
Protein neddylation as a therapeutic target
in pulmonary and extrapulmonary small
cell carcinomas
Justin P. Norton,1,2 Arnaud Augert,1,2 Emily Eastwood,1,2 Ryan Basom,3 Charles M. Rudin,4

and David MacPherson1,2,5

1Division of Human Biology, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109, USA; 2Division of Public
Health Sciences, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109, USA; 3Genomics and Bioinformatics
SharedResource, FredHutchinsonCancer ResearchCenter, Seattle,Washington 98109,USA; 4Department ofMedicine,Memorial
Sloan Kettering Cancer Center, New York, New York 10065, USA; 5Department of Genome Sciences, University of Washington,
Seattle, Washington 98195, USA

Small cell lung carcinoma (SCLC) is among the most lethal of all solid tumor malignancies. In an effort to identify
novel therapeutic approaches for this recalcitrant cancer type, we applied genome-scale CRISPR/Cas9 inactivation
screens to cell lines that we derived from a murine model of SCLC. SCLC cells were particularly sensitive to the
deletion of NEDD8 and other neddylation pathway genes. Genetic suppression or pharmacological inhibition of this
pathway using MLN4924 caused cell death not only in mouse SCLC cell lines but also in patient-derived xenograft
(PDX) models of pulmonary and extrapulmonary small cell carcinoma treated ex vivo or in vivo. A subset of PDX
models were exceptionally sensitive to neddylation inhibition. Neddylation inhibition suppressed expression of
major regulators of neuroendocrine cell state such as INSM1 and ASCL1, which a subset of SCLC rely upon for cell
proliferation and survival. To identify potential mechanisms of resistance to neddylation inhibition, we performed a
genome-scale CRISPR/Cas9 suppressor screen. Deletion of components of the COP9 signalosome strongly miti-
gated the effects of neddylation inhibition in small cell carcinoma, including the ability of MLN4924 to suppress
neuroendocrine transcriptional program expression. This work identifies neddylation as a regulator of neuroendo-
crine cell state and potential therapeutic target for small cell carcinomas.
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Small cell lung cancer (SCLC) is a highly metastatic neu-
roendocrine tumor type that accounts for roughly 15% of
all lung cancers (Rudin et al. 2021). Typically responsive
to a chemotherapy doublet of a platinum and etoposide,
rapid emergence of chemoresistance results in a 5-yr sur-
vival rate of only 5%–6%, and addition of immune check-
point inhibition to chemotherapy has only modestly
improved responses (Horn et al. 2018; Paz-Ares et al.
2019; Rudin et al. 2020). SCLC is driven by the inactiva-
tion of the tumor suppressors TP53 and RB1 in almost
all cases and does not exhibit frequentmutations in “drug-
gable” oncogenic targets common in lung adenocarcino-
ma (Peifer et al. 2012; Rudin et al. 2012; George et al.
2015). SCLC also exhibits inactivating mutations in chro-
matin regulators such as KMT2D and CREBBP (Augert
et al. 2017) as well as amplifications of MYC family mem-
bers (Peifer et al. 2012; George et al. 2015), but targeted

therapies directed toward SCLC harboring any specific ge-
netic alteration have not demonstrated clinical efficacy.

SCLC exhibits neuroendocrine cell characteristics, and,
consistentwith neuroendocrine cells representing amajor
cell-of-origin, targeting Rb1/Trp53 deletion to mouse pul-
monary neuroendocrine cells efficiently gives rise to
SCLC (Sutherland et al. 2011). Transcriptional analyses
can stratify SCLC into subtypes based on activity of key
transcription factors that regulate neuroendocrine and
neural cell state, including ASCL1 (SCLC-A), NEUROD1
(SCLC-N), andPOU2F3 (SCLC-P), with theASCL1-driven
subset of SCLC reflecting the majority of SCLC (Rudin
et al. 2019; Wooten et al. 2019). ASCL1 is a master regula-
tor of pulmonary neuroendocrine cell fate, and deletion of
ASCL1 prevents this cell population from forming in
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mouse models (Borges et al. 1997; Ito et al. 2000). ASCL1
is also necessary for SCLC, as its deletion completely pre-
vented SCLC emergence in mouse models (Borromeo
et al. 2016). Another transcription factor important for de-
velopment of the pulmonary neuroendocrine cell lineage
is INSM1, expressed in both SCLC-A and SCLC-N sub-
types (Rudin et al. 2019). INSM1 promotes pulmonary
neuroendocrine cell differentiation, with lungs of embry-
onic mice lacking Insm1 failing to develop terminally dif-
ferentiated neuroendocrine cells (Fujino et al. 2015; Jia
et al. 2015). Furthermore, INSM1 positively regulates
the expression of ASCL1 and suppression of INSM1 slows
growth in SCLC cell lines (Fujino et al. 2015). These stud-
ies suggest that, likeASCL1, INSM1might also constitute
a therapeutic target for SCLC. However, transcription
factors are challenging to target directly using small mol-
ecules. As maintenance of neuroendocrine cell differenti-
ation appears essential for SCLC viability, increasing
effort is being placed on finding druggable targets to sup-
press neuroendocrine signaling in SCLC. For example,
pharmacologic inhibition of the LSD1 demethylase
(Augert et al. 2019) indirectly leads to suppression of neu-
roendocrine differentiation and of SCLC growth.
Extrapulmonary small cell carcinomas are high-grade

neuroendocrine tumors that can arise in almost any organ
of the body and resemble SCLC in both appearance and
clinical behavior (Dasari et al. 2018). Many key genetic al-
terations in SCLC are also found in high-grade extrapul-
monary small cell carcinomas, including TP53 and RB1
inactivation, ASCL1 induction, and NOTCH pathway
suppression (Meder et al. 2016). Extrapulmonary small
cell carcinomasmay arise from transformation of resident
neuroendocrine cells found throughout the body or can
represent tumor evolution under therapeutic drug selec-
tion from either adenocarcinomas or squamous cell carci-
nomas (Quintanal-Villalonga et al. 2020).
In this study, we used CRISPR/Cas9 inactivation

screens to identify new druggable targets essential for
SCLC cell proliferation and viability. We identify protein
neddylation as a druggable target in both SCLC and
extrapulmonary small cell carcinoma. In these high-grade
neuroendocrine carcinomas, we link neddylation inhibi-
tion to regulation of INSM1 expression and control of neu-
roendocrine cell state.

Results

Genome-scale CRISPR/Cas9 inactivation screens
of murine SCLC cell lines

We conducted a series of genome-scale CRISPR/Cas9
screens employing five cell lines derived from a genetical-
ly engineered autochthonous Rb1/Trp53-deleted SCLC
mouse model (Fig. 1A; Meuwissen et al. 2003). SCLC aris-
ing in this mouse model exhibits molecular and histolog-
ical features of human SCLC. For comparison, we also
performed similar screens on immortalizedmouse embry-
onic fibroblasts (MEFs) derived from Trp53lox/lox embryos
(Augert et al. 2020). As detailed previously (Augert et al.
2020), we infected cells with the GeCKO v2 pooled lenti-

viral sgRNA library (Sanjana et al. 2014) containing
130,209 sgRNAs targeting 20,611 genes, with most genes
harboring six distinct sgRNAs per gene. Each Trp53-null
MEF isolate and SCLC cell line was infected at a MOI of
<1 and maintained at a population to ensure 500-fold cov-
erage of transduced cells. Immediately after selection, we
collected a P0 sample for next-generation sequencing to
assess baseline sgRNA representation. Cell lineswere pas-
saged until reaching 12 population doublings (P12), and
genomic DNA was then isolated followed by library con-
struction and sequencing. We employed MAGeCK (Li
et al. 2014, 2015) to identify genes targeted by sgRNA
sets that are significantly enriched or depleted in the
P12 samples when compared with the P0 set. Volcano
plots for the SCLC (Fig. 1B) and Trp53-null MEF (Fig.
1C) data sets show many common essential genes target-
ed by sgRNAs depleted in the screens (also see Venn dia-
grams in Supplemental Fig. S1A). Of the genes targeted
by sgRNAs enriched in both Trp53-null MEFs and
mSCLC cells, and therefore acting as functional candidate
tumor suppressors, only Pten was significant across both
data sets (Fig. 1B,C). We also calculated CRISPR scores
(Wang et al. 2015), that is, the log2 fold change in sgRNA
frequency relative to P0 averaged, across all sgRNAs tar-
geting a given gene. A heat map of CRISPR scores (Fig.
1D) also reveals different dependencies between SCLC
cells and Trp53-null MEFs. sgRNAs enriched in CRISPR
screening of SCLC cells targeted genes with known tumor
suppressor activity in SCLC, including Pten, Bcl2l11
(BIM), and the histone acetyltransferase Crebbp (Fig.
1D). We and others have used mouse models to validate
both Pten and Crebbp as SCLC tumor suppressors (Cui
et al. 2014; McFadden et al. 2014; Jia et al. 2018); thus,
these data support the effectiveness of the screen and pro-
vide information on tumor suppressors in SCLC. Our
main goal, however, was to identify therapeutically tar-
getable genes necessary for SCLC growth and survival.
sgRNAs targeting orthologs of known SCLC dependen-
cies (BCL2L1, ATR, CHEK1, and MYCL) were signifi-
cantly depleted in mSCLC cells but not in Trp53-null
MEFs (Fig. 1B,D). BCL2 family members (Gandhi et al.
2011; Rudin 2012), ATR (Doerr et al. 2017), CHEK1 (Sen
et al. 2017b), and MYCL (Kim et al. 2016) are all genes
for which pharmacologic inhibition or genetic deletion
impairs SCLC cell growth and/or viability. In addition to
identifying known SCLC dependencies, we also identified
novel hits. sgRNAs targeting genes in the heme synthesis
pathway, including Cpox, Hmbs, and Fech, significantly
dropped out in SCLC cells (Fig. 1B,D; Supplemental Table
S1). Also, members of the de novo purine synthesis path-
way, including Pfas, Paics,Adsl, and Impdh2, were essen-
tial in SCLC. Previouswork using a focusedCRISPR/Cas9
library also identified Paics and Pfas as essential genes in
murine SCLC cells (Li et al. 2019), and IMPDH proteins
were shown as potential therapeutic targets in a subset
of SCLC (Huang et al. 2018). Pyrimidine biosynthesis
pathway genes, including Cad and Ctps, were also
SCLC-essential (Supplemental Table S1), consistent
with recent findings (Li et al. 2019). We were particularly
interested in novel druggable dependencies identified in
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our screen for which clinical grade pathway inhibitors are
available. For example, we found that sgRNAs targeting
the methyltransferase Prmt5 and its binding partner
Wdr77 dropped out in the SCLC cells. sgRNAs targeting
numerous regulators of protein neddylation including
Nedd8, Rbx1, and Cul2 also significantly dropped out in
mSCLCs. Neddylation is a post-translational modifica-
tion involving the covalent addition of the ubiquitin-
like NEDD8 (neuronal precursor cell-expressed develop-
mentally down-regulated protein 8) molecule to lysine
residues (Kamitani et al. 1997; Xirodimas 2008). Cullin
proteins are the major target of protein neddylation, and
they require neddylation to function; thus, a critical func-
tion of the neddylation pathway is control of protein
ubiquitination mediated by cullin-RING ligase (CRL)
complexes (Chiba and Tanaka 2004; Pan et al. 2004; Pet-
roski and Deshaies 2005). We did not observe statistically
significant dropout of sgRNAs targeting additional cullin
family members or other neddylation-related genes
(Uba3, Nae1, and Ube2m) in mSCLC cells (Supplemental
Fig. S1B,C). However, lack of dropout for any given gene is
challenging to interpret owing to heterogeneity in sgRNA
effectiveness.

To validate a subset of hits identified in our screen,
including neddylation pathway genes, we applied an in-
ducible lentiviral two-vector CRISPR/Cas9 sgRNA ex-
pression system to an mSCLC cell line (G6263) used in
our screen. This cell line was transduced with a vector
conferring constitutive U6 promoter-driven sgRNA
expression, and a second vector that expresses Cas9 in a
doxycycline-inducible manner. Ten-day proliferation as-
says revealed reduced viability of cells infected with
sgRNAs targeting Nedd8, Rbx1, Cul2, Insm1, Ascl1,
Rpia, Bcl2l1, and Cpox, in comparison with control neu-
tral guides (Supplemental Fig. S1D). Thus, our genome
scale functional screens revealed essential genes in
SCLC, including novel targets for potential therapeutics.

Murine SCLC lines and a subset of PDX models of small
cell carcinoma display sensitivity to pharmacological
neddylation inhibition

The neddylation pathwaywas of particular interest in part
due to the availability of MLN4924, an ATP-competitive
smallmolecule inhibitor of the neddylation activation en-
zyme (NAE1) that is being tested in advanced clinical
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Figure 1. Whole genome CRISPR/Cas9
screen identifies potential therapeutic targets
and pathways in SCLC (A) Schematic of the
CRISPR/Cas9 dropout screen conducted using
the GeCKO v2 lentiviral mouse library. (B,C )
Volcano plots of MAGeCK analysis results
from five screened mSCLC cell lines (B) and
three screened Trp53-null MEF isolates (C ).
(D) CRISPR score heat map of the top depleted
and enriched genes for each of the five mSCLC
cell lines and three Trp53-null MEF isolates
screened.
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trials for other indications (Soucy et al. 2009). NAE1 inhi-
bition prevents the neddylation of cullin proteins (among
other targets) and subsequent ubiquitylation and degrada-
tion of the cullin protein substrate (Soucy et al. 2009;
Brownell et al. 2010; Liao et al. 2011). To determine
whether pharmacologic neddylation inhibition recapitu-
lates effects of neddylation pathway gene deletion, we
treated a subset of mSCLC cell lines and Trp53-null
MEF isolates employed in our screens with MLN4924.
For comparison, we also included two murine non-small
cell lung cancer lines (NSCLC) that we derived from a
KrasG12D, Trp53-deleted mouse model (Fig. 2A). In line
with our screen results, mSCLC lines were indeed more
sensitive to neddylation inhibition than MEFs or mouse
NSCLC cells, with an IC50 range between 0.4 and 1.2
μM for the mSCLC lines screened compared with 3–5
μM for the MEFs and 10–15 μM for the mNSCLC lines
(Fig. 2B). The vast majority of cellular neddylation occurs

on cullin proteins and Western blotting analysis revealed
loss of neddylated cullins following 48 h of MLN4924
treatment (Fig. 2C), confirming target engagement.
To better assess therapeutic potential of the neddyla-

tion inhibition in human SCLC, we testedMLN4924 sen-
sitivity across a panel of SCLC PDXmodels (including the
major SCLC-A and SCLC-N subtypes) that we briefly cul-
tured ex vivo (Fig. 2D; Augert et al. 2019). To extend this
analysis to extrapulmonary small cell carcinoma, we in-
cluded a PDX (MSK-LX227C) derived from a de novo
small cell cancer of the cervix, histologically indistin-
guishable from SCLC, with expression of synaptophysin,
chromogranin, andCD56 andwith high-levelMYC ampli-
fication; in this tumor, TP53 and RB1 are WT, being
presumably inactivated by oncogenicHPV E6 and E7 rath-
er than by mutation. Remarkably, two models, a SCLC
(JHU-LX108, subtype SCLC-A) and the extrapulmonary
small cell carcinomaMSK-LX227C (alsoASCL1-positive),
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Figure 2. Treatment of murine SCLC cell
lines and human PDX models with the ned-
dylation inhibitor MLN4924 (A) Combined
dose response curve for MLN4924-treated
Rb1;Trp53–null mSCLC cell lines, Trp53–
null MEFs, and Trp53-null; KRASG12D

mNSCLC cell lines. Cell viability measured
at 72 h by CellTiter-Glo. Data are means±
SEM. (B) Graph depicting experimental
MLN4924 IC50 value replicates for mSCLC
cell lines, MEF isolates, and mNSCLC cell
lines. Mean IC50 value is shown above
each sample set. Data are means± SEM.
The same biological replicates used for A
are shown. (C ) Immunoblot analysis for
NEDD8 showing the levels of neddylated
cullins for two mSCLC cell lines treated
with MLN4924. Cells were collected after
48-h treatment of MLN4924 at two concen-
trations (0 and 500 nM). β-ACTIN was used
as loading control. (D) Combined dose re-
sponse curve for MLN4924-treated ex vivo
PDX models of SCLC and extrapulmonary
small cell carcinoma.Cell viabilitymeasured
at 72 h by CellTiter-Glo. Data are means±
SEM. (E) Graph depicting experimental
MLN4924 IC50 value replicates for PDX
lines. Mean IC50 value is shown above
each sample set. Data are means± SEM.
The same biological replicates used for D
are shown. (F ) Immunoblot analysis for
NEDD8, showing the levels of neddylated
cullins for MLN4924-sensitive PDX models
JHU-LX108 and MSK-LX227C and the more
resistant PDX models FHSC39 and JHU-
LX33. Cells were collected after 48-h treat-
ment of MLN4924 at three concentrations
(0, 10, and 100 nM). β-ACTIN was used as
loading control.
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exhibited IC50 values of 25 and 15 nM, which were orders
of magnitude lower than other ex vivo SCLC PDXmodels
and human cell lines tested (Fig. 2D,E), as well as our sen-
sitive mouse SCLC cell lines (Fig. 2A,B). Western blotting
analysis of four of the PDXmodels cultured ex vivo show a
reduction of neddylated cullins 48 h after MLN4924 (10
nM) treatment, again confirming target engagement (Fig.
2F). These data suggest thatmouse and human SCLC cells
are generally sensitive to neddylation inhibition but that a
subset of human high-grade neuroendocrine cancers may
be exquisitely sensitive to this therapeutic approach.

MLN4924 treatment in SCLC and extrapulmonary small
cell PDX models dramatically slows growth

We next determined whether exquisite sensitivity to
MLN4924 observed in MSK-LX227C and JHU-LX108
PDX models cultured ex vivo translated in vivo. Approxi-
mately 1million disassociated cells were injected into the
flanks of NOD-SCID-γ (NSG)mice and allowed to grow to
a tumor volume of 150–200 mm3. Mice were then ran-
domized to receive either 60 mg/kg MLN4924 or the
(2-hydroxypropyl)-B-cyclodextrin (HPBCD) vehicle con-
trol, given once daily by subcutaneous injection. Treat-

ments continued for 15 d with daily measurements for
body weight and tumor volume before resecting the tu-
mors for histological and molecular analysis. The treat-
ment regimen was well tolerated based on assessments
of body weight (Supplemental Fig. S2A). We found that
both the JHU-LX108 (Fig. 3A; Supplemental Fig. S2B)
and MSK-LX227C (Fig. 3B; Supplemental Fig. S2C) PDX
models exhibit lack of tumor growth when treated with
MLN4924. In contrast, the FHSC39 PDX model with
modest sensitivity ex vivo (Fig. 2D,E) was comparatively
less sensitive to in vivo treatment but nonetheless exhib-
ited a clear initial response thatwas not sustained over the
15 d of treatment (Supplemental Fig. S2D,E). To elucidate
effects of neddylation inhibition on proliferation and apo-
ptosis, we performed immunohistochemical staining for
phospho-histone-H3 (Ser10) (PH3) and TUNEL analyses
on fixed tumor samples. JHU-LX108 and MSK-LX227C
(Fig. 3C) showed a significant decrease in the number of
proliferating PH3-positive mitotic cells with MLN4924
treatment (quantified in Fig. 3D). TUNEL staining (Fig.
3E) revealed a significant increase in apoptosis with
MLN4924 in both JHU-LX108 and MSK-LX227C (quanti-
fied in Fig. 3F). Thus, monotherapy with a neddylation in-
hibitor in a subset of PDX models led to lack of tumor

E F
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Figure 3. MLN4924 treatment of PDX models
in vivo (A,B) Tumor growth inhibition curves of
vehicle (HPBCD) and MLN4924-treated (60 mg/
kg, 7 dpw) JHU-LX108 PDX (A) and MSK-
LX227C PDX (B) flank tumors over 15 d. Data
are means ± SEM (n= 5 animals per treatment
group per PDX model). (∗) P <0.05, (∗∗) P <0.01,
(∗∗∗) P< 0.001, (∗∗∗∗) P <0.0001, by two-way
ANOVA with Sidak’s post-test. (C ) Representa-
tive IHC images of PH3 staining of JHU-LX108
and MSK-LX227C tumors treated by vehicle or
MLN4924. Scale bar, 100 μm. (D) Quantification
of five representative PH3 IHC field images for
each of the MLN4924 and vehicle-treated JHU-
LX108 or MSK-LX227C tumors. (E) Represen-
tative TUNEL staining of JHU-LX108 and
MSK-LX227C tumors treated by vehicle or
MLN4924. Scale bar, 100 μm. (F ) Quantification
of five representative TUNEL field images for
each of the MLN4924 and vehicle-treated JHU-
LX108 or MSK-LX227C tumors. For D and F,
data are means ± SEM (n= 5 in all groups). (∗) P<
0.05, (∗∗) P<0.01, by unpaired Student’s t-test.

Norton et al.

874 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348316.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348316.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348316.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348316.121/-/DC1


growth that was associated with reduced proliferation and
increased apoptosis.

MLN4924 treatment suppresses neuroendocrine cell state

Both SCLC and extrapulmonary small cell carcinoma
characteristically express multiple neuroendocrine mark-
ers. To understand the molecular pathways that underlie
strong responsiveness to MLN4924 in high-grade neuro-
endocrine cancers, we employed RNA-seq analyses. We
used edgeR (Robinson et al. 2010) to identify differentially
expressed genes in PDX tumors treated for 15 d with vehi-
cle or MLN4924. Volcano plots showing MLN4924-de-
pendent genes in JHU-LX108 and MSK-LX227C models
revealed striking down-regulation of neuroendocrinemas-
ter regulators including INSM1, ASCL1, FOXA2, and
POU3F2 upon inhibition of neddylation (Fig. 4A,B). We
also observed up-regulation of NRF2 transcription factor
targets, including NQO1, GCLC, GCLM, and OSGIN1.

NRF2, which is encoded by NFE2L2, controls response
to oxidative stress and its protein stability is tightly regu-
lated by cullin-dependent ubiquitylation. Thus, stabiliza-
tion of NRF2 is expected upon neddylation inhibition
(Kobayashi et al. 2004; Soucy et al. 2009). Analysis of
the less sensitive PDX model, FHSC39, did not show a
decrease in neuroendocrine gene expression upon
MLN4924 treatment but did reveal up-regulation of
NRF2 targets upon neddylation inhibition (Supplemental
Fig. S3A). Of note, FHSC39 is a SCLC-N model that ex-
presses NEUROD1. Overlapping significant down-regu-
lated and up-regulated genes in the two MLN4924-
sensitive PDX model tumors (JHU-LX108 and MSK-
LX227C) revealed 436 commonly down-regulated and
620 up-regulated transcripts. Included in the genes
down-regulated upon MLN4924 treatment (Fig. 4C) are
key regulators of neuroendocrine differentiation: INSM1,
ASCL1, FOXA2, and POU3F2.Wewere particularly inter-
ested in ASCL1 suppression upon neddylation inhibition
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Figure 4. Transcriptional analysis of
MLN4924-treated tumors identify changes in
neuroendocrine signature in high-grade neuroen-
docrine cancers (A,B) Volcano plots of edgeR
analysis results from RNA-seq performed on
five MLN4924-treated and five vehicle-treated
JHU-LX108 (A) orMSK-LX227C (B) PDX tumors.
Green markers indicate select neuroendocrine
genes and bluemarkers indicate select NRF2 tar-
gets. (C ) Venn diagram showing common signifi-
cant down-regulated genes (FDR< .05)
determinedbyedgeRanalysis ofMLN4924-treat-
ed JHU-LX108 and MSK-LX227C PDX tumors.
Notable common genes highlighted in inset. (D)
Gene set enrichment analysis plots for treated
JHU-LX108 (top) and MSK-LX227C (bottom) tu-
mors using list of identified ASCL1 direct targets
in SCLC. (E) Venndiagramshowing commonsig-
nificant up-regulated genes (FDR< .05) deter-
mined by edgeR analysis of MLN4924-treated
JHU-LX108 andMSK-LX227C PDX tumors. No-
table common genes highlighted in the inset. (F )
Gene set enrichment analysis plots for treated
JHU-LX108 (top) and MSK-LX227C (bottom) tu-
mors using list of NRF2 targets. (G) Heat map of
select differentially expressed neuroendocrine
signature genes for MLN4924-treated JHU-
LX108 or MSK-LX227C PDX tumors compared
with vehicle treatment. Color indicates Z-score
for each comparison (five vehicle vs. five
MLN4924).
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given the requirement of mouse mSCLC for ASCL1 ex-
pression (Borromeo et al. 2016). Using a curated list of
ASCL1 transcription factor target genes (Borromeo et al.
2016), we performed gene set enrichment analysis
(GSEA) (Subramanian et al. 2005). GSEA showed that
both JHU-LX108 and MSK-LX227C exhibit significant
down-regulation of ASCL1 targets when treated with
MLN4924 (Fig. 4D). Conversely, treatment of FHSC39
did not result in ASCL1 target down-regulation (Supple-
mental Fig. S3B) but did result in up-regulation of NQO1
and other NRF2 targets according to the NFE2L2.V2
gene set (M2870) (Supplemental Fig. S3C). The significant
up-regulation of NRF2 targets was also seen in the JHU-
LX108 and MSK-LX227C models (Fig. 4E,F). Since
ASCL1 is a master regulator of neuroendocrine differenti-
ation, we next determined whether a neuroendocrine sig-
nature gene set (Zhang et al. 2018) was also suppressed
with neddylation inhibition. Upon MLN4924 treatment,
the JHU-LX108 andMSK-LX227C PDXmodels indeed ex-
hibit transcriptional down-regulation of neuroendocrine
signature genes (Fig. 4G) while FHSC39 model lacked a
similar transcriptional trend (Supplemental Fig. S3D).
Pathway analysis of the common significantly down-regu-
lated genes in JHU-LX108 and MSK-LX227C showed sig-
nificant enrichment in pathways related to dopaminergic
neurogenesis (Supplemental Fig. S3E), while genes com-
monly up-regulated upon MLN4924 treatment are en-
riched in pathways for benzo(a)pyrene metabolism,
glutathione metabolism, proteasome degradation, and
NRF2 activation. Taken together, these data demonstrate
that, although neddylation inhibition activates NRF2 sig-
naling across all models tested, high sensitivity toward
MLN4924 inhibition is instead correlated with suppres-
sion of a neuroendocrine gene expression program. Re-
markably, suppression of an overlapping set of critical
neuroendocrine regulators including INSM1, ASCL1,
FOXA2, and POU3F2 was consistently observed in both
the highly responsive SCLC and extrapulmonary small
cell models. To determine whether the transcriptional
suppression of neuroendocrine regulators is also observed
outside of the in vivo treated tumors with high associated
cell death, we performed transcriptional analysis on ex
vivo PDX models following a 48-h MLN4924 treatment
(Supplemental Fig. S4A–D). We again observed decreases
in INSM1, ASCL1, FOXA2, and POU3F2 mRNA tran-
scripts, similar to our in vivo results.

After identifying reduced expression of neuroendocrine-
associated transcripts upon MLN4924 treatment in the
highly sensitive PDX models, we next examined protein
levels. Treatment of both JHU-LX108 and MSK-LX227C
for 48hwithMLN4924 (100nM) resulted in decreased pro-
tein levels of neuroendocrine regulators INSM1, ASCL1,
FOXA2, and POU3F2 (Fig. 5A; Supplemental Fig. S5A).
Conversely, MLN4924 treatment consistently led to in-
creases in NRF2 and P21, targets of ubiquitin-mediated
degradation that are increased upon MLN4924 treatment
in other systems (Soucy et al. 2009). The NRF2 and P21
protein increases were observed across a panel of PDX
models ex vivo but without direct correlation to
MLN4924 sensitivity (Supplemental Fig. S5A). Western

blot analysis of MSK-LX227C cells treated with
MLN4924 again confirmed reduction of neddylated cull-
ins and increased free NEDD8 (Supplemental Fig. S5B).
To assess whether neddylation inhibition generally inhib-
its neuroendocrine regulators in both human and mouse
SCLC, we returned to the mSCLC lines used in our
CRISPR screens. Western blot analysis of the mouse
G6263 and G6337 mSCLC cell lines reveal decreased lev-
els of neuroendocrine lineage proteins upon MLN4924
treatment (Supplemental Fig. S5C) similar to the observa-
tions made in the human MSK-LX227C and JHU-LX108
PDX ex vivo cells. Additionally, Western blot analysis of
the MLN4924-treated tumors from the in vivo JHU-
LX108 PDX model revealed similar down-regulation of
ASCL1 and INSM1 at the protein level (Supplemental
Fig. S5D), consistent with the RNA-seq results. In the
NEUROD1-expressing model, FHSC39 protein levels of
INSM1,ASCL1, andNEUROD1werenot reduced (Supple-
mental Fig. S5E), consistent with the transcriptional data
of the treated in vivo tumors.

To our knowledge, neddylation inhibition has not pre-
viously been linked to control of neuroendocrine cell
state and therapeutic efficacy in tumor types that require
the maintenance of neuroendocrine state for viability.
To complement our pharmacological observation with
genetic perturbations, we next used a dox-inducible sys-
tem with shRNA-expressing lentiviral vectors to knock
down the expression of neddylation pathway members
NEDD8 and RBX1. Doxycycline was supplemented to
MSK-LX227C cells every 48 h, and cells were collected
at time points of 72 and 96 h to validate knockdown
by Western blot analysis (Fig. 5B). Knockdown of
NEDD8 and RBX1 phenocopied MLN4924 treatment in
leading to striking down-regulation of the neuroendo-
crine regulators INSM1, ASCL1, and FOXA2. These mo-
lecular observations were coupled with a strong
reduction in proliferation upon NEDD8 and RBX1
knockdown compared with the shGFP controls (Fig.
5C–E). Thus, suppression of proliferation and neuroendo-
crine cell master regulator gene expression was not an
off-target effect of MLN4924 but reflects an unappreciat-
ed role for neddylation pathway control of neuroendo-
crine cell state.

Pharmacologic and genetic suppression of neddylation
led to particularly strong suppression of the expression
of INSM1, a regulator of ASCL1 (Figs. 4A–C, 5A). To ex-
amine the functional importance of reduced INSM1, we
again used the inducible hairpin system (Fig. 5F). Knock-
down of INSM1 in MSK-LX227C cells, over a period of 10
d, reduced proliferation compared with the off-dox condi-
tion (Fig. 5G). Thus, despite MLN4924 treatment result-
ing in altered expression of hundreds of transcripts,
reduction in INSM1 alone can suppress proliferation/via-
bility of MSK-LX227C cells. We found that ASCL1 levels
are reduced with the knockdown of INSM1, consistent
with previous observations in a developmental context
in which INSM1 loss abrogated ASCL1 expression (Fujino
et al. 2015). Next, we overexpressed INSM1 in the
MLN4924-sensitive MSK-LX227C ex vivo model to
determine whether this would confer resistance to
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Figure 5. Perturbation of the neddylation pathway disrupts the neuroendocrine signature in high-grade neuroendocrine cancers. (A) Im-
munoblot analysis for NEDD8, showing the levels of neddylated cullins and for neuroendocrine regulators in the MLN4924-sensitive ex
vivo PDX models JHU-LX108 and MSK-LX227C. Cells were treated for 48 h with DMSO or MLN4924 (100 nM). β-ACTIN was used as
loading control. (B) Immunoblot analysis for the levels of neuroendocrine regulators and neddylation pathway members upon inducible
knockdown ofNEDD8 orRBX1 in the ex vivo PDXmodelMSK-LX227C. Samples were supplemented with 1 μg/mL doxycycline and col-
lected at days 0, 3, and 4. GAPDH was used as loading control. (C–E) Proliferation assay results comparing on-dox and off-dox MSK-
LX227C shGFP (C ), shNEDD8 (D), or shRBX1 (E) knockdown cell lines. Samples were assayed at days 1, 4, and 7 with readout determined
byCellTiter-Glo. (F ) Immunoblot analysis for the levels of INSM1upon the inducible knockdown of INSM1 inMSK-LX227Cexvivo cells.
Samples were supplemented with 1 μg/mL doxycycline and collected at day 0, 6, and 10. GAPDHwas used as loading control. (G) Prolif-
eration assay results comparing on-dox and off-doxMSK-LX227C shINSM1 knockdown cells. Samples were assayed at days 1, 4, 7, and 10
with readout determined by CellTiter-Glo. (H) Immunoblot analysis for the levels of INSM1 inMSK-LX227C ex vivo cells constitutively
overexpressing INSM1 (phINSM1) or an empty vector control (phEmpty). Cells were treated for 96 h with DMSO or MLN4924 (25 nM).
GAPDH was used as loading control. (I ) Dose response curve for MLN4924-treated ex vivo MSK-LX227C cells overexpressing INSM1 or
empty vector control. Percent survivability determined at 72 h byCellTiter-Glo. Data aremeans ± SEM (n =4 biological replicates). (J) Pro-
liferation of ex vivo MSK-LX227C cells overexpressing INSM1 or empty vector control cultured with MLN4924 (25 nM). Samples were
assayed at days 1, 4, and 7. Readout was determined at each time point by CellTiter-Glo. (K ) Proliferation of ex vivo MSK-LX227C cells
overexpressing INSM1 or empty vector control cultured in standard growthmedia. Samples were assayed at days 1, 4, and 7. Readout was
determined at each time point by CellTiter-Glo. For C–E,G, J, and K, data are means ± SEM (n≥ 3 biological replicates in all groups). Rel-
ative cell growth determined by normalizing average luminescence (RLU) values for the initial time point to 1. (ns) Not significant, (∗∗) P<
0.01, (∗∗∗) P <0.001, (∗∗∗∗) P <0.0001, by unpaired Student’s t-test.
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neddylation inhibition. Indeed, overexpression of INSM1,
as validated by Western blot (Fig. 5H), resulted in a two-
fold increase in IC50 upon MLN4924 treatment com-
pared with an empty vector control (Fig. 5I). MSK-
LX227C cells overexpressing INSM1 also exhibited a sig-
nificant increase in cell viability when grown in the pres-
ence of MLN4924 (25 nM) over 7 d (Fig. 5J). Interestingly,
INSM1 overexpression also resulted in increased prolifer-
ation even in the absence of neddylation inhibition (Fig.
5K). As INSM1 regulates ASCL1 (Fig 5F), we next overex-
pressed ASCL1 using the same system. Overexpression of
ASCL1 also promoted MLN4924 resistance (Supplemen-
tal Fig. S6A–D). This suggests that the strong growth ef-
fect of neddylation inhibition occurs through an axis
involving INSM1 and ASCL1. Our data support neddyla-
tion as a critical mechanism for the maintenance of neu-
roendocrine cell state, confirming neddylation inhibition
as a potential treatment strategy for high-grade neuroen-
docrine cancers.

CRISPR/Cas9 suppressor screen to identify mechanisms
of resistance to MLN4924

Targeted therapies for cancer treatments are typically ef-
fective for a transient period before acquired resistance
emerges. Previous candidate gene approaches revealed
point mutations in the UBA3 protein as one potential
mechanism of resistance to MLN4924 treatment in colo-
rectal carcinoma, leukemic, and NSCLC cells, as these
mutations reduced NAE heterodimer binding to the
NEDD8-MLN4924 adduct (Milhollen et al. 2012; Toth
et al. 2012; Xu et al. 2014). To gain broader insights into
mechanisms through which resistance to MLN4924 may
develop in highly responsive tumors, we performed a ge-
nome-scale suppressor screen. We transduced MSK-
LX227C cells grown ex vivo with the GeCKO v2 human
CRISPR/Cas9 inactivation library and passaged cells un-
der DMSO or MLN4924 (25 nM) (Fig. 6A). After infection
at an MOI of <1 and puromycin selection, 65 million cells
were collected for each initial time point (P0), and 65 mil-
lion cells were retained for each of the DMSO and
MLN4924 (25 nM) treatment arms. DMSO-treated cells
were passaged for 12 population doublings while
MLN4924-treated cells were passaged until the DMSO
arm reached completion. We quantified the average
CRISPR Score for each gene across three replicates for
both our vehicle and MLN4924-treated samples (Fig. 6B,
C). MAGeCK analyses revealed that neddylation pathway
membersNEDD8, RBX1,UBE2M, andNAE1were essen-
tial in DMSO control MSK-LX227C cells (Supplemental
Fig. S7A), confirming that human small cell carcinomas
are sensitive to genetic suppression of neddylation similar
to their mouse model counterparts. To identify gene dele-
tions that confer resistance to MLN4924, MAGeCK anal-
yses revealed number of genes/pathways as strongly
enriched in the MLN4924-treated cells (FDR<0.1) (Sup-
plemental Fig. S7B). Pathway analysis performed using
Enrichr (Chen et al. 2013; Kuleshov et al. 2016) identified
deneddylation, NF-κB activation, cell cycle regulation,
and apoptosis as enriched in the screen (Fig. 6D). Most

strikingly, sgRNAs targeting COPS1 (GPS1), COPS2,
COPS3, COPS4, COPS6, COPS7A, and COPS8, all part
of the COP9 signalosome, were highly enriched in the
MLN4924-treated group. The COP9 complex deneddy-
lates and deactivates cullin-RING E3 ligase (CRL)
complexes (Wei and Deng 2003), suggesting that impair-
ment of deneddylationmay be ameans to suppress effects
of neddylation inhibition. We also found that sgRNAs tar-
geting the NF-κB pathway, including MYD88, TIRAP,
MAP3K7, and the three IKK complex members (CHUK,
IKBKB, and IKBKG), were highly enriched in the
MLN4924-treated replicates. While deletion of mTOR
pathway genes was deleterious in the DMSO control,
sgRNAs targeting MTOR, RHEB, RPTOR, and members
of the GATOR2 complex (MIOS, WDR59, WDR24, and
SEH1L) were enriched in the MLN4924-treated samples.
In addition, NRF2, and CDK inhibitors CDKN1A (P21)
and CDKN1B (P27) and several epigenetic regulators in-
cluding CREBBP and KDM3B scored highly in our sup-
pressor screen (Fig. 6C).

Inhibition of the COP9 signalosome abrogates the effects
of neddylation pathway perturbation

For suppressor screen hit validation, we next tested
sgRNAs targeting components of the COP9 signalosome
(COPS4), the NF-κB pathway (CHUK, IRAK1), and
mTORC1 signaling (MIOS) in MSK-LX227C cells (Fig.
7A). For each gene targeted, we validated sgRNA knock-
out efficiency by Western blot (Supplemental Fig.
S8A,B). Most strikingly, knockout of the COP9 signalo-
some subunit COPS4 led to dramatic resistance toward
MLN4924, increasing the IC50>10-fold. Knockouts of
the NF-κB pathway members and of the mTORC1-acti-
vating GATOR2 complex member MIOS also led to resis-
tance to MLN4924 treatment, albeit to a lesser extent
than COPS4 (Fig. 7A).

We next generated a MSK-LX227C cell line with induc-
ible shRNA-mediated suppression of COPS4 to further
validate our screen results. Western blot analysis of
MSK-LX227C cells infected with shRNAs targeting
COPS4 and treatedwith doxycycline confirmed reduction
in COPS4 protein levels (Fig. 7B). We found that protein
levels of neddylated cullins, identified via Western blot-
ting for NEDD8, increased upon COPS4 knockdown in
the MLN4924-treated condition (Fig. 7B, quantified C).
These data suggest that loss of COP9 signalosome func-
tion may provide resistance to MLN4924 by increasing
neddylation.

We next examined functional effects of COPS4 deple-
tion. CellTiter-Glo assays showed that COPS4 knock-
down allowed MSK-LX227C cells to proliferate in the
presence of MLN4924 (Supplemental Fig. S8C). Western
blot analyses showed that COPS4 knockdown leads to
marked reduction in apoptotic markers such as cleaved
Caspase 7 and cleaved PARP following MLN4924 treat-
ment (Fig. 7D,E). Furthermore, COPS4 knockdown par-
tially restored protein levels of neuroendocrine master
regulators INSM1 and ASCL1 under MLN4924 treatment
(Fig. 7D,E). Thus, inhibiting deneddylation via COP9
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subunit deletion provides a mechanism of resistance to
neddylation inhibition (see model, Supplemental Fig.
S9), which correlates with impaired ability of MLN4924
to suppress the expression of master regulators of neuro-
endocrine cell state.

Discussion

To identify new therapeutic targets for refractory high-
grade neuroendocrine cancers, we applied whole-genome
CRISPR/Cas9 inactivation screens to murine Rb1/

B
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C

D

Figure 6. Whole-genome CRISPR suppressor screen of MLN4924-treated MSK-LX227C cells identifies the COP9 signalosome, NF-κB,
andmTOR pathways as potentialmechanisms of sensitivity and resistance. (A) Schematic of the CRISPR/Cas9 dropout screen conducted
using the GeCKO v2 lentiviral human library. (B) X,Y plot of average CRISPR scores for the MSK-LX227C MLN4924 (25 nM) and MSK-
LX227CDMSO data sets. Enlarged markers indicate genes falling above the y=x+1 line. Notable genes are labeled and colorized accord-
ing to pathway identity (n= 3 biological replicates for each screen data set). (C ) Heat map of top enrichment CRISPR scores organized by
select pathways for the three MSK-LX227C DMSO replicates and three MSK-LX227CMLN4924 (25 nM) replicates. (D) Pathway dot plot
for significant enriched genes filtered byMAGeCK analysis for both theMSK-LX227CMLN4924-treated andDMSOdata sets (FDR<0.1).
Pathway analysis performed with Enrichr and GO biological process gene ontology. Dot color indicates significance and dot size repre-
sents the proportion of genes identified in the pathway.
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Trp53-deleted mSCLC cell lines. We were encouraged to
see sgRNAs targeting known SCLC dependencies, such
as orthologs ofMYCL,ATR,CHEK1, andBCL2L1, emerge
in our screen data. Inactivation of Mycl in the Rb1/Trp53
SCLC mouse model decreases tumor burden and progres-
sion (Kim et al. 2016), and inhibitors of ATR and CHEK1
have shown anti-tumor activity in preclinical studies
(Byers et al. 2012; Cardnell et al. 2013; Doerr et al. 2017;
Sen et al. 2017a,b). Weweremost interested in identifying
novel dependencies for which pharmacologic inhibitors
could rapidly be applied in the clinic. Highly significant
in our list of SCLC-essential genes were NEDD8, RBX1,
and CUL2, leading us to investigate neddylation inhibi-
tion as a therapeutic strategy. The selective inhibitor of
the neddylation pathway, MLN4924, precludes the initial
step of NEDD8-mediated enzymatic cascade (Soucy et al.
2009). MLN4924 has been tested in numerous tumor
types, slowing proliferation in both cell lines and in vivo
PDX models (Lin et al. 2010; Milhollen et al. 2010, 2011;

Swords et al. 2010; Wei et al. 2012; Tong et al. 2017). In
our study, mSCLC cell lines were more sensitive to
MLN4924 treatment than either mNSCLC cell lines or
Trp53-null MEFs, and additionally we identified two
PDX models, representing SCLC and extrapulmonary
small cell carcinoma, that responded exceptionally well
to MLN4924 both ex vivo and in vivo. Thus, our studies
reveal that targeting the neddylation pathway should be
investigated as a potential therapeutic option for a subset
of high-grade neuroendocrine cancers including SCLC.

Extrapulmonary small cell carcinomas have been less
extensively studied than SCLC but share many histologic
and clinical characteristics, including aggressive growth,
metastatic capacity, and a marked but transient response
to platinum-based chemotherapy (Zheng et al. 2015).
Here, we show that an HPV-positive high-grade cervical
small cell carcinoma, positive for the critical SCLC tran-
scription factor ASCL1, demonstrates remarkable similar-
ities to a SCLC-A subtype SCLC in response to inhibition
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Figure 7. Abrogation of the COP9 signalo-
some andother pathways provides resistance
to MLN4924. (A) Response to MLNL4924
treatment (72-h) upon CHUK, IRAK1,
MIOS, or COPS4 invalidation in MSK-
LX227C ex vivo cells. IC50s are shown.
Data are means±SEM, from at least n=7 bi-
ological replicates. (∗∗∗∗) P<0.0001, unpaired
Student’s t-test. (B) Representative immuno-
blot analysis for NEDD8, showing the levels
of neddylated cullins and for COPS4 inMSK-
LX227C cells treated with DMSO or
MLN4924 (100 nM) for 96 h. Parental MSK-
LX227C ex vivo cells were compared with
cells infected with an inducible shRNA tar-
getingGFPorCOPS4.On-doxcellswere sup-
plemented with 1 μg/mL doxycycline.
GAPDH was used as loading control. (C )
Quantification of relative levels of neddy-
latedcullinprotein abundance frommultiple
replicate immunoblot experiments de-
scribed in B, showing combined parental
MSK-LX227C and shGFP data compared
with the combined data of two independent
COPS4 shRNAs. Data are means±SEM (n=
7 biological replicates). (∗∗) P<0.01, (∗∗∗∗) P
<0.0001,unpairedStudent’s t-test. (D)Repre-
sentative immunoblot analysis for the levels
ofneuroendocrine regulators andpro-apopto-
tic proteins for samples described in B.
GAPDH was used as loading control. (E)
Quantification of the relative levels of
cleaved Caspase 7, cleaved PARP, INSM1,
and ASCL1 protein abundance for multiple
replicate immunoblot experiments de-
scribed inD. Data aremeans±SEM (n≥3 bi-
ological replicates). (∗∗) P<0.01, (∗∗∗) P<
0.001, unpaired Student’s t-test. For C and
E, relative abundance levels calculated by
normalization to individualGAPDH loading
controls with the untreated parental MSK-
LX227C set to a relative abundance of 1.
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of neddylation. These similarities include concomitant
down-regulation of a set of known neuroendocrine tran-
scriptional regulators and striking single agent response
toMLN4924 in vivo. These data are encouraging, suggest-
ing that inhibition of neddylation as a therapeutic strat-
egy, initially identified in murine SCLC lines, may have
broad application to a subset of human SCLC and extrap-
ulmonary small cell carcinomas.
Maintenance of neuroendocrine differentiation can be

essential for small cell carcinomas (Borromeo et al.
2016; Augert et al. 2019), and we found that MLN4924
treatment resulted in the suppression of expression of
master regulators of neuroendocrine cell differentiation
including INSM1, ASCL1, FOXA2, and POU3F2 in sensi-
tive PDXmodels. Additionally, genetic suppression of the
neddylation pathway genesNEDD8 and RBX1 phenocop-
ies the MLN4924 response by causing a similar suppres-
sion of INSM1 and ASCL1, which accompanies strong
antiproliferative and apoptotic effects. While knockdown
of INSM1 in MSK-LX227C cells decreases proliferation,
we also note thatMLN4924 induces a far broader suppres-
sion of neuroendocrine-related transcripts and leads to a
stronger antiproliferative effect than loss of INSM1.While
we did not delineate the molecular pathway through
whichMLN4924 results in suppression of INSM1, we hy-
pothesize the existence of a transcriptional repressor of
INSM1 regulated by ubiquitin-mediated proteolysis and
stabilized upon MLN4924 treatment. It is also possible
that it is an upstream regulator of such a repressor that
is neddylation-controlled or that neddylation of a non-
cullin target could underlie MLN4924 control of INSM1
transcription and neuroendocrine cell state.
Targeted therapies, even when effective, typically lead

to acquired resistance, and previous studies identified
point mutations in UBA3 as one possible mechanism of
resistance to MLN4924 (Milhollen et al. 2012; Toth
et al. 2012; Xu et al. 2014). To ascertain potential mecha-
nisms of resistance to MLN4924 using an unbiased ap-
proach, we performed a genome scale CRISPR/Cas9
suppressor screen.We identified genes for which deletions
promote cell viability in the presence ofMLN4924. As top
hits, sgRNAs targeting the entire COP9 signalosomewere
enriched in our screen. The primary function of this mul-
tiunit complex is to deneddylate substrates, including
cullin-RING ubiquitin ligases (Lyapina et al. 2001; Pet-
roski and Deshaies 2005). Our data support knockout of
COP9 signalosome genes as impairing deneddylation, es-
sentially freezing proteins in the neddylated state. Studies
have suggested that deneddylation precedes and promotes
degradation of cullin substrates, and thus proper COP9
signalosome function is a necessary step in preventing ac-
cumulation of cullin substrates (Miyauchi et al. 2008).
While COP9 complex suppression conferred particularly
strong resistance to MLN4924, deletion of genes in the
NF-κB and mTOR pathways as well as NRF2, CDKN1A
(P21), and CDKN1B (P27) also contributed to resistance
to MLN4924. Control of P27 stability has previously
been implicated in mediating effects of MLN4924 in
SCLC (Zhao et al. 2020), and these data overall suggest
that drug effects on multiple signaling pathways contrib-

ute to the impaired viability upon MLN4924 treatment
in responsive models. Deletion of mTORC1 complex
genes promoting MLN4924 resistance was particularly
surprising, as kinome shRNA screening recently revealed
mTOR as essential in a subset of SCLC (Kern et al. 2020)
and our mouse SCLC screen data showed that deletion of
the same genes was deleterious in the absence of
MLN4924. MLN4924 is being advanced in clinical trials
across various cancer types, and we hypothesize that
some of the mechanisms of resistance coming through
our screen in small cell carcinoma cells, such as impair-
ment of deneddylation, may emerge as mechanisms of re-
sistance to MLN4924 relevant to multiple cancer types.
SCLC remains an intractable tumor typewith new ther-

apeutic strategies greatly needed. Our study shows the
utility of genome-wideCRISPR/Cas9 inactivation screens
to identify genes and pathways as therapeutic targets for
SCLC. We focused on neddylation pathway inhibition,
which suppressed neuroendocrine signaling in human
models of both SCLCand extrapulmonary small cell carci-
noma.Whether the sensitivity toward neddylation inhibi-
tion observed in the small cell carcinoma of the cervix
extends to other sites of origin for high-grade neuroendo-
crine tumors remains to be determined. While we focused
onMLN4924 as monotherapy, this agent can enhance the
effects of chemotherapy (Jazaeri et al. 2013; Vanderdys
et al. 2018; Ferris et al. 2020) and is currently being tested
in clinical trials as combination therapy with various che-
motherapeutics across solid and liquid cancer types
(Swords et al. 2018; Lockhart et al. 2019). Moreover, first-
line therapy for SCLC now includes both chemotherapeu-
tic agents as well as PD1-axis inhibition, and MLN4924
has recently been shown to augment responses to PD1 in-
hibition (McGrail et al. 2020).Thus,whilewehypothesize,
based on our PDXdata, that theremay be a subset of SCLC
with potential to respond exceptionally well toMLN4924
monotherapy, future work should also test the potential
for MLN4924 to augment responses to chemotherapy
and/or immune checkpoint inhibition more broadly in
SCLC. Pharmacological agents that can suppress neuroen-
docrine cell state in SCLC may provide a new inroad to-
ward improving the dismal prognosis of patients with
SCLC and high-grade neuroendocrine carcinomas.

Materials and methods

Genetically engineered mouse models of SCLC and cell line generation

We thank Anton Berns for the Trp53lox/lox and Tyler Jacks for the
Rb1lox/lox strains. We obtained Adenovirus containing a CMV-
promotedCre (Ad5-CMV-Cre) from theUniversity of IowaVector
Core. Intratracheal infection of Ad-CMV-Cre was performed on
adult Trp53lox/lox; Rb1lox/lox mice at a titer of 1.25× 109 pfu (3 ×
108 pfu forG6337 andG6263) permouse.Monitoring ofmice con-
tinued each week after infection until mice showed noticeable
signs of labored breathing. After euthanasia, tumor fragments
were extracted to generate cell lines, snap-frozen for molecular
analysis, or fixed in NBF for histology and immunochemistry.
All animal procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at the Fred Hutchinson Can-
cer Research Center.
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Trp53lox/lox MEF generation

At 13.5 d postcoitum, embryos from a Trp53lox/lox mouse were
collected and moved to a sterile 10-cm dish in a tissue culture
hood. Individual embryoswere cleanedwith PBS before all mater-
nal tissues, innards, and embryo heads were removed. After shift-
ing the embryo body to a clean dish, 1 mL of .05% trypsin in
EDTA was added and the embryo body chopped with a sterilized
razor blade. The resulting embryo mince was incubated for 1 h at
37°C. FreshDMEMwas added to the digestedMEF cells and then
moved to a fresh sterile 10-cm culture dish. Cells were cultured
for 72–96 h, splitting before reaching confluence, and frozen for
liquid nitrogen stock. To inactivate p53 expression, Ad5-CMV-
Cre was added to the media of cultured MEFs at a MOI of 100.
The virus addition was repeated to ensure complete p53 loss.

Cell culture

MEF and 293TN cells were both cultured in DMEM supplement-
ed with 100 U/mL penicillin and 100 μg/mL streptomycin (Pen/
Strep;Thermo Fisher Scientific 15140122) and 10% FBS (Omega
Scientific FB-01). Mouse SCLC and PDX ex vivo cell lines were
grown in RPMI Complete media. The recipe was as follows:
RPMI 1640 (Thermo Fisher Scientific 11875-093), 100 U/mL
penicillin, 100 μg/mL streptomycin, 15% FBS, 1 mM sodium py-
ruvate (Thermo Fisher Scientific 11360070), 100 μM β-mercap-
toethanol (Thermo Fisher Scientific 31350010), and 10 μg/mL
insulin, human recombinant zinc solution (Thermo Fisher Scien-
tific 12585014). Doxycycline (Sigma 44577) was used for induc-
ible lentiviral systems at noted concentrations. All cells were
incubated at 5% CO2 and 95% air.

Pooled library DNA and virus creation

The DNA and viral productions of both the GeCKO v2 mouse
(Addgene 1000000052 and 1000000053; a gift from Feng Zhang)
and human (Addgene 1000000048 and 1000000049; a gift from
Feng Zhang) libraries were performed as described previously
(Sanjana et al. 2014).

CRISPR library titering

Titer of half libraries (for both mouse and human GeCKO v2) for
SCLC cells was determined by spinfection of 3million cells of in-
dividual cell lines in a well of a 12-well plate. Cells were supple-
mented with virus and 8 μg/mL of polybrene at a volume of 600
μL. Plateswere centrifuged at 2000 rpm for 2 h at 37°C. After spin-
fection, cell wellsweremixedwith 900 μL ofmedia and incubated
overnight. Virus was removed the day after transduction. At 48 h
after transduction, lines were treated with puromycin for 72
h. Calculation of virus for the desired 0.3 MOI was determined
by comparing number of puromycin-surviving cells to the unse-
lected control.

CRISPR/Cas9 screening

For the Trp53-null MEF screen (Augert et al. 2020), 2.5 × 108 cells
were transduced with the GeCKO v2 mouse pooled library at a
MOI of <1 to ensure a 30% successful transduction rate. After
overnight virus addition, cells were selected with puromycin
for 3 d. For P0, 6.6 × 107 cells were collected, and 6.6 × 107 cells
were passaged until 12 population doublings were reached, main-
taining 500-fold coverage of all guides. A P12 pellet was collected.
Three independent MEF isolates were screened. For screening of
mouse SCLC cell lines, 4 × 108 cells were transduced with both
halves of the GeCKO v2 mouse pooled library at a MOI of <1 to

ensure a 30% successful transduction rate. Three million cells
in a 600-μL volume were spinfected in the presence of polybrene
and virus at 2000 rpm for 2 h at 37°C. After completion of the
spin, each well was resuspended with 900 μL of fresh media and
the cell-virus mixture left overnight. Virus was removed the
next dayand thewells pooled. The following day, transduced cells
were selectedwith puromycin for 3 d. For a P0 pellet sample, 6.6 ×
107 cells were collected, and 6.6 × 107 cells were passaged until 12
population doublings were reached, maintaining 500-fold cover-
age of all guides. A P12 pellet was collected. Five mouse SCLC
lineswere screened. For theMSK-LX227CPDXex vivo resistance
screen, transduction ofMSK-LX227C cells was performed similar
to the mouse SCLC screen. We used the GeCKO v2 human
pooled library for this screen. After selection with puromycin,
6.6 × 107 cells were collected for a P0 pellet, 6.6 × 107 cells were
cultured with DMSO as an untreated control, and 6.6 × 107 cells
were cultured with a final MLN4924 concentration of 25 nM.
DMSO control cells were passaged until 12 population doublings
were achieved, maintaining 500-fold coverage of guides.
MLN4924-treated cells were split every 3–4 d with fresh
MLN4924-supplemented media until the DMSO control cells
reached endpoint. Pellets for the DMSO and MLN4924-treated
cells were collected for each of the three replicates.

Library generation and CRISPR/Cas9 screen analysis

To prepare libraries for sequencing, 430 μg of extracted genomic
DNA per sample were amplified and prepared for sequencing us-
ing Phusion Flash high-fidelity master mix (Thermo Fisher
F548L) according to a previously described protocol (Chen et al.
2015). A two-step PCR reaction was employed to first amplify
the sgRNA cassette and maintain library complexity (12 cycles),
and a second PCR reaction was performed to add barcodes and
Illumina adapters (16 cycles). Reactions were pooled after each
PCR. Following the second PCR, reaction products were run on
a 2.5% agarose gel and the DNA purified using a gel extraction
kit (PureLink gel extraction kit; Invitrogen K210012). Once puri-
fied, the concentration of individual libraries was quantified us-
ing the Kapa Biosystems library quantification kit (Roche
KK4824) according to kit instructions. Libraries were sequenced
using an Illumina HiSeq 2500. The sequencing results were ana-
lyzed using the MAGeCK-VISPR pipeline (Li et al. 2015). For
CRISPR score analyses of aligned and normalized read counts,
the following formula was used: CRISPR score = log2 (final
sgRNA abundance/initial sgRNA abundance) (Wang et al. 2015).

Xenograft models and drug treatment

Patient-derived xenografts from SCLC circulating tumor cells or
tumor biopsies were developed as previously described (Augert
et al. 2019). Cells were reinjected as 100-μL aliquots of a 1:1 mix-
ture ofmatrigel and dissociated cells into the flanks ofNSGmice.
Treatments of either MLN4924 or vehicle control were started at
a flank tumor volume size of ∼150–200 mm3. Mice were admin-
isteredMLN4924 or vehicle control at 60mg/kg once daily for 15
d and individual flank tumors measured using calipers. At 15 d,
tumors were resected after euthanasia of the mice.

Plasmids

We cloned individual guide sgRNA vectors for screen validation
using the lentiGuide-Puro (Addgene 52963; a gift from Feng
Zhang) vector in conjunction with Lenti-iCas9-neo (Addgene
85400; a gift from Qin Yan). For knockouts of human CHUK,
MIOS, IRAK1, COPS4, and other validations of the
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MSK-LX227C suppressor screen, we used the lentiCRISPR v2
vector (Addgene 52961; a gift from the Zhang laboratory). To in-
duce knockdown of GFP, NEDD8, RBX1, INSM1, and COPS4,
we used the EZ-Tet-pLKO series of plasmids (EZ-Tet-pLKO-
Puro [Addgene 85966; a gift from Cindy Miranti], EZ-Tet-pLKO-
Blast [Addgene 85973; a gift from Cindy Miranti], and EZ-Tet-
pLKO-Hygro [Addgene 85972; a gift fromCindyMiranti]). shRNA
and sgRNA sequences are listed in Supplemental Table S2. The
INSM1 cDNA was a gift from the Peter Nelson laboratory (Ori-
gene RG215007). The ASCL1 lentiviral overexpression plasmid
(phASCL1-N106; Addgene 31781; a gift from Gerald Crabtree)
was used as the base vector for the constitutive neuroendocrine
overexpression construct. The INSM1 cDNA was cloned into
the phASCL1 vector backbone. To create the empty control
(phEmpty), the ASCL1 cDNA was removed and the vector
religated.

Lentiviral infections

LentiCRISPR v2 sgRNAs, lentiGuide-Puro, lenti-iCas9-neo, EZ-
Tet-pLKO shRNAs, and ORF overexpression plasmids were in-
fected using the spinfection protocol described above.

Drug sensitivity, cell viability, and proliferation assays

MLN4924 IC50 determination assays were conducted by seeding
17,000–20,000 cells (depending on basal proliferation rate) into an
opaque-walled, clear-bottom 96-well culture plate in combina-
tion with increasing concentration of MLN4924. The volume of
cells, diluted MLN4924, and media totaled 100 μL per well.
Each assay was done in triplicate with at least three independent
replicates. At 72 h, viability was assessed using the CellTiter-Glo
luminescent cell viability assay (Promega) following the manu-
facturer’s protocol. The plate was mixed on a plate shaker and
the luminescent signal read using a BioTek plate reader. Prolifer-
ation assays were conducted by seeding 1750–2000 cells into an
opaque-walled, clear-bottom96-well tissue culture plate at a total
volume of 100 μL. Cells were seeded in replicate plates to account
for each day of cell viability readings needed (day 1, day 4, day 7,
and, if noted, day 10). For inducible lentiviral constructs, on-dox-
ycycline (on-dox) wells included 1 μg/mL doxycycline upon seed-
ing and were readministered to appropriate wells on even days of
the assay. The collection of cell pellets for accompanying immu-
noblotting and RNA analysis followed similar setups to those de-
scribed above except seeded in cell culture dishes with scaled up
cell numbers and volumes.

Immunohistochemistry

Fragments of dissected PDX tumors were fixed in neutral-buffer
formalin for 48 h and then stored in 70% ethanol. Tumors were
embedded in paraffin blocks and sectioned at 4 μm. Hematoxylin
and eosin staining was completed using standard procedures. The
primary antibody anti-phospho-histone-H3 (Ser10; 1:500; EMD
Millipore 06-570) was used for the immunohistochemical stain-
ing of slides. Briefly, slides were dewaxed in xylene and rehydrat-
ed through a decreasing gradient of ethanol in TBST. Antigen
unmasking was performed in a microwave and slides were al-
lowed to cool. Prior to overnight antibody incubation, sections
were blocked with a 5% goat serum solution (Jackson ImmunoR-
eseaerch 005-000-121) followed by blocking of endogenous perox-
idases with a 3.5%H2O2 solution. A biotin-conjugated secondary
antibody was used (Vector Laboratories BA-1000) followed by the
VectaStainABCkit (Vector Laboratories PK-4000). Finally, detec-
tionwas performed (Vector Laboratories SK-4100) and imaged us-

ing a Nikon E800 microscope. The POD in situ cell death
detection kit (Roche 11684817910) was used for the TUNEL as-
says according to the manufacturer’s protocol.

RNA extraction, RNA-seq libraries, and differential
expression analysis

Extraction of RNA from tumor tissues was performed with TRI-
zol according to the manufacturer’s specifications. To generate
RNA-seq libraries from 500 ng of total RNA, the Ultra RNA li-
brary preparation kit for Illumina (New England BioLabs
E7530L) was used according to the manufacturer’s instructions.
Sequencing of 50-bp single ends was performed with an Illumina
HiSeq 2500. Reads of low quality were omitted prior to indepen-
dent alignments to both human (UCSC hg19) and mouse (UCSC
mm9) genomes using TopHat (Trapnell and Schatz 2009). Em-
ploying a custom Python script, human and mouse alignments
were evaluated for each read, where reads with fewermismatches
against the human reference than mouse were retained for down-
stream processing. The FPKM values were quantified using Cuff-
diff (Trapnell et al. 2013). The HTSeq Python package (Anders
et al. 2015) was used to generate counts from the TopHat align-
ments. Differentially expressed genes upon MLN4924 treatment
of PDX tumors were identified using the edgeR software package
(Robinson et al. 2010). The significance of differentially expressed
genes was set at a false discovery rate (FDR) of .05. Genomic data
sets were submitted to the Gene Expression Omnibus repository
under the accession number GSE171262.

Gene set enrichment and pathway analyses

Common significantly down-regulated or up-regulated genes
from the JHU-LX108 and MSK-LX227C data sets were analyzed
using the Enrichr website application (http://amp.pharm.mssm
.edu/Enrichr) (Chen et al. 2013; Kuleshov et al. 2016). Gene set
enrichment analysis (GSEA) of differentially expressed genes
from the JHU-LX108, MSK-LX227C, and FHSC39 data sets was
performed using the GenePattern site (http://www.genepattern
.org) (Subramanian et al. 2005).

Protein extraction and immunoblotting

Lysis fromwhole-cell extracts of culturedmurine and human cell
lineswas prepared in diluted RIPA buffer (10× concentration; Cell
Signaling 9806). Phosphatase and protease inhibitors were added
to the RIPA buffer prior to extraction. Cells were dissociated by
mechanical homogenization followed by repeated passaging
through successive small gauge needles. Protein concentration
was determined using Pierce BCAprotein assay kit (Thermo Fish-
er Scientific 23227). Immunoblotting was performed using stan-
dard protocols. The following antibodies were used in this
study: anti-β-ACTIN (1:2000; Cell Signaling 4970), anti-GAPDH
(1:2000; Santa Cruz Biotechnology sc-32233), anti-NEDD8
(1:1000; Cell Signaling 2745), anti-RBX1 (1:1000; Cell Signaling
11922), anti-INSM1 (1:1000; Santa Cruz Biotechnology sc-
271408), anti-MASH1 (ASCL1; 1:1000; BD 24B72D11.1), anti-
FOXA2 (1:1000; Cell Signaling 8186), anti-BRN2 (POU3F2;
1:1000; Proteintech 18998-1-AP), anti-NRF2 (1:1000; Cell Signal-
ing 12721), anti-P21 (1:1000; Santa Cruz Biotechnology sc-6246),
anti-CSN4 (COPS4; 1:1000; Bethyl Laboratories A300-013A),
anti-PARP (1:1000; Cell Signaling 9542), anti-Caspase 7 (1:1000;
Cell Signaling 12827), anti-IKKα (1:1000; Cell Signaling 2682),
anti-MIOS (1:1000; Bethyl Laboratories A304-699A), and anti-
IRAK1 (1:1000; Santa Cruz Biotechnology sc-5288).
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Graphics and illustrations

Screen diagram and model illustrations were created using the
BioRender.com website. Volcano plots, pathway dot plots, and
X,Y plots were created using the Plotly Python graphing library.
All other plots were generated with GraphPad Prism 8.

Statistical analysis

Statistical significance between two groups was calculatedwith a
two-tailed unpaired Student’s t-test. For the tumor growth
curves, a mixed model two-way ANOVA with Sidak’s multiple
comparison test was carried out to compare vehicle with
MLN4924 treatment groups. Statistics were calculated using
GraphPad Prism 8.

Competing interest statement

C.M.R. has consulted regarding oncology drug development with
AbbVie, Amgen, Astra Zeneca, Epizyme, Genentech/Roche,
Ipsen, Jazz, Lilly, and Syros, and serves on the scientific advisory
boards of Bridge Medicines, Earli, and Harpoon Therapeutics.
D.M. has previously received research funding from Roche and
from Janssen Pharmaceuticals.

Acknowledgments

We thank the Fred Hutchinson Genomics and Bioinformatics
core for their aid in the generation and analysis of next-generation
sequencing data. We also recognize the support from the Fred
Hutchinson Comparative Resources and Experimental Histopa-
thology staff. We also thank Eli Grunblatt for help with the im-
munohistochemistry analysis. J.P.N. was supported by funding
from National Institutes of Health (NIH) training grant T32
GM007270, and E.E. was supported by funding from NIH grant
T32CA009657. A.A. acknowledges support from the Lung Can-
cer Research Foundation/Uniting Against Lung Cancer. NIH
grants U01CA235625 to D.M. and U24CA213274 and
R01CA197936 toC.M.R. provided funding support. This research
was funded in part through the NIH/National Cancer Institute
Cancer Center support grant P30 CA015704, the Specialized Pro-
gram of Research Excellence (SPORE) in lung cancer award
P50CA228944, and the Evergreen Fund Pilot Award.
Author contributions: J.P.N. and D.M. conceived the project

and analyzed and interpreted data. J.P.N. executed methodology
and collected data. A.A. performed the Trp53-null MEF screen.
E.E. performed PDX model generation and propagation. R.B. pro-
vided bioinformatics analysis. C.M.R. provided PDX model re-
agents and contributed to writing the manuscript. J.P.N. and
D.M. wrote the manuscript. All authors aided in reviewing and
editing.

References

Anders S, Pyl PT, Huber W. 2015. HTSeq—a Python framework
to work with high-throughput sequencing data. Bioinfor-
matics 31: 166–169. doi:10.1093/bioinformatics/btu638

Augert A, Zhang Q, Bates B, Cui M, Wang X, Wildey G, Dowlati
A, MacPherson D. 2017. Small cell lung cancer exhibits fre-
quent inactivating mutations in the histone methyltransfer-
ase KMT2D/MLL2: CALGB 151111 (Alliance). J Thorac
Oncol 12: 704–713. doi:10.1016/j.jtho.2016.12.011

Augert A, Eastwood E, IbrahimAH,WuN,Grunblatt E, BasomR,
Liggitt D, Eaton KD, Martins R, Poirier JT, et al. 2019. Target-

ing NOTCH activation in small cell lung cancer through
LSD1 inhibition. Sci Signal 12: eaau2922. doi:10.1126/scisig
nal.aau2922

Augert A, Mathsyaraja H, Ibrahim AH, Freie B, Geuenich MJ,
Cheng PF, Alibeckoff SP, Wu N, Hiatt JB, Basom R, et al.
2020. MAX functions as a tumor suppressor and rewires me-
tabolism in small cell lung cancer. Cancer Cell 38: 97–
114.e7. doi:10.1016/j.ccell.2020.04.016

Borges M, Linnoila RI, van de Velde HJ, Chen H, Nelkin BD,
Mabry M, Baylin SB, Ball DW. 1997. An achaete-scute homo-
logue essential for neuroendocrine differentiation in the lung.
Nature 386: 852–855. doi:10.1038/386852a0

Borromeo MD, Savage TK, Kollipara RK, He M, Augustyn A, Os-
borne JK, Girard L, Minna JD, Gazdar AF, Cobb MH, et al.
2016. ASCL1 and NEUROD1 reveal heterogeneity in
pulmonary neuroendocrine tumors and regulate distinct ge-
netic programs. Cell Rep 16: 1259–1272. doi:10.1016/j.celrep
.2016.06.081

Brownell JE, Sintchak MD, Gavin JM, Liao H, Bruzzese FJ, Bump
NJ, Soucy TA, Milhollen MA, Yang X, Burkhardt AL, et al.
2010. Substrate-assisted inhibition of ubiquitin-like protein-
activating enzymes: theNEDD8E1 inhibitorMLN4924 forms
a NEDD8-AMPmimetic in situ.Mol Cell 37: 102–111. doi:10
.1016/j.molcel.2009.12.024

Byers LA, Wang J, Nilsson MB, Fujimoto J, Saintigny P, Yordy J,
Giri U, PeytonM, Fan YH, Diao L, et al. 2012. Proteomic pro-
filing identifies dysregulated pathways in small cell lung can-
cer and novel therapeutic targets including PARP1. Cancer
Discov 2: 798–811. doi:10.1158/2159-8290.CD-12-0112

Cardnell RJ, Feng Y, Diao L, Fan YH, Masrorpour F, Wang J, Shen
Y, Mills GB, Minna JD, Heymach JV, et al. 2013. Proteomic
markers of DNA repair and PI3K pathway activation predict
response to the PARP inhibitor BMN 673 in small cell lung
cancer. Clin Cancer Res 19: 6322–6328. doi:10.1158/1078-
0432.CCR-13-1975

Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, Clark
NR, Ma’ayan A. 2013. Enrichr: interactive and collaborative
HTML5 gene list enrichment analysis tool. BMC Bioinfor-
matics 14: 128. doi:10.1186/1471-2105-14-128

Chen S, Sanjana NE, Zheng K, ShalemO, Lee K, Shi X, Scott DA,
Song J, Pan JQ, Weissleder R, et al. 2015. Genome-wide
CRISPR screen in a mouse model of tumor growth and meta-
stasis. Cell 160: 1246–1260. doi:10.1016/j.cell.2015.02.038

Chiba T, Tanaka K. 2004. Cullin-based ubiquitin ligase and its
control by NEDD8-conjugating system. Curr Protein Pept
Sci 5: 177–184. doi:10.2174/1389203043379783

Cui M, Augert A, Rongione M, Conkrite K, Parazzoli S, Nikitin
AY, Ingolia N, MacPherson D. 2014. PTEN is a potent sup-
pressor of small cell lung cancer. Mol Cancer Res 12: 654–
659. doi:10.1158/1541-7786.MCR-13-0554

Dasari A, Mehta K, Byers LA, Sorbye H, Yao JC. 2018. Compara-
tive study of lung and extrapulmonary poorly differentiated
neuroendocrine carcinomas: a SEER database analysis of
162,983 cases. Cancer 124: 807–815. doi:10.1002/cncr.31124

Doerr F, George J, Schmitt A, Beleggia F, Rehkamper T, Hermann
S, Walter V, Weber JP, Thomas RK, Wittersheim M, et al.
2017. Targeting a non-oncogene addiction to the ATR/
CHK1 axis for the treatment of small cell lung cancer. Sci
Rep 7: 15511. doi:10.1038/s41598-017-15840-5

Ferris J, Espona-Fiedler M, Hamilton C, Holohan C, Crawford N,
McIntyre AJ, Roberts JZ,WappettM,McDade SS, LongleyDB,
et al. 2020. Pevonedistat (MLN4924): mechanism of cell death
induction and therapeutic potential in colorectal cancer. Cell
Death Discov 6: 61. doi:10.1038/s41420-020-00296-w

Norton et al.

884 GENES & DEVELOPMENT



FujinoK,MotookaY,HassanWA,Ali AbdallaMO, SatoY, Kudoh
S, Hasegawa K, Niimori-Kita K, Kobayashi H, Kubota I, et al.
2015. Insulinoma-associated protein 1 is a crucial regulator of
neuroendocrine differentiation in lung cancer. Am J Pathol
185: 3164–3177. doi:10.1016/j.ajpath.2015.08.018

Gandhi L, Camidge DR, Ribeiro de Oliveira M, Bonomi P, Gan-
dara D, Khaira D, Hann CL, McKeegan EM, Litvinovich E,
Hemken PM, et al. 2011. Phase I study of Navitoclax (ABT-
263), a novel Bcl-2 family inhibitor, in patients with small-
cell lung cancer and other solid tumors. J Clin Oncol 29:
909–916. doi:10.1200/JCO.2010.31.6208

George J, Lim JS, Jang SJ, CunY,Ozretic L, KongG, Leenders F, Lu
X, Fernandez-Cuesta L, Bosco G, et al. 2015. Comprehensive
genomic profiles of small cell lung cancer. Nature 524: 47–
53. doi:10.1038/nature14664
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