCLC subgroups. Associating drug responsewithmicro-RNA expression indicated that linesmost sensitive to etoposide

and topotecan expressed highmiR-200c-3p and lowmiR-140-5p andmiR-9-5p. The BCL-2/BCL-XL inhibitors produced similar

response patterns. Sensitivity to ABT-737 correlatedwith higher ASCL1 and BCL2. Several classes of compounds targeting

nuclear proteins regulatingmitosis produced a response pattern distinct from the etoposide response pattern.

Conclusions: Agents targeting nuclear kinases appear to be effective in SCLC lines. Confirmation of SCLC line findings in

xenografts is needed. The drug and compound response, gene expression, and microRNA expression data are publicly

available at http://sclccelllines.cancer.gov.

Small cell lung cancer (SCLC) is an aggressive carcinoma that

was named in the Recalcitrant Cancer Act. SCLC is a neuroendo-

crine lung malignancy that affects more than 200 000 people ev-

ery year with high mortality. In the United States, SCLC

comprises 13% to 15% of lung cancer, SCLC recurs rapidly, and

less than 5% of patients survive five years. Only two drugs, eto-

poside and topotecan, are US Food and Drug Administration

(FDA) approved for SCLC. First-line therapy for SCLC is etoposide
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with a platinum complex (cisplatin or carboplatin). While initial

response is 60% to 80%, responses tend to be short lived and re-

current disease is often no longer responsive to chemotherapy

(1–3).

SCLC cells have little cytoplasm and faint or absent nucleoli.

SCLC has a high mitotic rate and often areas of necrosis (4).

Treatment resistance has been attributed to the persistence of a

cancer stem-like subpopulation that exhibits multiple drug re-

sistance (5,6). In culture, SCLC lines grow as floating clusters or

spheroids, which are often difficult to disaggregate.

SCLC has unique biology and chromosomal changes, and ac-

tive early development pathways (7–9). Genetic somatic alter-

ations in SCLC including mutations (8.88 mutations per

megabyte), insertions, deletions, copy number variations, and

chromosomal rearrangements are among the highest in cancer

(10–13). The most frequent genetic alterations are deletion or

mutation in retinoblastoma protein (RB1) and deletion or muta-

tion of p53 (TP53). Beyond these changes, genetic alterations in

SCLC are varied and nonrecurrent (14).

ASCL1 transcription factor is highly expressed in neuroendo-

crine lung cancers (15,16). Antiapoptotic regulator BCL2 is an

ASCL1 target. BCL2-targeted therapy was effective in SCLC

xenografts (17). However, in clinical trial, a BCL2 inhibitor failed

to show therapeutic benefit (18). SCLC proteomic profiling identi-

fied DNA repair enzymes PARP1 and checkpoint kinase 1 as po-

tential targets (19,20). In addition, EZH2, which epigenetically

silences genes during development, may be involved in SCLC

(21).

Mitotic kinesin inhibitors are being examined as anticancer

agents (22–24). Kinesin Eg5 is targeted by compounds in clinical

trial (25–27). IGF1R and FGFRs are overexpressed by an SCLC

subset (28). FGFR1 is amplified in 6% of SCLCs (29). IGF1R expres-

sion is frequent in SCLCs (30). A subset of SCLCs harbor PIK3CA

mutations (31). Compounds targeted to these proteins are in de-

velopment; however, clinical results have been disappointing.

MicroRNAs are implicated in SCLC as regulators of cell viabil-

ity and drug sensitivity (32). MicroRNAs are being explored as

biomarkers of disease and as drug response or therapeutic tar-

gets (33,34). From 1977 through 1992, 126 SCLC cell lines were

established (9,35,36). The current study was undertaken to ex-

plore the response of a panel of SCLC lines to FDA-approved an-

ticancer drugs and a library of investigational agents, along

with exon and microRNA arrays. These data are publicly avail-

able at: http://sclccelllines.cancer.gov.

Figure 1. Analysis of etoposide response. A) Waterfall plot showing the range (25nM to>10 uM) of IC50s for small cell lung cancer (SCLC) lines exposed to etoposide for

96 hourrs. Blue bars are SCLC lines developed from previously treated tumors; red bars are SCLC lines developed from treatment-naive tumors; purple bars are SCLC

lines developed from tumors of unknown treatment status. B) Concentration response curves for the 63 SCLC lines exposed to etoposide or topotecan for 96hours. C)

Etoposide IC50 plotted vs the teniposide, topotecan, talazoparib, and gemcitabine IC50s showing a correlation of R¼0.89, 0.87, 0.76, and 0.68, respectively, for the SCLC

lines. D) Heat map of the etoposide eight most sensitive and eight most resistant SCLC lines along with microRNA expression from counts for miR-140-5p, miR-200c-

3p, and miR-9-5p. The heat map is shown as Z score to allow comparison across scales, where yellow is the mean, greeen is high, and red is low. IC50 ¼ the inhibitory

concentration producing 50% growth inhibition.

A
R
T
IC

L
E

2 of 11 | JNCI J Natl Cancer Inst, 2016, Vol. 108, No. 10

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jn
c
i/a

rtic
le

/1
0
8
/1

0
/d

jw
1
2
2
/2

4
1
2
4
2
8
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

Deleted Text: -
Deleted Text: -
Deleted Text: ,
Deleted Text: -
Deleted Text: ,
Deleted Text: -
Deleted Text: -
Deleted Text: ,
Deleted Text: ,
http://sclccelllines.cancer.gov


Methods

Cell Lines

The SCLC lines used were purchased from American Type Culture

Collection (ATCC) (Manassas, VA), Sigma-Aldrich, or were from the

National Cancer Institute (NCI) repository (37). NCI-H28 mesothe-

lioma, NCI-H2066 mixed SCLC/NSCLC NCI-H1650 NSCLC, and

A549/ATCC NSCLC, purchased from ATCC, were included as com-

parators. Cells were maintained in 5% CO2 -humidified incubators

at 37 �C and maintained in the medium specified, supplemented

with additives. The Supplementary Methods and Supplementary

Table 1 (available online) describe the properties for each line along

with expression for canonical SCLC and neuroendorcine genes. A

subset of the lines is included in the cancer cell line encyclopedia

along with genomic data; we note key genomic alterations for this

subset of the cell lines in the Supplementary Methods and

Supplementary Table 2 (available online). The SCLC lines were

authenticated using the Applied Biosystems Identifiler kit.

Samples were taken for analysis within passages 2-5. For 48 lines,

ATCC’s STR profiles (http://www.atcc.org) were used for authenti-

cation. Eleven cell lines were authenticated using STR data from

Dr. A. Gazdar (UT Southwestern; personal communication) and

two from the SIGMA STR database (http://www.sigmaaldrich.com/

life-science/cell-culture/ecacc-cell-lines.html). Nine SCLC lines had

unique STR profiles indicating no contamination with other cell

lines. All SCLC lines were verified mycoplasma and pathogen free

(Supplementary Table 1, available online). Cells were used up to 20

passages. TheA549/ATCCNSCLC linewas a screen control.

Compounds

One hundred and three FDA-approved anticancer drugs (avail-

able from NCI at: http://dtp.nci.nih.gov/branches/dscb/oncology_

drugset_explanation.html) and a library of 423 investigational

agents, acquired by synthesis or purchase, were screened.

Figure 2. Constellation relational map showing response similarity connections among the approved and investigational anticancer agents tested in the small cell

lung cancer (SCLC) lines at a stringency of 0.77. The line thickness is directly proportional to the pair-wise correlation.
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Screen

Twelve lines (11 SCLC and A549/ATCC) were screened per run.

Day 1, the cells were collected and suspended by exposure to

Accutase (see SOPs at http://sclccelllines.cancer.gov) in 300 mL

of media, then plated (5x103 - 20x103 in 42 lL) in 384-well plates

(CulturPlates, PE, Waltham, MA) using a Tecan Freedom Evo.

After incubation overnight, the Tecan Evo was used for com-

pound addition. Each compound was tested at nine concentra-

tions (10 lM to 1.5nM; DMSO concentration 0.25%), then the

plates were incubated for 96hrs. The screen controls were: topo-

tecan (10 lM), doxorubicin (10 lM), tamoxifen (200 lM), and

DMSO (0.25%). The incubation was terminated by adding ATP

Lite (Perkin Elmer Inc., Waltham, MA), and luminescence was

determined. All assays were performed in triplicate.

Exon and MicroRNA Arrays

Total RNA was extracted using Qiagen miRNeasy Mini Kit

(Qiagen, Valencia, CA) according to manufacturer’s instructions.

An agilent RNA Integrity Number (RIN) greater than 8.5 indicated

good-quality RNA. Sense strand cDNA from 100 ng total RNA was

fragmented and labeled using Affymetrix WT terminal labeling

kit. Samples were hybridized with Human Exon 1.0ST Arrays

(Affymetrix) at 45�C, 60 rpm, for 16hrs. Arrays were washed and

stained using Affymetrix Fluidics Station 450 and scanned on an

Affymetrix GeneChip scanner 3000 7G. mRNA expression data

was normalized using Robust Multi-Array Average (RMA) and

summarized at the gene level using AROMA (38).

For microRNA profiling, total RNA (100ng) was ligated to

unique oligonucleotide tags without amplification using the

NanoString kit. Samples were hybridized for 16hours to

NanoString human miRNA probeset. Each consists of a Reporter

Probe, with the fluorescent signal on its 5’ end, and a Capture

Probe with biotin on the 3’ end. Purification of bound probes was

performed with a magnetic bead-based wash on the nCounter

Prep Station, followed by immobilization in the cartridge. The

miRNA data was normalized and log2 plus 1 transformed.

Statistical Analysis

Screen statistical validity was verified using a Z’ value of greater

than 0.5 as representative of a high-quality assay (39).

Concentration response data were fit with a four-parameter

Figure 3. MicroRNA small cell lung cancer (SCLC) line clustering. A) SCLC subgroups based upon unsupervised microRNA clustering. Left to right are the red, blue, and

goldenrod clusters, with the green cluster being normal cell comparators. B) Box plot showing the median and association of etoposide response of the SCLC lines,

with the SCLC microRNA subgroups (P ¼ .14). C) Box plot showing the median and association of VS-507 (salinomycin) response of the SCLC lines, with the SCLC

microRNA subgroups (P ¼ .12). Unsupervised clustering of the SCLC lines based on microRNA expression was performed using partitioning around medoids algorithm.

The number of clusters was selected by maximum width of cluster silhouette. Differences in drug response between subgroups were tested using analysis of variance,

and agents with the smallest P values were evaluated. Analysis was performed using R (http://www.R-project.org).
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curve fit and IC50s determined as the mean of three replicates.

Pair-wise Pearson correlations between the negative log10 IC50

and log2 gene or miRNA expression are presented. The constel-

lation relationship map was created using the pair-wise correla-

tions and a threshold for an edge connecting two compounds

determined by a network topology best fitting a scale-free topol-

ogy. The threshold was selected by finding the value maximiz-

ing the R-squared for the regression of the log of the frequency

distribution vs the log of the number of edges. Unsupervised

clustering of SCLC lines based on microRNA expression was per-

formed using partitioning around medoids algorithm. The clus-

ters were selected by maximum cluster silhouette width.

Response differences between subgroups were tested using

analysis of variance. Agents with the smallest P values were

evaluated. All statistical tests were two-sided, and P values of

lses than .05 were considered statistically significant. Analysis

was performed using R (http://www.R-project.org). The data are

publicly available at: http://sclccelllines.cancer.gov. The

Affymetrix mRNA and NanoString microRNA raw data files are

available for direct download from the Gene Expression

Omnibus (http://www.ncbi.nlm.nih.gov/geo/). The accession

number for the overall project is GSE73162 (http://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?acc¼GSE73162), Affymetrix:

GSE73160 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc¼GSE73160), and Nanostring: GSE73161 (http://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?acc¼ GSE73161).

Results

SCLC lines generally grow in suspension as loose or tight clus-

ters/spheroids. Up to 20 000 cells were required in a 384-well

format to obtain a reliable ATP baseline. Etoposide and topote-

can are the only drugs FDA-approved for SCLC; therefore, these

drugs were used as comparators for other agents. The IC50s for

etoposide span 2.5 logs (Figure 1A). The heterogeneity of

response to etoposide and topotecan is evident in Figure 1B.

SCLC lines derived from treatment-naive patients were distrib-

uted throughout the response range. The sensitivity to etopo-

side, and teniposide, topotecan, talazoparib and gemcitabine,

Figure 4. Bcl-2 and PARP inhibitors. A) Heat map showing the IC50 response of the small cell lung cancer (SCLC) lines, arranged by response to ABT-737, for five Bcl-2

inhibitors. The most sensitive SCLC lines are: NCI-H2107, NCI-H889, NCI-H1963, NCI-H1105, and NCI-H748; the least sensitive SCLC lines are: NCI-H378, NCI-841, NCI-

H196, DMS273, and DMS114. The heat map is shown as Z score to allow comparison across scales, where yellow is the mean, green is high, and red is low. The gene

expression values were: ASCL1 mean ¼ 9.96 (range ¼ 4.97–12.67), and the correlation with response to ABT737 was R ¼ -0.497; BCL2 mean ¼ 7.93 (range ¼ 5.95–10.2),

and the correlation with response to ABT737 was R ¼ -0.588. B) ABT-263 and ABT-737 log10 IC50 plotted vs log2 BCL2 gene expression showing a correlation of R ¼ - 0.476

with ABT-263 response and R ¼ -0.588 with ABT-737 response for the SCLC lines. C) Heat map showing the IC50 response of the SCLC lines, arranged by response to tala-

zoparib, for six PARP inhibitors. The most sensitive SCLC lines are: NCI-H211, NCI-H209, NCI-H774, NCI-H526, and NCI-H1048; the least sensitive SCLC lines are:

SW1271, NCI-2029, NCI-H196, NCI-H1688, and COR L88. The heat map is shown as Z score to allow comparison across scales, where yellow is the mean, green is high,

and red is low. The gene expression values were: SLFN11 mean ¼ 7.15 (range ¼ 4.43–10.04), and the correlation with response to talazoparib was R ¼ -0.513. IC50 ¼ the

inhibitory concentration producing 50% growth inhibition.
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was highly related (R¼ 0.89, 0.87, 0.76, and 0.68, respectively)

(Figure 1C). Associating drug response with microRNA expres-

sion indicated that SCLC lines most sensitive to etoposide

expressed high miR-200c-3p and low miR-140-5p and miR-9-5p

(Figure 1D). The mean log10 IC50 across all compounds was used

as a global metric for sensitivity and was associated with etopo-

side sensitivity (R¼ 0.64).

There were about 150 compounds that were inactive against

the SCLC lines, including SMO inhibitors, MDM2 inhibitors,

VEGFR, ALK, and C-MET inhibitors; Raf and B-Raf inhibitors; and

a similar number of compounds with greaeter than 2 log con-

centration response across the SCLC lines (Supplementary

Table 3, available online). After filtering agents with a log10 IC50

range of less than 0.5, 345 compounds (out of 523 tested)

remained. A constellation relational map was developed. The

drugs were connected if the pair-wise correlation of the log10
IC50 was greater than 0.77 (Figure 2). The threshold for the corre-

lation was estimated so that the topology best fit a scale-free

network (R2
¼ 0.98). The relational map identified compound

clusters with similar patterns of sensitivity. Many clusters were

based on molecular target or pathway and others based on simi-

lar cellular effects such as DNA or microtubule damaging.

Supplementary Figure 1 (available online) is an unsupervised

clustering of the data. Unsupervised microRNA clustering

resulted in three distinct subgroups (Figure 3A). The red sub-

group was most sensitive to etoposide (P ¼ .14) (Figure 3B). The

blue subgroup was most sensitive to the stem-like cell-directed

agent VS-507 (salinomycin) (P ¼ .12) (Figure 3C) (40). SCLC

lines that were sensitive to VS-507 expressed high C20orf27,

GEMIN4, HOMER2, LRP3, PCOLCE2, PFAS, RPL18, and RRP1B

(Supplementary Figure 2, available online).

Many SCLC lines express high BCL-2. ABT-737, ABT-263, and

ABT-199 primarily target BCL-2 and BCL-XL, while AT-101 and

GX15-07 target BCL-2, BCL-XL, and MCL-1 (41). The three BCL-2/

BCL-XL inhibitors produced similar patterns of response (Figure 4A).

Sensitivity to ABT-737 correlated well with higher ASCL1 (R ¼ –0.50)

and BCL2 (R ¼ –0.59) (Figure 4A). There was a negative correlation

between log10 IC50 for ABT-263 and ABT-737 and log2 expression of

BCL2 (R ¼ –0.48 and R ¼ –0.59, respectively) (Figure 4B). While most

lines express high ASCL1, those lines expressing little ASCL1 tended

to express high MYC (Figure 5A). Seven miRs positively correlated

with ASCL1 (miR-95, miR-141-3p, miR-7-5p, miR-200b-3p, miR-200a-

3p, and miR-375), and two miRs negatively correlated with ASCL1

(miR-455-3p andmiR-455-5p) (Figure 5B). The pattern of response to

each PARP-1 inhibitor was similar (Figure 4C). SLFN11 expression

correlated with sensitivity to the PARP-1 inhibitors (R ¼ –0.42).

There was no association of PARP-1 or -2 expression with PARP-1

inhibitor response.

A subset of lines was sensitive to mTOR inhibitors (Figure

6A). The concentration response curves showed the characteris-

tic flat concentration response to everolimus, a rapalog, in con-

trast to BEZ-235, an ATP-binding site inhibitor (Figure 6B). There

was no association between MTOR expression and response to

mTOR inhibitors. There was no association between response

to IGF-1R inhibitors and expression of ALK, IGF-1R, IGF-1, IGF-2,

or to six microRNAs (Figure 6C). The linsitinib concentration

response curves shown in Figure 6D indicate that sensitive lines

have IC50s in the 0.5 to 1 lM range.

Figure 5. ASCL-1 and MYC analysis. A) Plot of the relative gene expression of ASCL-1 vs the relative gene expression of c-Myc. Each point is a small cell lung cancer

(SCLC) line. In general, there was an inverse relationship between the expression of ASCL-1 and c-Myc. The correlation is R ¼ -0.59. B) Heat map organized by expres-

sion of ASCL-1 and showing the miRs that are positively and negatively correlated with expression of ASCL-1. The heat map is shown as Z score to allow comparison

across scales, where yellow is the mean, green is high, and red is low. The correlation values are: miR-95 (R¼ 0.66), miR-141-3p (R¼0.61), miR-7-5p (R¼0.54), miR-200b-

3p (R¼0.66), miR-200a-3p (R¼0.62), miR-200c-3p (R¼0.59), miR-135a-5p (R¼0.59), miR-375 (R¼0.69), miR-455-3p (R ¼ -0.58), and miR-455-5p (R ¼ -0.62).
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Approximately half of the 63 SCLC lines were sensitive to

KSP/Eg5 inhibitors (Figure 7A). The ARQ-621 concentration

response curves indicate marked heterogeneity of response,

with responsive lines having IC50s of 0.1 to 0.3 lM (Figure 7B).

Sensitivity to ARQ-621 was associated with low EPAS1/Hif2A

and TMEM127 (Figure 7C). The polo-like kinase inhibitors and

aurora kinase inhibitors had response patterns similar to the

KSP/Eg5 inhibitors (Figure 7D). The response pattern for nuclear

protein targeting agents was distinct from the etoposide

response pattern.

The concentration response curves indicated that the lines

were generally unresponsive to three FGFR1 inhibitors (Figure

8A). However, DMS114 was exceptionally sensitive to all three

FGFR1 inhibitors (Figure 8B). The FGFR1 gene is located on

chromosome 8, and CCLE copy number data describe an

amplification event encompassing FGFR1 with an estimated

copy number of 6 for DMS114 (Figure 8C). Response to the

FGFR1 inhibitor AZD-4547 along with FGFR1 expression is

shown in Figure 8D. The DMS114 response to the FGFR1 inhibi-

tors was associated with low microRNAs miR-762, miR-548v,

miR-935, and miR-645 and moderately associated with high

miR-199a-5p.

Thirteen MEK inhibitors were tested. The DMS114 line, a cell

line with mixed SCLC and NSCLC properties, NCI-H2066, and

the NSCLC line A549/ATCC responded to four MEK inhibitors

(Supplementary Figure 3, A and B, available online). There was

no association between MAP2K1/MEK expression and response

to MEK inhibitors (Supplementary Figure 3A, available online).

The NCI-H378 line was an exceptional responder to three kin-

ase inhibitors (Supplementary Figure 4A, available online). The

three compounds were: Motesanib (AMG-706, NSC760843), an

inhibitor of VEGFR1, 2, and 3, as well as c-Kit; VE-821, an ATR kin-

ase inhibitor; and ITRI-260, a Flt3 inhibitor. The ’all-cells’ concen-

tration response curves showed that most lines had little

response (Supplementary Figure 4B, available online). There was

no correlation between ATR expression and response to VE-821.

MiR-1306-3p was uniquely poorly expressed by the NCI-H378 line

(Supplementary Figure 4C, available online). Two lines (DMS114

and NCI-H211) were responsive to the CDK inhibitor palbociclib

(NSC758247) (Supplementary Figure 5, available online).

Figure 6. mTOR and IGF1R inhibitors. A) Heat map showing the IC50 response of the small cell lung cancer (SCLC) lines, arranged by response to BEZ-235 for 12 mTOR

inhibitors. The most sensitive SCLC lines are: LXFS 650L, DMS 114, NCI-H1882, NCI-H719, and NCI-H1048; the least sensitive SCLC lines are: NCI-H711, NCI-1417, NCI-

H378, DMS187, and NCI-H660. The heat map is shown as Z score to allow comparison across scales, where yellow is the mean, green is high, and red is low. The gene

expression values were: MTOR mean ¼ 9.04 (range ¼ 7.84–10.69), and the correlation with response to sirolimus was R ¼ -0.23. B) Concentration response curves for the

63 SCLC lines exposed to everolimus or BEZ-235 for 96hours. C) Heat map showing the IC50 response of the SCLC lines, arranged by response to linsitinib for eight

IGF1R inhibitors. The most sensitive SCLC lines are: LXFS 605L, NCI-H187, NCI-H526, COLO 668, and NCI-H1876; the least sensitive SCLC lines are: NCI-H1048, DMS 53,

DMS273, DMS114, and COR L88. The heat map is shown as Z score to allow comparison across scales, where yellow is the mean, green is high, and red is low. There is

no association with the expression of the gene shown or the microRNAs shown. D) Concentration response curves for the 63 SCLC lines exposed to linsitinib for

96hours.
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Discussion

SCLC is a therapeutic puzzle, initially responsive to etoposide

plus platinum, the established treatment, and, upon recurrence,

resistant to chemotherapeutics. Recently, immunotherapy,

anti-PD1, and anti-CTLA4 demonstrated activity in recurrent

SCLC (42,43). The SCLC lines that were sensitive to etoposide

were usually sensitive to teniposide, topotecan, talazoparib,

and gemcitabine. This pattern of sensitivity and resistance per-

sisted for the more than 500 agents tested, indicating that the

mechanism(s) of resistance were unrelated to the drug mecha-

nism. Preventing resistance in responsive SCLC and overcoming

resistance (de novo or post-treatment) requires a better under-

standing of SCLC biology.

Unsupervised clustering of gene and miR expression showed

clear discrimination of the SCLC and NSCLC cell lines. The

unsupervised miR clustering provided distinct subgrouping.

There were trends toward miR subgroups aligning with com-

pound response. One microRNA subgroup was more sensitive

to VS-507 (salinomycin), a compound directed toward drug-

resistant cancer stem-like cells (40). The expression of some

miRs was characteristic of particular lines such as DMS114 and

NCI-H378, which showed exceptional response to specific tar-

geted compounds. The data clustered by compound pattern

were visualized on a constellation relational map.

In SCLC patients, 55% to 90% of tumors reportedly overex-

press BCL-2 (44). High BCL-2 mRNA and positivity for ASCL1 cor-

related well with response to ABT-737 (obatoclax), ABT-263

(navitoclax), and ABT-199 (venetoclax). AT-101 and GX15-070

had different patterns of response, reflecting lack of BCL-2

selectivity (45,46). SCLC sensitivity was observed during ABT-

737 preclinical studies (44,47,48). ABT-737 treatment slowed the

growth of LX22 patient-derived xenograft, which had the high-

est BCL-2 and BCL-XL protein expression among the patient-

derived xenografts tested, and the combination of ABT-737 and

etoposide resulted in decreased tumor growth compared with

controls. In a phase I trial of SCLC and other solid tumor

patients, navitoclax produced encouraging preliminary efficacy

Figure 7. Nuclear kinase inhibitors. A) Heat map showing the IC50 response of the small cell lung cancer (SCLC) lines, arranged by response to ARQ-621 for six KSP/Eg5

inhibitors. The most sensitive SCLC lines are: NCI-H69, NCI-H1105, NCI-H211, NCI-H2107, and NCI-H1048; the least sensitive SCLC lines are: NCI-H69/LX10, DMS187,

NCI-H2029, NCI-H196, and DMS53. The heat map is shown as Z score to allow comparison across scales, where yellow is the mean, green is high, and red is low. B)

Concentration response curves for the 63 SCLC lines exposed to ARQ-621 for 96hours. C) ARQ-621 log10 IC50 plotted vs log2 EPAS1 and TMEM127 gene expression show-

ing a correlation of R¼0.71 for EPAS1 with ARQ-621 response and R¼0.55 for TMEM127 with ARQ-621 response for the SCLC lines. The expression values were: EPAS1

mean ¼ 7.58 (range ¼ 5.72–12.72), and TMEM127 mean ¼ 9.09 (range ¼ 8.15–11.07). D) Heat map showing the log10 IC50 response of the SCLC lines, arranged by response

to ARQ-621 for six KSP/Eg5 inhibitors, eight Polo-like kinase inhibitors, 10 aurora kinase inhibitors, and showing response to etoposide. Green indicates IC50 � 10-5; yel-

low indicates IC50 � 10-7; red indicates IC50 � 10-9. IC50 ¼ the inhibitory concentration producing 50% growth inhibition.
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in SCLCs with thrombocytopenia being the major adverse effect

(49). However, in the phase II trial in relapsed, advanced SCLC

patients, navitoclax (ABT-263) had limited single-agent activity

with grade 3/4 thrombocytopenia noted in more than 40% of

patients (11,18). Navitoclax is in clinical trial in combination

with trametinib for treatment of patients with advanced or

metastatic solid tumors including SCLC (NCT02079740).

Venetoclax, a specific BCL-2 inhibitor, with decrease thrombo-

cytopenia is in multiple clinical trials (46).

The observation that PARP1 and PARP2 are highly expressed

in SCLC led to numerous SCLC PARP inhibitor clinical trials

(1,19,20). In SCLC, veliparib is in a randomized first-line phase

I/II trial (NCT01642251) with or without cisplatin and etoposide

in patients with extensive-stage SCLC or metastatic large cell

neuroendocrine NSCLC. Veliparib is in a phase II clinical trial

(NCT01638546) with or without temozolomide in patients with

relapsed or refractory SCLC. Olaparib and temozolomide are

undergoing phase I/II clinical trials (NCT02446704) in recurrent

SCLC. Olaparib and cediranib are in a phase II clinical trial

(NCT02498613) in late-stage solid tumor patients including

recurrent SCLC. In a phase I clinical trial (NCT01286987), talazo-

parib treatment produced an 18% (2/11 pts) RECIST-confirmed

response rate in metastatic SCLC (50). Correlation of PARP

inhibitors with specific genetic alterations and or protein

expression in SCLC is being explored. Our data showed higher

PARP1 and PARP2 expression in SCLC; however, there was no

association between PARP inhibitor response and PARP1 or

PARP2 gene expression. An association was noted between

PARP inhibitor response and SLFN11 gene expression. SLFN11

has been associated with response to DNA-damaging agents

and PARP inhibitors (51). Correlation of SLFN11 expression to

responses with PARP inhibitors may be incorporated in the next

PARP inhibitor trial to be conducted via ETCTN.

The ATP-binding site mTOR inhibitors were more effective

against SCLC lines than were rapalogs. In an SCLC line panel,

inhibiting mTOR signaling with everolimus disrupted survival

(52). A single-agent phase II trial was conducted with temsiroli-

mus in extensive-stage SCLC, and a phase II study with everoli-

mus in relapsed SCLC showed limited activity (53,54). A phase I/

II trial is underway testing the combination of sirolimus and

auranofin in patients with advanced or recurrent SCLC or

NSCLC (NCT01737502).

IGF-1R inhibition decreased cell proliferation, sensitized

SCLC cells to cisplatin and etoposide, and increased survival of

mice bearing SCLC xenografts (2). Cixutumumab (IMC-A12)

blocked IGF1 signaling in SCLC lines and increased cell killing in

Figure 8. An exceptional responder. A) Heat map showing the IC50 response of the small cell lung cancer (SCLC) lines response to three FGFR1 inhibitors. Green indi-

cates log10 � 10-5; yellow indicates IC50 � 10-7; red indicates IC50 � 10-9. B) Concentration response curves for the 63 SCLC lines exposed to the FGFR1 inhibitors AZD-

4547 (NSC764239), PD-173074 (NSC766908), and BGJ-398 (NSC764487) for 96hours. C) DMS114 chromosome 8 map showing copy number on the y-axis. The data were

derived from the CCLE database. D) Heat map showing the IC50 response of the SCLC lines, arranged by response to AZD-4547, gene expression of FGFR1, and

microRNAs miR-548v, miR-935, miR-762, miR-645, and miR-199a-5p by the SCLC lines. The most sensitive SCLC lines are: DMS114, NCI-H1688, NCI-H526, NCI-H2107,

and NCI-H211.The heat map is shown as Z score to allow comparison across scales, where yellow is the mean, green is high, and red is low. IC50 ¼ the inhibitory con-

centration producing 50% growth inhibition.
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combination with chemotherapy (55). A phase II trial of cispla-

tin and etoposide with or without vismodegib or cixutumumab

did not show a difference in progression-free survival or overall

survival in combination with standard chemotherapy in

extensive-stage SCLC (NCT00887159). Linsitinib, which inhibits

both IGF-1R and the insulin receptor, blocked the growth of 6/19

SCLC lines (56). A phase II trial of linsitinib vs topotecan in

relapsed SCLC has completed accrual (NCT01533181). In our

study, 18/63 SCLC lines had linsitinib IC50s of less than1 uM.

Sensitivity to linsitinib did not correlate with IGF-1R, IR, IGF-1,

IGF-2, IGFBP3, or IGFBP6 expression (56).

KSP/Eg5 inhibitors have undergone early clinical trial. ARRY-

520 had clinical activity in multiple myeloma (22,23,57,58).

Combination regimen trials are underway with KSP/Eg5 inhibi-

tors. Among early PLK1 inhibitor trials was a phase II trial of

BI2536 in relapsed SCLC (59). A phase II study of the aurora kin-

ase inhibitor alisertib in combination with paclitaxel is under-

way as second-line therapy for SCLC (NCT02038647) (60). The

pattern of response to KSP/Eg5 inhibitors and PLK inhibitors

was similar while a smaller group of SCLC lines responded to

AURK inhibitors.

This study was limited to well-established SCLC lines

growing in culture; thus, the general applicability of the find-

ings from this study to in vivo models, PDX models, and

patients may be questioned. Extending the results of this

screen to in vivo models to confirm that new agents may be

worthy of clinical trial in SCLC is critical. The compounds

(>500) were tested over a broad concentration range; however,

no potentially therapeutic biologicals such as antibodies or

antibody drug conjugates were studied. Despite these limita-

tions, the study provides added value to the SCLC research

community.

Exploration of the roles and potential therapeutic utility of

miRs in SCLC is at an early stage (32,34). Literature indicates

that miRs act by regulating gene expression and can be asso-

ciated with response or lack of response to specific drugs (61–

63). miRs are negative regulators of gene expression, each

with a specific gene set. Through gene regulatory activity,

miRs determine response to drugs. Rukov et al. developed a

website associating miRs with genes and drugs (63). Two miRs

associated with ASCL1 expression in the SCLC lines, miR-375

and miR-455-5p, were identified as regulating about 20 genes

and more than 20 drugs. MiRs correlated with SCLC line sensi-

tivity to drugs both positively and negatively. In searching for

the ‘key’ to SCLC, beyond mutations in TP53 and deletion or

mutations in RB1, SCLC may be a collection of genomic

changes that vary widely and comprise small fractions of the

total SCLC population. Circulating miRs may have potential as

biomarkers to aid in treatment selection in SCLC. The SCLC

screen data including the drug and compound data, and gene

and miRNA expression data, are publically available at http://

sclccelllines.cancer.gov.
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