MYCN drives chemoresistance in small
cell lung cancer while USP7 inhibition
can restore chemosensitivity
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Small cell lung cancer (SCLC) is an aggressive neuroendocrine cancer characterized by initial chemosensitivity
followed by emergence of chemoresistant disease. To study roles for MYCN amplification in SCLC progression and
chemoresistance, we developed a genetically engineered mouse model of MYCN-overexpressing SCLC. In treat-
ment-naive mice, MYCN overexpression promoted cell cycle progression, suppressed infiltration of cytotoxic T
cells, and accelerated SCLC. MYCN overexpression also suppressed response to cisplatin-etoposide chemotherapy,
with similar findings made upon MYCL overexpression. We extended these data to genetically perturb chemosen-
sitive patient-derived xenograft (PDX) models of SCLC. In chemosensitive PDX models, overexpression of either

MYCN or MYCL also conferred a switch to chemoresistance. To identify therapeutic strategies for MYCN-over-
expressing SCLC, we performed a genome-scale CRISPR-Cas9 sgRNA screen. We identified the deubiquitinase
USP7 as a MYCN-associated synthetic vulnerability. Pharmacological inhibition of USP7 resensitized chemore-
sistant MYCN-overexpressing PDX models to chemotherapy in vivo. Our findings show that MYCN overexpression
drives SCLC chemoresistance and provide a therapeutic strategy to restore chemosensitivity.
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Small cell lung cancer (SCLC) is a recalcitrant neuroen-
docrine carcinoma accounting for ~15% of all lung can-
cers (Rudin et al. 2019; Poirier et al. 2020). Initially,
approximately two out of three of patients respond well
to platinum-based chemotherapy; however, responses
are transient, and patients ultimately succumb to che-
moresistant disease (Rossi et al. 2012). Recent FDA ap-
proval adding immune checkpoint inhibition to a
chemotherapy doublet (Horn et al. 2018; Paz-Ares et al.
2019) has not changed the dismal prognosis for SCLC pa-
tients. Thus, understanding and targeting drivers of
SCLC chemoresistance is of vital importance. A barrier
to understanding chemoresistant SCLC has been the
dearth of genomically characterized samples from che-
motherapy-treated patients, as such tumors are not sur-
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gically removed in typical clinical care. A small-scale
study of 30 chemotherapy-treated, relapsed SCLC pa-
tients implicated WNT pathway alterations in chemore-
sistance (Wagner et al. 2018). However, the largest
genomic studies in SCLC have focused on untreated pa-
tients, where inactivating mutations or deletions in RB1
and TP53 are present in nearly 100% of cases and inacti-
vating mutations in PTEN, NOTCH pathway compo-
nents, and in chromatin regulators such as CREBBP,
EP300, and KMT2D are also observed (Peifer et al.
2012; Rudin et al. 2012; George et al. 2015; Augert
et al. 2017). SCLC also exhibits amplification of the
MYC family of basic helix-loop-helix transcription fac-
tors, including MYCN, MYCL, and MYC (Peifer et al.
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2012; Rudin et al. 2012; George et al. 2015). While there
is a paucity of genomically characterized chemotherapy-
treated tumor samples available, observations of an ap-
proximately threefold increased rate of high-level MYC,
MYCN, or MYCL amplification in cell lines derived
from chemotherapy-treated versus chemonaive patients
(Johnson et al. 1996) indirectly implicate MYC family
amplification in chemoresistance. Also, a MYC tran-
scriptional signature was associated with chemoresist-
ance in human SCLC PDX models derived from
chemonaive versus treated patients (Drapkin et al.
2018). Despite these hints that MYC family activation
could contribute to SCLC chemoresistance, this notion
has yet to be demonstrated using rigorous in vivo mod-
els. MYC and MYCL have been shown to promote
SCLC in mice (Huijbers et al. 2014; Kim et al. 2016;
Mollaoglu et al. 2017), while mouse models of SCLC
overexpressing MYCN are lacking. To investigate the
contribution of MYCN to SCLC progression and therapy
response, we overexpressed MYCN in a novel autochtho-
nous mouse model. We also overexpressed MYCN in
chemosensitive PDX models of SCLC. We studied roles
for MYCN in SCLC progression and chemoresistance
and employed a genetic screen to identify a druggable
vulnerability for MYCN-overexpressing SCLC.

Results

MYCN overexpression promotes tumor progression in an
autochthonous mouse model of SCLC

To overexpress MYCN in a controllable manner, we

MYCN and MYCL drive chemoresistance in SCLC

et al. 2005) and Tre-MYCN/LUC alleles (Fig. 1A; Swar-
tling et al. 2010) into an Rb1/Trp53 deleted model of
SCLC (Meuwissen et al. 2003). The Tre-MYCN model
has been used previously to model medulloblastoma and
retinoblastoma (Swartling et al. 2010; Wu et al. 2017)
and has the advantage that MYCN expression can be tog-
gled based on the presence of doxycycline (DOX) in the
feed. We infected Rb10¥/10%,Trp5310%/10%, NoyTAlox/Iox
(here, RP) and Rb110¥/10%, Trp5310x/10x, Mort TAIX/10X Tre.
MYCN/LUC (here, RPMYCN) mice intratracheally with
adenovirus expressing Cre recombinase driven by a neuro-
endocrine promoter CGRP (Ad-CGRP-Cre) (Sutherland
et al. 2011). One week after infection, we placed mice on
a doxycycline diet to activate MYCN expression in infect-
ed lung neuroendocrine cells. RPMYCN mice maintained
on DOX developed lung tumors significantly faster
than RP mice, with a median tumor free survival of 143
d as compared with 447 d for RP mice (Fig. 1B). Western
blotting confirmed overexpression of N-MYC in the
RPMYCN model (Fig 1C). Magnetic resonance imaging
(MRI) showed that RPMYCN tumors, like RP tumors,
tended to be centrally located (Fig. 1D), a characteristic
of human SCLC. Hematoxylin-eosin (H&E) stains of
RPMYCN tumors examined by a clinical pathologist (A.
Gazdar) showed histology of “classic” SCLC in eight out
of nine tumors and “variant” SCLC in one out of nine tu-
mors (Fig. 1E; Supplemental Fig. S1A). Notably, these
findings with N-MYC overexpression differ from overex-
pression of a stabilizing T58A c-MYC allele, where the
dominant tumor type was of variant histology (Mollaoglu
et al. 2017). Immunostaining showed positive expression
of CGRP, a marker of neuroendocrine cells, in both RP

bred mice harboring Rosa26-M2rtTA (Hochedlinger and RPMYCN models (Fig 1E). Immunostaining also
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confirmed increased expression of N-MYC in RPMYCN
tumor samples (Fig 1E). SCLC can be classified into sub-
types based on expression and activity of key transcription
factors: ASCL1, NEUROD1, YAP1, and POU2F3 (Rudin
et al. 2019). Immunohistochemistry showed broad
ASCL1 expression in all RPMYCN samples along with
scattered NEURODI1 and YAPI1 staining in some tumors
(Supplemental Fig. S1B). RNA-seq analysis showed that
seven out of seven RPMYCN tumors exhibited high
Ascll expression with two out of seven also expressing
Neurod1; Yapl levels were low in all samples while
Pou2f3 expression levels were consistently below the
minimum detection threshold (Supplemental Fig. S1C).
Thus, MYCN overexpression in CGRP-positive cells pro-
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motes predominantly “classic” SCLC tumorigenesis
with high expression of ASCLI.

MYCN overexpression increases proliferation and protein
synthesis in SCLC

To determine whether sustained MYCN expression is im-
portant for SCLC initiated with high levels of MYCN, we
removed doxycycline from the diet of RPMYCN mice af-
ter tumors were detected using MRI. By day 14 OFF
DOX, eight out of 12 tumors regressed by at least 25%
from baseline and five out of 12 regressed by at least
40% (Fig. 2A,B). Western blotting of a parallel cohort of tu-
mors showed a substantial reduction in levels of N-MYC 7

- Figure 2. MYCN overexpression increases
proliferation and protein synthesis in SCLC
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d following DOX removal (Fig. 2C). TUNEL analyses re-
vealed significantly increased apoptosis upon DOX re-
moval at this time point, while immunostaining for
phospho-Ser 10 histone H3 (pH3), marking mitotic cells,
showed decreased tumor cell proliferation (Fig. 2D,E).
We also monitored a cohort of six RPMYCN mice for sev-
eral weeks following withdrawal of DOX. In all mice, tu-
mors eventually returned following initial regression
(four out of six) or cytostatic (two out of six) early response
to DOX removal (Supplemental Fig. S2A). We performed
gPCR to assess MYC family member expression in these
OFF DOX return tumors and found that one out of six tu-
mors continued to express the MYCN transgene despite
the absence of doxycycline (a breakdown of the RTTA sys-
tem), while one out of six tumors exhibited high-level am-
plification of the murine Mycn locus (Supplemental Fig.
S2B,C). The remaining four out of six return tumors did
not express high levels of any MYC family members (Sup-
plemental Fig. S2B,C). Thus, while RPMYCN tumors are
initially dependent on sustained MYCN expression, they
evolve the ability to regrow, in many cases without reac-
tivating MYCN or overexpressing MYCL or MYC.

To further assess the acute response to MYCN suppres-
sion in RPMYCN cells we established six SCLC cell lines
from different RPMYCN tumors in the presence of DOX
in the media. Six out of six RPMYCN cell lines responded
to acute DOX removal with reduced N-MYC protein and
decreased proportion of viable cells over 4 d OFF DOX, as
shown using Cell Counting Kit-8 assays (Fig. 2F; Supple-
mental Fig. S3A). Flow cytometry analyses of DNA con-
tent at 72 h OFF DOX revealed that decreased viability
was partly due to increased cell death, with sub-G1 popu-
lations substantially increased in five out of six cell lines
following DOX removal (Fig. 2G; Supplemental Fig.
S3B). Focusing only on live cells, MYCN suppression
was associated with increases in the G1 population cou-
pled with decreases in S and G2/M populations in five
out of six cell lines (Fig. 2H; Supplemental Fig. S3B). Mo-
lecular correlates of these responses observed following
DOX removal in at least five out of six of the independent
lines tested included decreased expression of cyclins A
and E and increased expression of the CDK inhibitor p27
(Fig. 2I). p130, encoded by RBL2, becomes functionally in-
activated through cyclin/CDK-dependent phosphoryla-
tion (Hansen et al. 2001), is occasionally the target of
inactivating mutations in human SCLC (George et al.
2015), and is a potent tumor suppressor in mouse models
(Schaffer et al. 2010). Upon MYCN suppression with DOX
removal, we observed decreased p130 phosphorylation,
indicative of p130 activation, in six out of six RPMYCN
cell lines (Fig. 2I). Decreased p130 phosphorylation is con-
sistent with the decreased cyclin E/A expression and in-
creased p27 expression that occurred with suppression
of MYCN (Fig. 2I). Thus, MYCN overexpression results
in functional inactivation of p130 and increased prolifera-
tion in SCLC.

MYC family members, including MYCN, promote ribo-
somal biogenesis and protein synthesis via direct binding
to ribosomal DNA, transcribed by RNA Pol I, and via in-
creased expression of RNA Pol II transcribed mRNAs for

MYCN and MYCL drive chemoresistance in SCLC

genes that promote translation (Boon et al. 2001; Grandori
et al. 2005; Dang 2012; Beltran 2014; Kim et al. 2016). To
examine the impact of MYCN overexpression on ribosom-
al biogenesis and protein synthesis in SCLC, we per-
formed quantitative real time PCR analysis using
primers targeting the internal transcribed spacer (ITS) se-
quence of the 47S rRNA subunit (Kim et al. 2016). Levels
of pre-rRNA were drastically decreased with DOX remov-
al in the RPMYCN cells (Fig. 2J; Supplemental Fig. S3C).
To measure protein synthesis, we treated both ON DOX
and OFF DOX cells with puromycin, which becomes in-
corporated into nascent proteins. Removal of DOX result-
ed in lower levels of puromycin incorporation in all six
lines tested (Fig. 2K; Supplemental Fig. S3D). Taken to-
gether, these results show that MYCN overexpression in
SCLC promotes proliferation and increases protein
synthesis.

MYCN modulates tumor immune microenvironment
in SCLC

To identify transcriptional changes resulting from MYCN
overexpression, we performed RNA-seq analyses. We
compared (1) mouse RPMYCN versus RP SCLCs, (2)
RPMYCN SCLCs ON DOX versus 7 d OFF DOX in vivo,
and (3) RPMYCN cell lines ON DOX versus 4 d OFF
DOX in cell culture. Using EdgeR analyses (Robinson
et al. 2010), we identified 1030 genes to be commonly dif-
ferentially expressed with MYCN overexpression across
all three comparisons (FDR <0.05) (Fig. 3A). Analyzing
the commonly differentially expressed genes using
Enrichr (Kuleshov et al. 2016) querying the KEGG path-
ways database (Kanehisa and Goto 2000), we found that
genes associated with ribosome biogenesis, RNA trans-
port, and RNA polymerase were enriched with MYCN
overexpression (Fig. 3B). Moreover, querying ENCODE
and ChEA transcription factor occupancy databases (The
ENCODE Project Consortium 2004; Lachmann et al.
2010}, MYC, MAX, and E2F transcription factor binding
was strongly enriched in the common genes that change
with MYCN overexpression (Fig 3C). Additionally,
CUT&RUN analyses (Skene and Henikoff 2017) of N-
MYC occupancy in an RPMYCN-derived cell line (C3) in
ON DOX versus OFF DOX conditions revealed decreased
N-MYC genomic occupancy proximal to transcription
start sites (TSS) following withdrawal of DOX for 4 d
(Fig. 3D). Focusing on genes commonly changed with
MYCN expression across all three of the RNA-seq compar-
isons, we found that 351 out of 546 (64 %) of the genes with
expression changes in the same direction as MYCN were
N-MYC-bound, compared with 138 out of 459 (30%) of
the genes that changed in the opposite direction as
MYCN (Supplemental Fig. S4A,B). These data are con-
sistent with MYCN primarily acting to increase expression
of direct target genes. We next performed gene set
enrichment analysis (GSEA) for each of the three compar-
isons individually. We queried the “Hallmark” gene set
list from the molecular signatures database (MSigDB)
(Subramanian et al. 2005; Liberzon et al. 2015) and
found that MYC_TARGETS_V1, MYC_TARGETS_V2,
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Figure 3. MYCN modulates the SCLC tumor immune microenvironment (A) Venn diagram showing genes that are differentially regu-
lated in MYCN-overexpressing samples for the following comparisons: RPMYCN (n =7) versus RP (n=7) tumors, RPMYCN ON DOX (n =
7) versus OFF DOX (n = 4) tumors, and RPMYCN ON DOX (n = 5) versus OFF DOX (n = 5) cell lines. Gene lists were determined using Edg-
eR analysis with an FDR cutoff of 0.05. (B) KEGG pathway analysis of the 1030 genes commonly differentially expressed across all three
comparisons. Significance was determined using an adjusted P-value of P<0.05. (C) CHEA and ENCODE binding analysis of the 1030
genes commonly regulated by MYCN across all three comparisons. Significance was determined using an adjusted P-value of P <0.05.
(D) Heat maps depicting N-MYC binding from CUT&RUN data in an RPMYCN-derived cell line (C3) in the presence versus absence
of DOX. Heat map shows data 5 kb upstream of to 5 kb downstream from TSS. (E,F) Gene set enrichment analysis of RNA sequencing
data for RPMYCN versus RP tumors, RPMYCN ON DOX versus OFF DOX tumors, and RPMYCN ON DOX versus OFF DOX cell line
comparisons (n=7 in all RPMYCN versus RP groups;. n=7 in RPMYCN ON DOX tumors group; n=4 in RPMYCN OFF DOX tumors
group; n=5in all RPMYCN ON DOX versus OFF DOX cell line groups). Graphs show pathways from the Hallmark database that are either
positively (E) or negatively (F) enriched in the respective MYCN-overexpressing conditions for each comparison. The size of the circles
corresponds to —log(FDR) while the colors of the circles correspond to the normalized enrichment score (NES) for each pathway. (G) Rep-
resentative dot plots showing the gating strategy used for FACS analysis of the tumor immune microenvironment. Starting from the top
Ieft, initial gates select for live cells (FVD) and then for leukocytes by CD45. Gating for specific cell surface marker combinations was then
used to identify immune cell populations such as B cell (CD3~ CD19"), CD4" T cells (CD3* CD4*), CD8" T cells (CD3* CD8"), and neu-
trophils (CD11b* Ly6G*). (H) Quantification of the percentage of each immune cell population within the total population of leukocytes
per tumor. Data are means + SEM (RP: n=5; RPMYCN ON DOX: n=6; RPMYCN OFF DOX: n=7). Significance was determined using
two-tailed unpaired Student’s t-test. (*) P <0.05; (**) P<0.01; (***) P<0.001.



and UNFOLDED_PROTEIN_RESPONSE gene sets were
significantly up-regulated in MYCN-overexpressing sam-
ples across all three comparisons (Fig. 3E; Supplemental
Fig. SSA-C). Examining the gene sets that were down-
regulated with MYCN overexpression, several immune
signaling pathways were represented, such as the INTER-
FERON_a_RESPONSE, INTERFERON_y_RESPONSE,
and INFLAMMATORY_RESPONSE (Fig. 3F; Supplemen-
tal Fig. SSA-C). Based on these results, we hypothesized
that MYCN overexpression may alter the tumor immune
microenvironment in SCLC. As the impact of overexpress-
ing any MYC family member on specific immune cell
types has yet to be examined in an immune-intact SCLC
model system, we sought to identify the specific immune
cell types that were changed with MYCN expression. We
employed a previously described flow cytometry antibody
panel and sequential gating strategy (Kargl et al. 2017) to
identify specific immune cell populations from single-
cell suspensions of RP, RPMYCN ON DOX, and RPMYCN
OFF DOX mouse SCLC samples (Fig. 3G). MYCN status
was not associated with changes in percentage of B cells,
NK cells, or macrophages (Fig. 3H). In contrast, RPMYCN
ON DOX tumors exhibited significantly lower percentage
of CD3* T cells, including both CD4* helper and CD8+ cy-
totoxic T cells, and monocytes as compared with both RP
and RPMYCN OFF DOX tumors (Fig. 3H). Furthermore,
RPMYCN ON DOX tumors showed significantly higher
percentage of neutrophils when compared with either RP
or RPMYCN OFF DOX tumors (Fig. 3H). Neutrophils are
often anti-correlated with T cells in tumors, and tumors
with microenvironments high in neutrophils and low in
T cells are correlated with poorer prognoses and outcomes
(Gentles et al. 2015; Lizotte et al. 2016; Kargl et al. 2017).
These data show that MYCN overexpression reduces the
infiltration of T cells into SCLC tumors.

MYCN and MYCL promote cisplatin-etoposide
resistance in an SCLC mouse model

Based on more frequent amplifications of MYC family
members in cell lines derived from chemotherapy-treated
versus chemonaive patients (Johnson et al. 1996), we hy-
pothesized that MYCN overexpression may confer che-
moresistance. To test this hypothesis, we monitored RP
and RPMYCN mice for lung tumor burden using MRI
and then treated tumor-bearing mice with either saline
or cisplatin—etoposide (cis—eto) for 21 d (three weekly cy-
cles of treatment). Sequential MRI scans at days 14 and
21 were used to calculate changes in tumor volume rela-
tive to baseline. While RP mice exhibited a cytostatic re-
sponse to chemotherapy RPMYCN tumors continued to
grow through chemotherapy at a rate comparable with sa-
line-treated tumors (Fig. 4A-C). As MYC family members
are amplified in SCLC in a mutually exclusive manner, we
sought to extend our MYCN results to MYCL, which is the
most frequently amplified MYC family member in SCLC
(George et al. 2015). We made use of a previously de-
scribed mouse model of SCLC (herein RPMYCL) in which
intratracheal administration of adenovirus expressing Cre
recombinase leads to the activation of a MYCL transgene

MYCN and MYCL drive chemoresistance in SCLC

in addition to loss of Rb and Trp53 (Huijbers et al. 2014).
As with the RPMYCN model, RPMYCL tumors continued
to grow through cis—eto treatment at a rate comparable
with saline-treated tumors (Fig. 4A-C). As MYCL is ex-
pressed in the RP model and can undergo spontaneous
amplification we sought to assess expression levels of
MYC family members among a subset of the cis—eto-treat-
ed mice in the RP versus RPMYCL cohorts. RNA-seq anal-
ysis showed MYCL expression to be higher in RPMYCL
compared with RP tumors (Supplemental Fig. S6A). The
five RP cis—eto tumors expressed very low levels of MYC
and MYCN, a finding that was consistent with immuno-
histochemistry analyses (Supplemental Fig. S6A,B).
Thus, supraphysiological MYCL expression achieved
with the MYCL transgene expression but not basal
MYCL expression was associated with resistance to che-
motherapy. To assess the functional effects of MYCN or
MYCL overexpression on short term response to chemo-
therapy, we treated RP, RPMYCL, and RPMYCN mice
with a single cycle of either cis-eto or saline and collected
lung tumors 72 h later. RP tumors exhibited increased ap-
optosis (as determined by TUNEL staining) and decreased
proliferation (as determined by pH3 staining) relative to
saline controls in response to cis—eto. However, increased
cell death and reduced proliferation were no longer ob-
served in cis-eto-treated RPMYCN or RPMYCL tumors
(Fig. 4D-F). Thus, in the GEM model of SCLC, MYCN or
MYCL  overexpression  suppresses responses to
chemotherapy.

MYCN and MYCL overexpression drive cisplatin—
etoposide resistance in PDX models of SCLC

The RP SCLC autochthonous model typically exhibits cy-
tostatic responses to cis—eto treatment (Fig. 4A-C), with
only rare tumor regressions. To better model cytoreduc-
tive responses to cis—eto seen in many SCLC patients,
we overexpressed MYCN in highly chemosensitive pa-
tient-derived xenograft (PDX) models, FHSC14 and
FHSC23, that we previously generated from chemonaive
patients (Augert et al. 2019). Both PDX models exhibit
flank tumors regressions with 3 wk of cis—eto treatment.
FHSC14 and FHSC23 PDX tumors growing in NOD-
SCID-y (NSG) mice were dissociated and infected ex
vivo with lentivirus expressing a MYCN cDNA or empty
control. Within 16 h of PDX tumor extraction and addi-
tion of lentivirus, the infected cells were reinjected into
the flanks of NSG mice. Once flank tumors reached 150
mm?®, we treated mice with three weekly cycles of cis—
eto or saline and measured tumor volume over the course
of 21 d, and then extracted remaining tumor for molecular
analyses. FHSC14 and FHSC23 empty vector-infected tu-
mors strongly regressed upon cis-eto treatment (Fig.5A;
Supplemental Fig. S7A). In contrast, in both FHSC14
and FHSC23 models, tumors from MYCN-infected cells
robustly grew throughout the cis—eto treatment period
(Fig. 5A; Supplemental Fig. S7A). For both models, we val-
idated overexpression of N-MYC using immunoblotting
(Fig. 5B; Supplemental Fig. S7B). Thus, overexpression of
a single gene, MYCN, can switch two highly
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chemosensitive models of SCLC to become resistant.
Having shown that MYCN overexpression can drive the
development of chemoresistance in PDX models, we
sought to extend our findings to MYCL. As in the
MYCN-overexpressing model, while control empty vector
tumors completely regressed in response to chemothera-
py, the MYCL-overexpressing tumors also continued to
grow over the course of the study (Fig. 5C,D; Supplemen-
tal Fig. S7C,D). To assess the acute effects of MYCN/L
overexpression on chemotherapy response, we modified
the experiment to treat with cis—eto or saline and collect
tumors at 72 h after treatment. Control empty vector tu-
mors exhibited a decrease in proliferation as assessed by
pH3 staining and increased apoptosis as assessed by
TUNEL, upon cis—eto treatment (Fig. 5E-H; Supplemen-
tal Fig. S7TE-H). However, changes in proliferation or apo-
ptosis relative to saline-treated controls were not observed
in similarly treated MYCN- or MYCL-overexpressing tu-
mors (Fig. 5E-H; Supplemental Fig. S7TE-H). These data
highlight the importance of MYC family members in driv-
ing chemoresistance in SCLC.
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Figure 4. MYCN and MYCL drive chemoresistance in
an SCLC mouse model (A) Representative MRI of RP,
RPMYCL, and RPMYCN lungs at days 0, 14, and 21 of
cis—eto treatment. Tumors are circled in yellow. (B)
Quantification of the percentage of change in tumor vol-
ume between days 0 and 14 of treatment. Data are means
+SEM (RP SALINE: n=8; RP CIS-ETO: n=6; RPMYCN
SALINE: n=9; RPMYCN CIS-ETO: n=7; RPMYCL SA-
LINE: n=8; RPMYCL CIS-ETO: n=11). Significance
was determined using two-tailed unpaired Student’s t-
test. (**) P<0.01. (C) Quantification of the percentage
of change in tumor volume between days 0 and 21 of
treatment. Data are means+SEM (RP SALINE: n=8;
RP CIS-ETO: n=6; RPMYCN SALINE: n=5; RPMYCN
CIS-ETO: n=7; RPMYCL SALINE: n=8; RPMYCL
CIS-ETO: n=11). Significance was determined using
two-tailed unpaired Student’s t-test. (***) P<0.001.
(D) Representative immunohistochemistry images for
pH3 and TUNEL staining in a parallel cohort comparing
RP, RPMYCL, and RPMYCN tumors at a 3-d time point
of treatment with either saline or cis—eto. Scale bar, 20
pm. (E) Quantification of the percentage of TUNEL-pos-
itive cells. Data are means + SEM (n =5 in all groups). Sig-
nificance was determined using two-tailed unpaired
Student’s t-test. (**) P<0.01. (F) Quantification of the
percentage of pH3-positive cells. Data are means=
SEM. (n=5 in all groups). Significance was determined
using two-tailed unpaired Student’s t-test. (***) P<0.001.
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Genome wide CRISPR-Cas9 screen reveals USP7
as a synthetic vulnerability for MYCN

Having shown that MYCN drives tumor progression and
chemoresistance in SCLC, we sought to find means to
therapeutically target MYCN-overexpressing SCLC. To
uncover unique vulnerabilities in MYCN-driven SCLC,
we performed genome-scale CRISPR-Cas9 small guide
RNA (sgRNA) inactivation screens on 3 RP and 3
RPMYCN SCLC cell lines derived from GEMM tumors.
We infected each cell line with lentivirus containing the
Murine GeCKO Lentiviral sgRNA Library v2 vector sys-
tem, which expresses a pool of 130,209 sgRNAs targeting
20,611 genes (Sanjana et al. 2014). Cells were infected at a
multiplicity of infection (MOI) of <1 and then subjected to
puromycin selection. Following selection, a portion of
cells for each line was collected as an initial time point
(PO) and the remainder grown out for 12 population dou-
blings prior to collection (P12). Using deep sequencing,
we compared the abundance of sgRNAs in the PO and
P12 populations for each RP or RPMYCN cell line (Fig.
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Figure 5. MYCN and MYCL overexpression
abrogates chemotherapy response in PDX
model of SCLC (A) Graph showing flank tumor
volumes of empty control versus MYCN-over-
expressing FHSC14 PDX tumors over 21 d of
treatment with either saline or three cycles of
cis—eto. Data are means+SEM (n=5 in all
groups). Significance was determined using a
mixed model two-way ANOVA followed by a
post hoc Tukey’s multiple comparisons test.
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cis—eto. Data are means+SEM (n=5 in all
groups). Significance was determined using a
mixed model two-way ANOVA followed by a
post hoc Tukey’s multiple comparisons test.
For each group, significance is presented rela-
tive to the respective saline condition. (**) P<
0.01. (D) Immunoblot showing successful
MYCL overexpression in the FHSC14 PDX

MYCL
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T model. Lysate from a human SCLC cell line
et harboring a MYCL amplification (H510) was
used as a positive control while lysate from

the human SCLC cell line H209 was used as

anegative control. GAPDH was used as a load-

ing control. (E) Representative immunohistochemistry images for TUNEL staining in a parallel cohort comparing FHSC14 empty, MYCN-
overexpressing, and MYCL-overexpressing tumors at a 3-d time point after treatment with either saline or cis-eto. Scale bar, 20 pm. (F)
Quantification of the percentage of TUNEL-positive cells. Data are means + SEM (n =5 in all groups). Significance was determined using
two-tailed unpaired Student’s t-test. (**) P<0.01; (***) P<0.001. (G) Representative immunohistochemistry images for pH3 staining in a
parallel cohort comparing FHSC14 empty, MYCN-overexpressing, and MYCL-overexpressing tumors at a 3-d time point after treatment
with either saline or cis—eto. Scale bar, 20 pm. (H) Quantification of the percentage of pH3-positive cells. Data are means + SEM. (n=5 in all
groups). Significance was determined using two-tailed unpaired Student’s t-test. (***) P<0.001.

6A). For each gene, we generated a “CRISPR score,” de-
fined as log, (sgRINA abundance at P12/sgRNA abundance
at PO) averaged across all sgRNAs targeting a given gene
(Wang et al. 2015). We also employed MAGeCK-MLE
analysis to determine which sgRNAs were preferentially
depleted in the three RPMYCN as compared with the
three RP cell lines (Li et al. 2014). We were particularly in-
terested in druggable genes that are essential in the
MYCN-overexpressing cells and found that the sgRNAs
targeting WEE1, BRD2, and USP7 were preferentially de-
pleted after 12 population doublings in the RPMYCN
compared with the RP cell lines (Fig. 6B-E). USP7 was of
particular interest as this gene encodes a deubiquitinase
that directly deubiquitinates N-MYC, resulting in in-
creased protein stability (Tavana et al. 2016). Given this,
we hypothesized that USP7 could be a synthetic lethal tar-
get for MYCN-driven SCLC. To test this, we treated RP

and RPMYCN cell lines with a novel inhibitor of USP7,
(3((7-(5-chloro-3-methyl-2-(((R)-morpholin-2-yl)methyl)
phenyl|thieno[3,2-b]pyridin-2-yl)methyl)-6,6-dimethyl-
3-azabicyclo[3.1.0lhexane-2,4-dione), referred to here as
USP7i, discovered by RAPT Therapeutics, Inc. (Fig. 6F).
The discovery, synthesis, and complete characterization
of this orally bioavailable, potent USP7 inhibitor is de-
scribed elsewhere as compound 41 (Leger et al. 2020).
Consistent with the genetic screen results, RPMYCN
cell lines exhibited increased sensitivity to USP7 inhibi-
tion as compared with RP cell lines (Fig. 6G; Supplemen-
tal Fig. S8A,B). Analysis by Western blotting showed that
treatment of RPMYCN cell lines with USP7i led to de-
creased levels of N-MYC protein abundance as well as in-
creased levels of cleaved caspase 3, indicative of apoptosis
(Fig. 6H). Thus, USP7 is a druggable synthetic vulnerabil-
ity in MYCN-driven SCLC.
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USP7 inhibition resensitizes MYCN-overexpressing
chemoresistant tumors to cisplatin/etoposide

Having found that pharmacologic inhibition of USP7 can
selectively target MYCN-driven SCLC, we next assessed
whether inhibition of USP7 could restore sensitivity to
chemotherapy in MYCN-overexpressing, chemoresistant
PDX models. To improve on the model system described
in Figure 5 that we use to overexpress single genes in che-
mosensitive PDX models, we switched to a two-step sys-
tem in which we sorted productively infected cells
following expansion in vivo, ensuring essentially com-
plete lentiviral transduction, before propagating for thera-

peutic experiments. We infected the FHSC14 model with
lentivirus containing either a MYCN cDNA-IRES-
ZsGreen vector, a MYCL cDNA-IRES-ZsGreen vector,
or an empty control IRES-ZsGreen vector, and then inject-
ed the cells into the flanks of NSG mice. Once flank tu-
mors developed, we dissociated tumor cells and used
fluorescence activated cell sorting (FACS) to obtain a
pure population of ZsGreen-positive MYCN-overexpress-
ing, MYCL-overexpressing, or empty vector control
FHSC14 cells (see Materials and Methods). We then in-
jected these populations into the flanks of NSG mice to al-
low for tumor development and we validated pure
populations of infected cells by sorting for ZsGreen-
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positivity (Supplemental Fig. SOA). For therapeutic stud- vector controls, treatment with USP7i alone had no effect
ies using this system, once tumors reached 150 mm?, we on tumor volume (Fig. 7A,B). In the MYCL-overexpressing
treated with either saline, cis—eto, 100 mg/kg USP7i, or tumors, neither cis-eto nor USP7i alone or in combina-
a combination of 100 mg/kg USP7i and cis-eto (USP7i- tion significantly slowed tumor growth (Fig. 7B). Howev-
cis—eto) and measured tumor volume over 14 d. While er, in the MYCN-overexpressing tumors, while cis-eto
cis—eto caused near complete tumor regression in empty alone did not blunt tumor growth given MYCN-driven
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Figure 7. USP7 inhibition resensitizes MYCN-overexpressing tumors to chemotherapy (A) Graph showing flank tumor volumes of emp-
ty control versus MYCN-overexpressing FHSC14 PDX tumors over 14 d of treatment with either saline, cis—eto, 100 mg/kg USP7i, or 100
mg/kg USP7i + cis—eto. Data are means + SEM (n =5 in all groups except for EMPTY CIS-ETO and MYCN USP7i, where n = 4). Significance
was determined using a mixed model two-way ANOVA followed by a post hoc Tukey’s multiple comparisons test. For each group, sig-
nificance is presented relative to the respective saline condition. (**) P<0.01. (B) Graph showing flank tumor volumes of empty control
versus MYCL-overexpressing FHSC14 PDX tumors over 14 d of treatment with either saline, cis—eto, 100 mg/kg USP7i, or 100 mg/kg
USP7i + cis—eto. Data are means = SEM (n=>5 in all groups except for EMPTY CIS-ETO, MYCL SALINE, and MYCL USP7i+ CIS-ETO,
where n=4; EMPTY samples are the same as in A). Significance was determined using a mixed model two-way ANOVA followed by a
post hoc Tukey’s multiple comparisons test. For each group, significance is presented relative to the respective saline condition. (*) P<
0.05; (**) P<0.01. (C) Graph showing flank tumor volumes of empty control versus MYCN-overexpressing FHSC14 PDX tumors over
21 d of treatment with either saline, cis-eto, 50 mg/kg USP7i, or 50 mg/kg USP7i + two cycles of cis—eto (weeks 1 and 3, respectively).
Data are means + SEM (n=5 in all groups). Significance was determined using a mixed model two-way ANOVA followed by a post hoc
Tukey’s multiple comparisons test. For each group, significance is presented relative to the respective saline condition. (**) P<0.01.
(D) Immunoblot comparing levels of N-MYC expression across treatment groups after 7 d of treatment in a parallel cohort. GAPDH
was used as a loading control. (E) Representative immunohistochemistry images for pH3 staining comparing treatment groups. Scale
bar, 20 pm. (F) Quantification of the percentage of pH3-positive cells. Data are means+ SEM (n =5 in all groups). Significance was deter-
mined using two-tailed unpaired Student’s t-test. (***) P<0.001. (G) Representative immunohistochemistry images for TUNEL staining
comparing treatment groups. Scale bar, 20 pm. (H) Quantification of the percentage of TUNEL-positive cells. Data are means = SEM. (n=5
in all groups). Significance was determined using two-tailed unpaired Student’s t-test. (***) P <0.001.
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chemoresistance, we found that combination USP7i-cis—
eto treatment resulted in complete tumor regression in a
manner similar to the empty vector control tumors treat-
ed with cis—eto (Fig. 7A). The combination of high dose
USP7i and cis-eto resulted in weight loss as shown in Sup-
plemental Fig. S10A. A validation cohort of FHSC14
MYCN and FHSC14 empty control mice used a reduced
50 mg/kg dose of USP7i and extension to 21 d, with cis—
eto and USP7i treatments administered during weeks
one and three, a dosing regimen that was better tolerated
(Supplemental Fig. S10B). Again, MYCN-overexpressing
tumors were resistant to cis-eto but strongly regressed
upon combined USP7i-cis—eto treatment (Fig. 7C). These
data conclusively show that inhibition of USP7 can resen-
sitize MYCN-overexpressing SCLC to cytotoxic chemo-
therapy. Observations that USP7i did not resensitize
MYCL-overexpressing SCLC to chemotherapy (Fig. 7B)
support the notion that reduction of N-MYC following
USP7i in the MYCN-overexpressing model was critical
for the observed responses. To assess the short-term ef-
fects of the various treatments, we repeated the experi-
ment but treated for just one cycle of cis—eto and/or
USP7i, collecting tumors after 7 d. Treatment with
USP7i alone or with cis—eto dramatically reduced levels
of N-MYC in MYCN-overexpressing tumors (Fig. 7D).
Immunostaining revealed that MYCN-overexpressing tu-
mors were resistant to the increased apoptosis and re-
duced proliferation upon cis-eto treatment that was
observed in empty vector controls. However, MYCN-over-
expressing tumors in the combined USP7i-cis-eto
treatment group exhibited reduced proliferation and
increased apoptosis (Fig. 7E-H). These phenotypes are
consistent with the strong tumor regression seen with
combined USP7 inhibition and chemotherapy in the
MYCN-overexpressing model.

Discussion

Here, we report the first autochthonous mouse model of
MYCN-driven SCLC. MYCN overexpression dramatically
accelerated SCLC, with RPMYCN mice developing lung
tumors on average almost a year earlier than the RP mod-
el. This model provides a valuable tool for further studies
of MYCN in SCLC tumor biology and treatment response.

In addition to supporting MYCN control of the cell cy-
cle and ribosomal biogenesis, consistent with previous
data from other systems (Boon et al. 2001; Dang 2012; Bel-
tran 2014), our transcriptional analyses also revealed mul-
tiple immune signaling pathways changed in SCLC with
MYCN overexpression. Cell sorting analyses revealed a
decrease in infiltrating T-lymphocytes along with an in-
crease in infiltrating neutrophils in MYCN-overexpress-
ing SCLC. Other recent studies have also found
correlations between high levels of MYCN expression
and decreased cytotoxic immune cell signatures in neuro-
blastoma (Zhang et al. 2017; Wei et al. 2018). In neuroblas-
toma, MYCN overexpression dampened expression of NK
cell activating receptors (Brandetti et al. 2017). However,
this is unlikely to be the case in SCLC, as we found no dif-
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ference in levels of infiltrating NK cells between MYCN-
high and MYCN-low tumors (Fig. 3H). It is known that
other MYC family members can directly regulate expres-
sion levels of PD-L1 to inhibit T-cell responses in other
cancers (Casey et al. 2016); however, our RNA-seq analy-
ses did not reveal changes in PD-L1 with MYCN overex-
pression in SCLC. Our results constitute the first
evidence that MYCN functionally modulates the tumor
microenvironment in SCLC and the novel MYCN-overex-
pressing model provides a valuable tool for future studies
to interrogate how MYCN overexpression suppresses
T-cell infiltration. SCLC is known to have a less active tu-
mor microenvironment relative to other lung cancers.
While ~50% of the tumor microenvironment in nonsmall
cell lung cancer consists of CD45" cells, immune cell pop-
ulations make up only ~15% of the SCLC tumor microen-
vironment (Busch et al. 2016). Notably, the immune
component of the SCLC tumor microenvironment is nor-
mally characterized by high levels of T lymphocytes and
low levels of innate immune cells such as neutrophils
(Busch et al. 2016). As such, the suppression of T-cell infil-
tration with MYCN overexpression may have important
implications for response to immune checkpoint inhibi-
tors that rely on modulation of T-cell-mediated killing.
A subset of SCLC patients respond to immune checkpoint
modulation (Horn et al. 2018; Paz-Ares et al. 2019). Fur-
ther studies are required to determine whether in the
small subset of SCLC that harbors MYCN amplification,
MYCN may reflect a therapeutic target to achieve en-
hanced responses toward immune checkpoint inhibition.

Our study compared Rb/p53 with Rb/p53/MYCN
GEM as well as isogenic PDX models in which we over-
expressed either MYCN or MYCL. In both GEM and iso-
genic PDX systems, MYCN and MYCL conferred clear
chemoresistance. We note that prior MYC- and MYCL-
overexpressing mouse model studies have included che-
motherapy treatments (Mollaoglu et al. 2017; Bottger
et al. 2019). However, in both studies (Mollaoglu et al.
2017; Bottger et al. 2019), lack of Rb/p53 comparator im-
paired assessment of the contribution of MYC or of
MYCL overexpression to chemotherapy response and re-
sistance. Our inclusion of a control Rb/p53 arm was criti-
cal for our assessments that MYCN overexpression and
MYCL overexpression drives chemoresistance. A limita-
tion of the GEM models relates to the level of chemosensi-
tivity observed, as tumor regressions in response to cis—eto
are rare in this model system. The absence of highly che-
mosensitive models of SCLC that regress with chemother-
apy, in which specific genes could be manipulated and
functionally assessed, has hindered study of genetic driv-
ers of SCLC chemoresistance. Our observation that two
highly chemosensitive PDX models of SCLC completely
switch to becoming chemoresistant with MYCN or
MYCL overexpression definitively show that these onco-
genes can indeed drive chemoresistance in SCLC. Reduc-
ing cell culture time was a critical aspect of our novel
approach to genetically perturb PDX models of SCLC, as
it has been shown that PDX models of SCLC passaged in
vivo more fully recapitulate the expression of the original
tumor versus derived cell lines (Daniel et al. 2009). While
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the experiments in this study employed a 16-h culture pe-
riod for infections, our current protocols now reduce the
time in ex vivo culture to >4 h. With the two-step system
for model propagation (Fig. 7; Supplemental Fig. S9), we
can generate single-gene-perturbed PDX models that can
be cryopreserved, shared, and repropagated at any time
for functional or therapeutic studies. The Rudin laboratory
has also recently demonstrated the utility of genetically
engineering PDX models to harbor single gene perturba-
tions (Hulton et al. 2020). Given that the response of
GEM models to chemotherapy does not include strong re-
gressions as seen in human SCLC patients, employment of
chemosensitive PDX models that mimic the response of
the originating patient are critical. We anticipate that
this system will also enable functional screens to system-
atically identify drivers of SCLC chemoresistance.

We performed a comprehensive genome wide CRISPR-
Cas9 screen on both RP- and RPMYCN-derived cell lines
in order to uncover druggable vulnerabilities for MYCN-
overexpressing SCLC. Our results show that multiple
druggable targets such as WEE1, BRD2, and USP7 are syn-
thetically lethal with MYCN overexpression. WEE1 has
been studied as a potential therapeutic target in SCLC
(Sen et al. 2017; Lallo et al. 2018). Likewise bromodomain
and extraterminal (BET) domain inhibitors, such as JQ1,
that target proteins including BRD2 and BRD4, have
shown efficacy in targeting MYCL- and MYCN-overex-
pressing cell lines (Lenhart et al. 2015; Kato et al. 2016;
Wang et al. 2017). While the use of USP7 inhibitors to tar-
get MYCN-driven tumors has been studied in neuroblas-
toma (Tavana et al. 2016), this approach has not
previously been assessed in PDX or GEM models of
SCLC or in the context of chemoresistance. By using a
novel inhibitor of USP7, we demonstrated that MYCN-
overexpressing SCLC is highly sensitive to loss of USP7.
Furthermore, pharmacological inhibition of USP7 can
completely reverse MYCN-driven chemoresistance in
PDX models, providing a genotype-specific strategy to tar-
get a subset of chemoresistant SCLC.

A key finding was that not only MYCN overexpression,
but also MYCL overexpression drives chemoresistance in
SCLC. Even though most SCLC tumors express MYCL, a
transcriptional target of the ASCLI1 transcription factor
(Borromeo et al. 2016), physiological MYCL expression
was not associated with chemoresistance in our mouse
models. Supra-physiological levels of MYCL may be need-
ed to achieve chemoresistance, such as those achieved
with high-level genomic amplification. In untreated
SCLC, amplifications in MYCL, MYCN and MYC occur
at approximate frequencies of 9%, 4%, and 6%, respec-
tively (George et al. 2015). The frequency of MYCN,
MYCL and MYC amplifications in chemoresistant exten-
sive-stage SCLC patients is not well defined, as the largest
human SCLC genomic data sets are of untreated patients
at limited stage (Rudin et al. 2012; George et al. 2015). In a
series of PDX models, a MYC transcriptional signature
was associated with chemoresistance even without clear
enrichment for MYC family genomic amplifications, sug-
gesting that genomic amplifications may not be the only
means to achieve high MYC family activation (Drapkin

MYCN and MYCL drive chemoresistance in SCLC

et al. 2018). Recent studies of SCLC PDX models have re-
vealed a high degree of intratumoral heterogeneity in
SCLC, indicating that chemoresistance could be associat-
ed with multiple mechanisms in different tumor cell sub-
sets even within a single patient (Simpson et al. 2020;
Stewart et al. 2020). Large-scale genomic analyses of ex-
tensive stage chemoresistant SCLC, ideally with inclu-
sion of paired pretreatment samples would help define
the frequency of key genetic alterations that drive chemo-
resistance and constitute therapeutic targets to resensi-
tize tumors toward chemotherapy.

Materials and methods

Genetically engineered mouse models

Rb1°%/10% mice were from Tyler Jacks (MIT) while Trp5300x/1ox
mice were generated by Dr. Anton Berns (Netherlands Cancer In-
stitute). The Rb™ X%, Trp5319%/1°%, My cIOE mice (RPMYCL) were
obtained from Dr. Anton Berns (Huijbers et al. 2014). The TRE-
MYCN/LUC model was provided by Dr. William Weiss (Swar-
tling et al. 2010) and the Rosa26 lox-stop-lox M2rtTA allele, orig-
inally generated by Rudolph Jaenisch’s laboratory (Hochedlinger
et al. 2005) was obtained from Jackson labs (strain 006965). We
bred the TRE-MYCN/LUC mice to RP mice in order to generate
Rb110x/1ox, Typ5310x/10x, Mopy TAIX/10%, TRE-MYCN/LU C1o¥/10%
mice (RPMYCN). Tumor formation was initiated by intratracheal
infection of adult mice with Ad-CGRP-Cre (RP and RPMYCN)] or
Ad-CMV-Cre (RPMYCL) at a titer of 1.25x10° pfu per mouse
(DuPage et al. 2009). Ad-CGRP-Cre and Ad-CMV-Cre were ob-
tained from the University of lowa Gene Vector Core. To induce
transgene activation, all RPMYCN mice were given feed contain-
ing doxycycline (DOX feed, Teklad) beginning at 1 wk following
intratracheal infection and continuing throughout the course of
the study. After being placed on DOX feed, mice described in Fig-
ure 1 were monitored weekly and were euthanized upon showing
signs of severe labored breathing. Overall time of survival was
plotted using a Kaplan-Meier curve. For the RPMYCN ON DOX
versus OFF DOX study described in Figure 2, A-D, RPMYCN
mice were switched from DOX feed to standard mouse chow fol-
lowing tumor development (as assessed by MRI) in order to gen-
erate the OFF DOX cohort. In all studies, lung tumor fragments
were collected for molecular analyses (snap-frozen), histology,
and immunohistochemistry (fixed in neutral buffered formalin).
All animal procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at the Fred Hutchinson Can-
cer Research Center.

Cell line generation and cell culture

Lung tumor tissue from RP and RPMYCN mouse models was col-
lected shortly following euthanasia using a sterile syringe and
needle. Tissue was dissociated by pipetting and then cultured in
DMEM complete medium (Dulbecco’s modified Eagle medium
containing 15% fetal bovine serum, 1% penicillin-streptomycin,
1% sodium pyruvate, p-mercaptoethanol, and recombinant insu-
lin) containing 1 png/mL doxycycline after which growth of stable
lines was observed. Human SCLC cell lines H510, H69, and H209
were obtained from ATCC (Phelps et al. 1996).

Western blot analysis

Protein was extracted from lung tumor tissues and cell lines by
dissociation in RIPA buffer (Cell Signaling, 9806). Dissociation
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was performed by either serial passaging through small-gauge
needles or by mechanical disruption. Immunoblotting by West-
ern blot was performed according to standard procedures. The fol-
lowing antibodies were used: anti-N-MYC(Cell Signaling 51705),
anti-p ACTIN (Cell Signaling 4970), anti-CYCLIN E (Santa Cruz
Biotechnology sc-247), anti-CYCLIN A (Santa Cruz Biotechnol-
ogy sc-271645), anti-p27 (Aviva OAAIO0157), anti-pl130 (Santa
Cruz Biotechnology sc-374521), anti-L-MYC (in-house), anti-
cleaved CASPASE3 (Cell Signaling 9661), and anti-GAPDH (San-
ta Cruz Biotechnology sc-32233).

Histology and immunohistochemistry

Mouse lung tumor and PDX tumor fragments were fixed in neu-
tral-buffered formalin for 48 h prior to processing to paraffin
blocks. Paraffin blocks were sectioned at a thickness of 4 pm. He-
matoxylin and eosin (H&E) staining was done according to stan-
dard procedures. For immunohistochemistry analysis, paraffin
sections were dewaxed in xylene and then rehydrated by passage
through a graded series of ethanol into Tris-buffered saline-Tween
20 (TBS-T). Antigen unmasking was performed by heating in a
tiered steamer in Trilogy buffer (Cell Marque 920-P) according
to the manufacturer’s protocol. Endogenous peroxidases were
blocked with 3.5% H,O, and sections were incubated overnight
at 4°C in primary antibody following blocking with 5% goat se-
rum (Jackson ImmunoResearch 005-000-121). The following pri-
mary antibodies were used: anti-CGRP (Cell Signaling 14959),
anti-N-MYC (Cell Signaling 51705), antiphospho Ser10 histone
H3 (EMD Millipore 06-570), anti-ASCL1 (BD, 556604), anti-NEU-
RODI1 (Abcam ab109224), anti-YAP1 (Cell Signaling, 14074), and
anti-MYC (Santa Cruz Biotechnology sc-764). Sections were then
incubated with biotin-conjugated secondary antibodies (Vector
Laboratories BA-1000) after which a biotin-peroxide complex
was formed using the VectaStain ABC kit (Vector Laboratories
PK-4000) Detection was carried out using 3,3’-diaminobenzidine
substrate (Vector Laboratories SK-4100). TUNEL assays were per-
formed using the POD in situ cell death detection kit (Roche
11684817910) according to the manufacturer’s protocol. Slides
were imaged using a Nikon E800 microscope and quantified at
100x magnification with three fields per section.

Cell proliferation analysis

Cells were seeded at 5000 cells per well in 96-well plates in
DMEM complete medium containing either 1 pg/mL doxycy-
cline (ON DOX condition) or no doxycycline (OFF DOX condi-
tion). Relative cell viability was assessed at days 1, 2, 3, and 4
using the Cell Counting Kit-8 kit (Dojindo CK04) according to
the manufacturer’s protocol.

Cell cycle analysis

Cells were plated in six-well plates in DMEM complete medium
containing either 1 pg/mL doxycycline (ON DOX condition) or
no doxycycline (OFF DOX condition). After 72 h of incubation,
cells were collected and fixed using ethanol and stained with pro-
pidium iodide (Sigma P4170). Stained cells were analyzed using a
FACS Canto II system. Gating and analysis were done using
Flow]Jo software.

gPCR and RT-qPCR

RNA was extracted from cell lines and tumor tissue by mechan-
ical disruption in TRIzol reagent (Invitrogen 15596026) and iso-
lated according to the manufacturer’s protocol. cDNA was
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generated using the iScript reverse transcription kit (Bio-Rad
1708840) according to the manufacturer’s protocol. DNA was ex-
tracted from tumor tissue and tails using a salt precipitation pro-
tocol (Chen et al. 2015). qPCR reactions were set up using the
SYBR Green-based All-in-One qPCR reagent (GeneCopoeia
AOPR-4000) and run on a 7900 real-time PCR system (Applied
Biosystems). Primers were used against MYCN (human and mu-
rine), Mycl, Myc, 47SITS, Gapdh, Slc25a4, and f2m (Supplemen-
tal Table S1).

Puromycin incorporation assay

Cells were plated in six-well plates in DMEM complete medium
containing either 1 pg/mL doxycycline (ON DOX condition) or
no doxycycline (OFF DOX condition). Cells were incubated
with 1 uM puromycin (Sigma P8833) for 30 min after which pro-
tein was extracted. Immunoblotting was then done using an anti-
puromycin antibody (EMD Millipore MABE343).

RNA-seq analysis

RNA was extracted from mouse lung tissue and cell lines by me-
chanical disruption in TRIzol reagent and isolated according to
the manufacturer’s protocol. Indexed RNA-seq libraries were gen-
erated using the Ultra RNA library preparation kit for lllumina
(New England BioLabs E753L) according to the manufacturer’s
protocol. Single-end sequencing was run on an Illumina HiSeq
2500 and reads were aligned to the mm9 genome build using
TopHat (Trapnell et al. 2009). Counts were generated from
TopHat alignments using the HTSeq software package and frag-
ment per kilobase per million (FPKM) expression values were
generated using CuffDiff (Trapnell et al. 2013; Anders et al.
2015). Genes with low counts (less than five mapped reads) across
conditions were discarded after which, differentially expressed
genes were identified using the EdgeR software package (Robin-
son et al. 2010) with an FDR cutoff of 0.05 set to determine signif-
icance. Lists of differentially expressed genes were analyzed using
the Enrichr (Kuleshov et al. 2016) application. Pathway and tran-
scriptional analyses were done by querying the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) (Kanehisa and Goto 2000),
ChIP Enrichment Analysis (Lachmann et al. 2010), and Encyclo-
pedia of DNA Elements (The ENCODE Project Consortium 2004)
respectively. Gene set enrichment analysis (GSEA) was run using
the FPKM values of each sample and analysis was done by query-
ing the Hallmark gene sets in the molecular signatures database.

CUT&RUN analysis

An RPMYCN-derived cell line (C3) was grown in the presence or
absence of DOX for 4 d after which cells were collected and bound
to concanavalin A beads (Polysciences, Inc. 86057-3) and permea-
bilized by suspension in a digitonin-containing buffer. Cells were
incubated overnight with an antibody against N-MYC (Santa
Cruz Biotechnologies sc-53993) and libraries were prepared for
CUT&RUN analysis according to a previously described protocol
(Skene and Henikoff 2017). Spike-in normalization was done us-
ing a yeast DNA spike-in. Sequences were aligned to the mouse
mm9 genome assembly using Bowtie2 (Langmead and Salzberg
2012) and peaks were called using MACS2 (Zhang et al. 2008).
Following peak calling, processing was carried out using bedtools
and the deepTools2 software package (Ramirez et al. 2016). Peaks
were identified as associated with a specific gene if they were
within 5 kb of the TSS.
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FACS analysis

Single-cell suspensions were generated from saline-perfused
mouse lungs using mechanical disruption, followed by a 15-min
digestion at 37°C in RPMI1640 containing 80 U/mL DNase (Wor-
thington Biochemical LS002007) and 300 U/mL collagenase type
1 (Worthington Biochemical LS004196). Digested lungs were
sheared through a 10-mL pipette, strained through 70-mm nylon
mesh, washed with RPMI1640 medium, lysed (RBCs), strained
through 40-um mesh, and ultimately resuspended in Dulbecco’s
PBS+2% FBS. Single-cell suspensions were incubated with
mouse TruStain FcX (BioLegend 101319) for at least 15 min on
ice prior to a 30-min immunostaining with fluorochrome-conju-
gated antibody cocktails (antibodies used are outlined in Supple-
mental Table S2). After the extracellular staining, cell pellets
were washed using 2% FBS + PBS, and Fixable viability dye eFluor
780 (eBioscience 501129035) was used to exclude dead cells
according to the manufacturer’s protocol. Stained cells were
then washed and fixed with IC fixation buffer (eBioscience
501129058). Samples were analyzed using a Symphony II analyz-
er. Compensation and gating analysis were performed using
FlowJo software.

PDX model generation

The generation and characterization of the FHSC14 PDX model
has been described previously (Augert et al. 2019). The FHSC23
PDX model was generated from the circulating tumor cells of a
chemonaive SCLC patient using previously described methodol-
ogy (Hodgkinson et al. 2014). Both models are propagated in the
flanks of NOD-SCID-y (NSG) mice. To generate MYCN- and
MYCL-overexpressing PDX models described in Figure 5 and Sup-
plemental Figure S7, human MYCN or MYCL cDNA was cloned
into the pLX304 lentiviral vector backbone (Addgene 25890) us-
ing Gibson assembly to generate pLX304 MYCN and pLX304
MYCL plasmids (Yang et al. 2011). A pLX304 plasmid containing
a stuffer sequence (pLX304 EMPTY) was used as a control vector.
Lentivirus was generated by cotransfection of 293TN cells with
either pLX304 EMPTY, MYCN, or MYCL plasmid along with
packaging plasmids psPAX2 (Addgene, 12260) and pMD2.G
(Addgene, 12259) using a calcium phosphate transfection proto-
col. Viral supernatants were collected 64 h after transfection, fil-
tered through a 0.45-um filter, and concentrated using a
Centricon-70 system (EMD Millipore UFC710008). Virus was re-
suspended in sterile PBS. For infection, PDX tumors were resect-
ed and digested for 20 min at 37°C in 1 mg/mL collagenase (Sigma
C5138) in PBS. Digested tissue was sequentially strained through
a 70-pm and 40-um mesh to generate a single-cell suspension that
was then plated in DMEM-F12 medium. Cells were then incubat-
ed with virus for a total of 4 h after which they were collected,
spun down, mixed 1:1 with Matrigel (Corning CB-40234) and re-
injected into NSG mice. To generate the MYCN- and MYCL-over-
expressing PDX models described in Figure 7, human MYCN or
MYCL cDNA was cloned into a pLVX-IRES-ZsGreen lentiviral
vector backbone using Gibson assembly to generate pLVX
MYCN, pLVX MYCL, or pLVX empty vectors (Pelish et al.
2015). Virus production and infection of FHSC14 cells was carried
out as described above. Once tumors from infected FHSC14 cells
grew out, the tumors were collected, digested as described above
and sorted using the FITC channel of an Aria 2 cell sorter. Sorted
cells were reinjected into NSG mice and allowed to grow out. Tu-
mors from these mice were then collected, digested and put
through another round of sorting to generate pure populations
of FHSC14 MYCN, FHSC14 MYCL, and FHSC14 empty control
cells (Supplemental Fig. S9A) that were then reinjected into
NSG mice.

MYCN and MYCL drive chemoresistance in SCLC

Drug treatment studies

For the experiments described in Figure 4, RP, RPMYCL, and
RPMYCN mice with sufficient tumor burden (as determined by
MRI) were randomly assigned to saline or cis—eto treatment
groups. Mice in the saline group were treated weekly with saline
while mice in the cis-eto group were treated with three weekly
cycles of chemotherapy consisting of 5 mg/kg cisplatin (Sigma
479306) on day 1 and 10 mg/kg etoposide (Sigma E1383) on
days 1,2, and 3. Thoracic MR images were collected on days 0,
14, and 21 and tumor volume was calculated using Image]J. For
the experiments described in Figures 5 and 7 and Supplemental
Figure S5, NSG mice were implanted with 1.0 x 10° disaggregated
cells from the modified FHSC14 or FHSC23 PDX models as de-
scribed above. Flank tumors were measured using calipers and tu-
mor volume was calculated using the formula for a prolate
ellipsoid: V=D x(d?/2), where V is volume, D is the major axis
of the tumor and d is the minor axis of the tumor (Hodgkinson
et al. 2014). Once flank tumor volume reached 150-250 mm?,
mice were randomized into saline, cis—eto, USP7i, or USP7i-
cis—eto treatment groups. Mice in the saline and cis—eto groups
were treated as described above. Mice in the USP7i group were
treated with a daily dose of either 100 mg/kg (Fig. 7A,B) or 50
mg/kg (Fig. 7C) from days O to 7 and days 15 to 21 (Fig. 7C).
Mice in the USP7i-cis—eto treatment group were given both
USP7i and cis—eto treatments as described above. In this group,
both USP7i and cis-eto treatment regimens were not given for
days 8-14. For the experiments described in Figure 6 and Sup-
plemental Figure S8, cells were seeded at 5000 cells per well in
96-well plates in DMEM complete medium containing 1 pg/mL
doxycycline and treated with doses of USP7i for 24 h after which
viability was assessed using Cell Titer Glo reagent (Promega
G7573) according to the manufacturer’s protocol. Dose response
curves were generated in GraphPad Prism 8 using a four-parame-
ter nonlinear regression curve fit.

Genome wide CRISPR-Cas9 screen

Cells from 3 RP and 3 RPMYCN cell lines were cultured in
DMEM complete media containing doxycycline as described
above. ~400 x 10° cells from each line were infected at MOI < 1
with lentivirus containing the mouse GeCKO lentiviral sgRNA
library v2 pool. Cells were then placed under puromycin selection
for 72 h after which 65 x 10° cells from each line were collected as
a PO reference while the remaining cells were passaged for 12 pop-
ulation doublings to generate a P12 end point. DNA was extracted
using a previously described salt precipitation protocol (Chen
etal. 2015). sgRNA libraries were generated using a previously de-
scribed PCR protocol and purified by running out on an agarose
gel electrophoresis (Chen et al. 2015). The libraries were then
quantified using a Kapa Biosystems library quantification kit
(Thermo Fisher KK4824) and sequenced using an Illumina HiSeq
2500. Demultiplexed reads were trimmed and aligned to the
mouse GeCKO sgRNA library using Bowtie (Langmead et al.
2009). Using the sgRNA read counts, we generated CRISPR
scores (as in [Wang et al. 2015]). Nontargeting control guides
were randomly binned in sets of six to generate a set of 166
NTC sgRNAs, prior to performing MAGeCK- MLE analysis to
identify essential genes in RP and RPMYCN lines (Li et al. 2014).

Statistics

All plots and statistics were generated using GraphPad Prism
8. For Kaplan-Meier curves, significance was determined using
a log-rank (Mantel-Cox) test. For immunohistochemistry, immu-
nofluorescence, cell cycle, cell proliferation, FACS, and MRI
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analyses significance between groups was determined using a
two-tailed unpaired Student’s t-test. Mixed model two-way
ANOVA was used to compare groups in the PDX model drug
treatment studies. Significance was then determined using
Tukey’s multiple comparisons test.
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