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Regulation of neuroendocrine plasticity by
the RNA-binding protein ZFP36L1

Hsiao-Yun Chen1,9, Yavuz T. Durmaz1,9, Yixiang Li1, Amin H. Sabet 1, Amir Vajdi2,
Thomas Denize3, Emily Walton3, Yasmin Nabil Laimon3, John G. Doench 4,
Navin R. Mahadevan1,3, Julie-Aurore Losman 1,5, David A. Barbie1,
Michael Y. Tolstorukov2, CharlesM. Rudin 6, Triparna Sen7, Sabina Signoretti3 &
Matthew G. Oser 1,8

Some small cell lung cancers (SCLCs) are highly sensitive to inhibitors of the
histone demethylase LSD1. LSD1 inhibitors are thought to induce their anti-
proliferative effects by blocking neuroendocrine differentiation, but the
mechanisms by which LSD1 controls the SCLC neuroendocrine phenotype are
notwell understood. To identify genes required for LSD1 inhibitor sensitivity in
SCLC, we performed a positive selection genome-wide CRISPR/Cas9 loss of
function screen and found that ZFP36L1, an mRNA-binding protein that
destabilizes mRNAs, is required for LSD1 inhibitor sensitivity. LSD1 binds and
represses ZFP36L1 and upon LSD1 inhibition, ZFP36L1 expression is restored,
which is sufficient to block the SCLC neuroendocrine differentiation pheno-
type and induce a non-neuroendocrine “inflammatory” phenotype. Mechan-
istically, ZFP36L1 binds and destabilizes SOX2 and INSM1 mRNAs, two
transcription factors that are required for SCLC neuroendocrine differentia-
tion. This work identifies ZFP36L1 as an LSD1 target gene that controls the
SCLC neuroendocrine phenotype and demonstrates that modulating mRNA
stability of lineage transcription factors controls neuroendocrine to non-
neuroendocrine plasticity.

Small-cell lung cancer (SCLC) is a high-grade neuroendocrine cancer
that accounts for 15% of lung cancers1–3. Most SCLC patients initially
respond to conventional chemotherapy, but nearly all experience a
recurrence of the disease for which there are currently no highly
effective treatment options. SCLCs are driven by near universal loss of
function (LOF)mutations in tumor suppressor genes RB1 and TP53 and
do not harbor recurrent mutations in a druggable oncogenic driver4–6,
which has made it challenging to identify therapeutic targets.

SCLC and acute myeloid leukemia (AML) cell lines are selectively
sensitive to inhibition of the histone demethylase LSD1, while nearly all
other cancer cell lines are inherently resistant7,8. This has inspired
development of several LSD1 inhibitors for clinical trials in SCLC and
AML patients7–11. Preclinical studies in SCLC cell lines and patient-
derived xenografts (PDXs) show that some SCLC models are highly
sensitive to LSD1 inhibitors while others are more resistant7,10. An
understanding of themolecularbasis forwhy someSCLCs are sensitive
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to LSD1 inhibitors could lead to the identification of biomarkers for
patient selection.

More than 70% of SCLCs highly express the lineage-specific neu-
roendocrine transcription factor ASCL13,4,12 that functions to tran-
scriptionally maintain SCLC in a neuroendocrine differentiation state,
which is necessary for SCLC tumorigenesis and survival13,14. LSD1 inhi-
bition downregulates ASCL1 and neuroendocrine differentiation in
some SCLC cell lines and ASCL1 downregulation correlates with LSD1
inhibitor sensitivity in SCLC cell lines and PDX models7. Similarly,
inhibition of KDM5A or the KDM5-family of histone demethylases also
represses ASCL1 expression15. Moreover, combined inhibition of LSD1
and KDM5 histone demethylases synergistically represses ASCL1 and
SCLC proliferation15. LSD1 or KDM5A inhibition upregulates NOTCH
and suppresses ASCL1 through a NOTCH-dependent mechanism7,15.
Both LSD1 andKDM5A areH3K4histonedemethylases that canonically
function to repress target genes, but have distinct substrate specifi-
cities. LSD1 preferentially demethylates mono- or di-methylated lysine
4 on histone 3 (H3K4) at enhancers, while KDM5A preferentially
demethylates tri-methylated H3K4 at promoters16–20. Therefore, LSD1
and KDM5Acould function in a cooperativemanner to repress NOTCH
and sustain the SCLCneuroendocrine phenotype. However, apart from
LSD1’s and KDM5A’s ability to repress NOTCH, it is not knownwhy only
some SCLCs are sensitive to LSD1 inhibition and how LSD1 and KDM5A
function to promote SCLC neuroendocrine differentiation and
survival.

Herein, we performed a genome-wide CRISPR/Cas9-positive
selection screen in a SCLC cell line treatedwith an LSD1 inhibitor alone
or combined with a KDM5 inhibitor. Our screen systematically
uncovered mechanisms required for LSD1 inhibitor sensitivity and
discovered critical target genes repressedby LSD1 that are required for
the ASCL1-driven SCLC neuroendocrine state and survival.

Results
CRISPR/Cas9-positive selection screen identifies genes required
for LSD1 inhibitor sensitivity in small-cell lung cancer
Combined LSD1 and KDM5 inhibition with the small molecular inhi-
bitors ORY-1001 and KDM5-C70, respectively, synergistically blocks
ASCL1 and cellular proliferation in some SCLC cell lines, including the
NCI-H1876 SCLC cell line where ORY-1001 combined with KDM5-C70
nearly completely represses ASCL1 and cellular proliferation15. To
systematically identify genes required for LSD1 and KDM5 inhibitor
sensitivity, we performed a CRISPR/Cas9-positive selection knockout
screen in the presence of ORY-1001 alone or ORY-1001 combined with
KDM5-C70. Given the strong positive correlation between decreased
ASCL1 expression and decreased proliferation upon LSD1 and/or
KDM5 inhibitor treatment7,15, we hypothesized that our screen would
also uncover genes that regulate ASCL1 and neuroendocrine differ-
entiation in SCLC.

NCI-H1876 cells were engineered to express Cas9 and then
infected with the genome-wide Brunello sgRNA library at an MOI of
~0.3 maintaining representation of >500 cells/guide for each arm of
the screen. Following puromycin selection and allowing time for
maximal CRISPR/Cas9 editing, puromycin-resistant cells were then
split into four arms with each arm treated with one of two low con-
centrations of the LSD1 inhibitor ORY-1001 (1 nM or 100nM), alone or
combined with the KDM5 inhibitor, KDM5-C70 (1μM) (Fig. 1a). After
24 days when there was selective growth of sgRNA-infected cells
compared to mock treated cells in the presence of drug (Fig. 1b), the
cells were harvested and their genomic DNA was isolated and sent for
deep sequencing. Analysis of sgRNA enrichment at the end timepoint
compared to the initial timepoint showed striking enrichment of some
sgRNAs in both biological replicates (Supplementary Fig. 1a–d).
Hypergeometric and STARS analysis revealed several highly statisti-
cally significant hits in the ORY-1001 and the ORY-1001/KDM5-C70

treatment arms (Fig. 1c–f; Supplementary Fig. 1e–h; and Supplemen-
tary Data 1). Our expected positive control KMT2C, an H3K4 methyl-
transferase whose enzymatic activity opposes the catalytic activity of
LSD1 at enhancers, scored asoneof the top hits in theORY-1001 screen
(Supplementary Fig. 1e) indicating that our screen was effective. A top
hit in the combined treatment arm was REST (Supplementary Fig. 1g,
h), a transcriptional repressor of neuronal genes21. REST is an LSD1-
target gene7,22 and a NOTCH-target gene that is necessary and suffi-
cient to induce a non-neuroendocrine subpopulation of cells during
SCLC tumorigenesis22,23. These results are consistent with previous
data demonstrating that LSD1 and KDM5 inhibitors mediate their anti-
proliferative effects through a NOTCH-dependent mechanism7,15 and
suggest that the NOTCH-dependent mechanism converges on REST.
Our screen also identified several novel hits that were not previously
linked to LSD1 or SCLC neuroendocrine differentiation (Fig. 1c–f and
Supplementary Fig. 1e–h). For example, the RNA-binding protein
ZFP36L1 scored as a top 5 hit in all arms of the screen and has not been
previously linked to LSD1 or KDM5 or studied in SCLC. Other hits were
selectively enriched in the combined treatment arms and comprisedof
genes within the same pathway including YAP1 andWWTR1 (TAZ); and
RUNX1 and its binding partner CBFB (Fig. 1e, f and Supplementary
Fig. 1g, h). Lastly, LZTR1, a regulator of RAS protein stability, selectively
scored in the ORY-1001 arm (Fig. 1c, d and Supplementary Fig. 1e, f).
Together, these findings suggest that our screen was robust and
uncovered several candidate genes required for sensitivity to LSD1
inhibition alone or combined LSD1/KDM5 inhibition.

ZFP36L1, REST, YAP1, and WWTR1, are LSD1 target genes de-
repressed by LSD1 inhibition
For further study, we focused on hits that were most highly sta-
tistically significant, hits that scored highly in multiple arms of
our screen, and hits where multiple genes within a pathway
scored. We reasoned that the hits would segregate into two broad
categories: LSD1 target genes normally repressed by LSD1 and de-
repressed by ORY-1001 thereby blocking cellular proliferation; or
genes that regulate parallel pathways that render the cell insen-
sitive to LSD1 inhibition, but whose mRNA expression is
unchanged by ORY-1001. To distinguish these possibilities, we
performed RT-qPCR in NCI-H1876 cells after ORY-1001 or ORY-
1001/KDM5-C70 treatment. The mRNAs of several hits including
ZFP36L1, REST [a known LSD1 target gene7,22], and YAP1 were
significantly upregulated after ORY-1001 treatment (Fig. 2a),
suggesting that these hits are LSD1 target genes de-repressed
upon ORY-1001 treatment and required for ORY-1001’s anti-
proliferative response. In contrast, ORY-1001 did not alter mRNA
expression of LZTR1, CBFB, and RUNX1 indicating that these genes
likely caused resistance by modulating the activity of parallel
pathways that normally function to promote LSD1 inhibitor sen-
sitivity. Combined treatment with ORY-1001 and KDM5-C70 did
not further upregulate mRNA expression of ZFP36L1, REST, YAP1,
and WWTR1. Therefore, subsequent validation efforts focused on
LSD1 inhibition alone.

We then asked whether ORY-1001 treatment induces ZFP36L1,
REST, YAP1, and WWTR1 mRNA expression across multiple ASCL1-
positive SCLC cell lines, which had very low expression of ZFP36L1,
REST, YAP1, and WWTR1 at baseline (Supplementary Fig. 2a–f). Con-
sistent with previous findings7, ORY-1001 repression of ASCL1 corre-
latedwith ORY-1001 sensitivity (Fig. 2b, c). ORY-1001 induced ZFP36L1,
REST, YAP1, and WWTR1 expression to variable degrees across these
multiple ASCL1-positive SCLC cell lines (Fig. 2d–g). ZFP36L1 and REST
were most highly induced in CORL47, NCI-H1092, and NCI-H2081 cells
(Fig. 2d, e); whereasYAP1 andWWTR1weremore selectively induced in
NCI-H1876 and NCI-H2066 cells (Fig. 2f, g).

To test whether LSD1 binds ZFP36L1, REST, YAP1, and WWTR1
directly, we performed LSD1 chromatin immunoprecipitation (ChIP)
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followed by qPCR (ChIP-qPCR) in NCI-H1876 and CORL47 cells. LSD1
binding regions in ZFP36L1, REST, YAP1, and WWTR1 were identified
using LSD1, H3K4me1, and H3K4me2 ChIP-sequencing data from
cistrome.db24,25 (Supplementary Fig. 3a–d). LSD1 inhibitors can dis-
place LSD1 from binding chromatin26 and therefore ChIP-qPCR was
performed in the presence or absence of ORY-1001. Compared to the

IgG isotype-matched control, LSD1 significantly bound to ZFP36L1 in
both CORL47 and NCI-H1876 cells, and binding was blocked by ORY-
1001 (Fig. 2h, i and Supplementary Fig. 3e, f). Collectively, our data
nominates ZFP36L1 as a novel LSD1 target gene (see Fig. 2) that is
required for LSD1 inhibitor sensitivity (see Fig. 1). Thus, we hereafter
focus on ZFP36L1.
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ZFP36L1 is repressed in small-cell lung cancer
ZFP36L1 is an mRNA-binding protein that binds AUUUA/
UUAUUUAUU motifs in the 3′UTR of target genes and degrades
their mRNA27. Previous work has demonstrated that ZFP36L1
promotes cell quiescence28 and functions as a tumor suppressor
in acute lymphoblastic leukemia (ALL)29. Interestingly, ZFP36L1
mRNA expression is only expressed at low levels in 3 cancer
types: SCLC; Neuroblastoma, a pediatric neural crest tumor that
like SCLC is ASCL1-dependent30; and AML, which like SCLC, is
uniquely sensitive to LSD1 inhibitors7–9 (Fig. 3a). Consistent with
the SCLC cell line data, RNA-sequencing from human SCLC
tumors shows that ZFP36L1 mRNA expression is markedly
reduced in SCLC compared to lung adenocarcinoma (Fig. 3b).
This was confirmed at the protein level by immunohistochemistry
(IHC) for ZFP36L1 using human lung tumor tissue microarrays
(TMAs) where ZFP36L1 protein levels were significantly lower in
SCLC TMAs compared to lung adenocarcinoma TMAs (Fig. 3c, d).
Moreover, ZFP36L1 protein was largely absent in the majority of
cells in mouse SCLC lung tumors derived from a CRISPR-based
SCLC genetically engineered mouse model (Fig. 3e, f) where
autochthonous lung tumors are generated by CRISPR/Cas9 edit-
ing of Rb1, Trp53, and Rbl2 in somatic cells in the lung15,31. In
contrast, ZFP36L1 protein is highly expressed in normal bronchial
epithelial cells in both mouse and human lungs (Supplementary
Fig. 4a, b), suggesting that ZFP36L1 protein is repressed in SCLC.
Interestingly, we noted subpopulations of cells within auto-
chthonous mouse SCLC tumors where ZFP36L1 is expressed, and
these subpopulations have relatively lower Ascl1 protein levels
(Fig. 3g), suggesting a negative correlation between ZFP36L1 and
ASCL1 expression.

LSD1 inhibitors block neuroendocrine differentiation and pro-
liferation in small-cell lung cancer through a ZFP36L1-
dependent mechanism
Time-course experiments after ORY-1001 in the ASCL1-positive
SCLC cell lines NCI-H1876, CORL47, and NCI-H69 confirmed that
ZFP36L1 expression is markedly induced after 7 to 8 days of ORY-
1001 treatment (Fig. 4a, b and Supplementary Fig. 5a–c). Similarly,
treatment with the structurally unrelated non-covalent LSD1 inhi-
bitor CC-9001110 induced ZFP36L1 expression and inhibited cel-
lular proliferation (Supplementary Fig. 5d–f). Compared with
ASCL1-positive SCLC cell lines (Fig. 2d and Supplementary
Fig. 5a–c), ZFP36L1 was either not induced or only weakly induced
by ORY-1001 or CC-90011 in 3 NEUROD1-positive SCLC cell lines
(Supplementary Fig. 5g–j), suggesting that de-repression of
ZFP36L1 after LSD1 inhibitor treatment is more selective in ASCL1-
positive SCLCs compared to NEUROD1-positive SCLCs.

Given that ZFP36L1 is: 1. Repressed in SCLC tumors and cell
lines; 2. Expressed in lung adenocarcinoma and in subpopula-
tions of SCLC tumors with lower ASCL1 expression; and 3.
Induced by LSD1 inhibitor treatment while ASCL1 is repressed, we
hypothesized that LSD1 repression of ZFP36L1 is required to
sustain ASCL1 and SCLC neuroendocrine differentiation. To test
this, we used CRISPR/Cas9 to generate NCI-H1876 and CORL47

cells that were either ZFP36L1-knockout (sgZFP36L1) or ZFP36L1-
WT (sgControl) and performed studies with ORY-1001 or CC-
90011. Both ORY-1001 and CC-90011 decreased ASCL1 mRNA
expression and protein levels, and blocked cellular proliferation
in NCI-H1876 and CORL47 sgControl cells (Fig. 4c–e and Sup-
plementary Fig. 6a–i). These effects were significantly attenuated
in NCI-H1876 and CORL47 sgZFP36L1 cells (Fig. 4c–e; Supple-
mentary Fig. 6a–i; and Supplementary Fig. 7a, b), demonstrating
that ZFP36L1 is necessary for the repression of ASCL1 and cellular
proliferation by LSD1 inhibitors. Similar to the LSD1 inhibitor
phenotypes above, CRISPR inactivation of ZFP36L1 significantly
attenuated the anti-proliferative effects caused by LSD1 CRISPR
inactivation in NCI-H1876 cells and nearly significantly atte-
nuated the proliferation defects caused by LSD1 inactivation in
CORL47 cells (p = 0.055) (Supplementary Fig. 8b–d, f, g). LSD1
CRISPR inactivation also induced ZFP36L1 expression in CORL47
and NCI-H1876 cells (Supplementary Fig. 8e, h).

We then used NCI-H1876 ZFP36L1-knockout or ZFP36L1-WT cells
treated with ORY-1001 (1 nM or 100nM) or DMSO to perform RNA-
sequencing (Supplementary Fig. 9 and Supplementary Data 2) fol-
lowed by gene set enrichment analysis (GSEA). ORY-1001 treatment of
sgControl cells dramatically reducedneuroendocrine genes andASCL1
target genes (Fig. 4f, g, j and Supplementary Fig. 10), which is con-
sistentwith a previous study7. ZFP36L1 knockoutmarkedly rescued the
loss of neuroendocrine genes and ASCL1 target genes caused by ORY-
1001 (Fig. 4h–j and Supplementary Fig. 10). These results demonstrate
that ZFP36L1 is required for LSD1 inhibitors to block neuroendocrine
differentiation.

Restoring ZFP36L1 blocks SCLC proliferation and neuroendo-
crine differentiation
We then asked if ZFP36L1 expression is sufficient to block neu-
roendocrine differentiation and cellular proliferation in SCLC. To
activate the endogenous ZFP36L1 locus, we co-expressed a deac-
tivated Cas9 fused to the transcriptional activator VP64 (dCas9-
VP64)32 and sgRNAs targeting the ZFP36L1 promoter in CORL47
cells. Two independent sgRNAs targeting the ZFP36L1 promoter
induced ZFP36L1 mRNA expression and protein expression in
CORL47 cells (Fig. 5a, b) and decreased protein levels of ASCL1 and
SOX2, another lineage-specific transcription factor required for
SCLC survival and lineage plasticity in neuroendocrine prostate
cancer6,33 (Fig. 5b). This correlated with a decrease in cellular
proliferation (Fig. 5c). Similarly, exogenous expression of ZFP36L1
decreased ASCL1 and SOX2, and markedly decreased cellular
proliferation in CORL47 and NCI-H69 cells (Fig. 5e, f and Supple-
mentary Fig. 11a, b). We then engineered a ZFP36L1 mRNA-binding
mutant where 8 cysteines or histidines are mutated to alanines,
which was previously shown to block the ability of ZFP36L1 to bind
mRNA34 (Fig. 5d), and expressed the ZFP36L1-mRNA-binding
mutant or ZFP36L1-WT constitutively or inducibly (using a DOX-
ON system) in CORL47 cells. Re-expression of ZFP36L1 WT, but not
the ZFP36L1-mRNA-binding mutant, decreased neuroendocrine
differentiation and cellular proliferation (Fig. 5e–h). Similar phe-
notypes were observed in NCI-H69 cells engineered to

Fig. 1 | CRISPR/Cas9-positive selectionscreen identifies genes required for LSD1
inhibitor sensitivity in small-cell lung cancer. a Schema for the CRISPR/Cas9-
positive selection screen in NCI-H1876 Cas9 cells infected with the Brunello sgRNA
library. Following selection, cells were treated with one of two low concentrations
of the LSD1 inhibitor ORY-1001 (1 or 100 nM) alone or combined with the KDM5
inhibitor, KDM5-C70 (1μM), and then harvested at day 35when the sgRNA-infected
cells showed resistance. b Representative brightfield images of NCI-H1876 Cas9
cells infectedwith the Brunello sgRNA library ormock-infected at the day 35 screen
endpoint. Scale bar = 20μm.At least two representative imageswereacquired from

each plate from all drug conditions for each biological replicate of the screen and
two representative images were acquired for all drug conditions of the mock
treated cells. c–f Hypergeometric analysis from the positive selection CRISPR/
Cas9 screen on day 35 relative to the early timepoint prior to drug treatment (day
11) of NCI-H1876 Cas9 cells infected with the Brunello sgRNA library and then
treatedwithORY-1001 (1 nM) (c), ORY-1001 (100nM) (d), ORY-1001 (1 nM) +KDM5-
C70 (1μM) (e), or ORY-1001 (100nM) + KDM5-C70 (1μM) (f). For c–f, n = 2 biolo-
gical independent experiments and statistics were calculated using the hypergeo-
metric distribution.
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constitutively express ZFP36L1-WT or the ZFP36L1-mRNA-binding
mutant (Supplementary Fig. 11a, b). This demonstrates that
ZFP36L1 expression is sufficient to block ASCL1 neuroendocrine
differentiation and cellular proliferation in SCLC and that these
phenotypes require ZFP36L1’s mRNA-binding activity.

ZFP36L1 binds SOX2 and INSM1 to block neuroendocrine
differentiation
We next sought to identify candidate ZFP36L1 mRNA substrates that
control SCLC neuroendocrine differentiation and cellular prolifera-
tion. Analysis of a select set of neuroendocrine transcription factors
showed that the 3′UTRs of SOX2 and INSM1, but not of ASCL1, contain
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the canonical AUUUA binding motifs for ZFP36L1 (Supplementary
Fig. 12a). SOX2 and INSM1 are dependencies in some SCLC cell lines35.
We therefore hypothesized that ZFP36L1 binding and downregulating
SOX2 and INSM1 mRNAs could be responsible for ZFP36L1’s ability to
blockneuroendocrinedifferentiation andproliferation. To test this,we
performed RNA-binding protein immunoprecipitation (RIP) with
FLAG-tagged or V5-tagged ZFP36L1 WT or the ZFP36L1 mRNA-binding
mutant in CORL47 cells followed by RT-qPCR for SOX2 and INSM1. RT-
qPCR was also performed for previously identified ZFP36L1 targets
including E2F1 and CDK234 as positive controls and ASCL1 and GAPDH
as negative controls. ZFP36L1WT, but not the ZFP36L1-mRNA-binding
mutant, bound to themRNAs of SOX2, INSM1, E2F1, and CDK2, but not
ASCL1 or GAPDH (Fig. 5i, j and Supplementary Fig. 12b, c). We next
asked whether ZFP36L1 WT binds and downregulates the 3′UTRs of
SOX2 and INSM1 in cells. To do this, we first engineered 293 T cells to
exogenously express ZFP36L1 WT or the ZFP36L1 mRNA-binding
mutant (Fig. 5k) and then transfected these cells with the 3′UTR of
SOX2 or INSM1 fused to RenSP luciferase or an empty vector control.
ZFP36L1 WT expression, but not expression of the ZFP36L1 mRNA-
binding mutant, significantly reduced the bioluminescence signal of
the SOX2 or INSM1-3′UTR with no effect on the empty vector control
(Fig. 5l, m). Treatment of CORL47, NCI-H1876, and NCI-H69 SCLC cell
lines with SOX2 siRNAs or INSM1 siRNAs potently decreased ASCL1
protein levels compared to the non-targeting siRNA control (Fig. 5n, o)
showing that SOX2 or INSM1 loss phenocopies ZFP36L1 re-expression
with respect to ASCL1. Together, these data demonstrate that ZFP36L1
binds and destabilizes the 3′UTRs of SOX2 and INSM1.

Restoring ZFP36L1 expression induces a non-neuroendocrine
phenotype with “inflammatory” features
An “inflammatory” subtype of SCLC that lacks neuroendocrine mar-
kers, restoresMHCclass I antigenpresentation, and ismore responsive
to immune checkpoint blockade has recently been described36–38.
Since ZFP36L1 and ASCL1 are expressed in mutually exclusive sub-
populations in mouse SCLC tumors (Fig. 3g) and ZFP36L1 re-
expression causes loss of neuroendocrine differentiation in SCLC cell
lines (Fig. 5), we hypothesized that cells with restored ZFP36L1
expression would acquire markers that resemble the “inflammatory”
subtype. To test this, we used CORL47 expressing 2 independent
sgRNAs that activate endogenous ZFP36L1or a non-targeting sgRNAas
a control (see Fig. 5a) and performed RNA-sequencing followed by
GSEA (Supplementary Data 3). Differential expression analysis
demonstrated that endogenous ZFP36L1 activated cells highly
expressed canonicalHLAgenes includingHLA-B andHLA-C (Fig. 6a, b).
Consistent with this, GSEA showed significant enrichment of gene sets
of epithelial–mesenchymal transition and interferon gamma response
in ZFP36L1 activated cells (Fig. 6c, d) and loss of neuroendocrine
markers and ASCL1 target genes (Fig. 6e, f). We then asked whether
ZFP36L1 expression in human SCLCs correlated with the “inflamma-
tory” subtype of SCLC. Bulk RNA-sequencing data from human SCLCs
that were previously characterized as MHC class I high vs. MHC class I
low38 showed that ZFP36L1 expression was significantly higher in MHC
class I high tumors compared to MHC class I low tumors (Fig. 6g). We
then analyzed single-cell RNA-seq data from 2 paired human SCLCs

before and after cisplatin recurrence where a subpopulation of ASCL1/
INSM1-low, inflammatory-high tumor cells emerged after cisplatin
recurrence37. Consistent with our data above, ZFP36L1 was expressed
in the inflammatory tumor cell subpopulation that emerged after cis-
platin recurrence while its expression was largely absent in the ASCL1/
INSM1-high neuroendocrine populations (Fig. 6h, i and Supplementary
Fig. 13a–d). Lastly, ZFP36L1 expression significantly positively corre-
lated with markers of the inflammatory subtype including AXL and
TAP137,38 and significantly negatively correlatedwith INSM1 in SCLC cell
lines (Supplementary Fig. 13e–g). These correlations also held true in
human neuroblastoma; another neuroendocrine tumor (Supplemen-
tary Fig. 13h–k). Together, these results demonstrate that restoring
ZFP36L1 can functionally induce a non-neuroendocrine state that
resembles the “inflammatory” subtype of SCLC and ZFP36L1 expres-
sion is highly correlated with the “inflammatory” subtype of SCLC in
human tumors.

ZFP36L1 induction correlates with sensitivity to ORY-1001 in
SCLC patient-derived xenograft models
To further investigate whether ZFP36L1 is induced by LSD1 inhibitors
in SCLC preclinical models in vivo, we interrogated a publicly available
RNA-seq dataset of SCLC patient-derived xenograft (PDX) models that
were treated with ORY-1001 and displayed a variable response to ORY-
10017. All PDXmodels expressed ASCL1 except LX33, which expressed
NEUROD1 (Supplementary Fig. 14a, b). ORY-1001 induced a near
complete response in the FHSC04 model, while most other models
were partially sensitive, and the LX33model was completely resistant7.
We first included the hits from each arm of our ORY-1001/KDM5-C70
combination screenwith a q-value cutoff of less than 0.25 as a gene set
and asked whether there were differences in enrichment of the hits
measured using an area under the curve (AUC) algorithm (see Meth-
ods) in theORY-1001 sensitive vs. resistant PDXmodels at baseline.We
found enrichment of expression of screen hits in the FHSC04 highly
sensitive model and relative depletion of screen hits in the LX33
resistant model (Fig. 7a and Supplementary Fig. 15b–d) with no chan-
ges in AUC in the enrichment hits from the untreated DMSO arm
(Supplementary Fig. 15a), suggesting that high baseline expression of
genes that are required for ORY-1001 sensitivity positively correlates
with the baseline sensitivity of SCLCPDXmodels toORY-1001.Wenext
used the RNA-seq data set from these SCLC PDX models treated with
ORY-1001 or DMSO ex vivo and performed an unsupervised hier-
archical clustering analysis of mRNAs induced by ORY-1001 relative to
DMSO for each model. Strikingly, we found that ZFP36L1 and REST are
highly upregulated upon ORY-1001 treatment across all models, but
that the magnitude of ZFP36L1 induction correlates strongly with
baseline ORY-1001 sensitivity of each model with the highest magni-
tude of ZFP36L1 induction in the FHSC04 highly sensitive model and
no ZFP36L1 induction in the LX33 resistant model (Fig. 7b and Sup-
plementary Fig. 16a–c). In contrast, the LSD1 target gene REST22 was
induced across all models and its magnitude of induction did not
correlate with ORY-1001 sensitivity (Fig. 7b and Supplementary
Fig. 16a–c). Furthermore, ZFP36L1 mRNA expression was one of the
most significantly upregulated genes uponORY-1001 treatment in vivo
in the FHSC04 highly sensitive model (Supplementary Fig. 16d, e).

Fig. 2 | ZFP36L1, REST, YAP1, andWWTR1 are bound by LSD1 and de-repressed
by LSD1 inhibition. a RT-qPCR of NCI-H1876 cells treated with ORY-1001 (1 nM) or
ORY-1001 (1 nM) + KDM5-C70 (1μM) for 6 days. n = 4 biological independent
experiments. b, d–g RT-qPCR for ASCL1 (b), ZFP36L1 (d), REST (e), YAP1 (f), and
WWTR1 (g) in different human SCLC cell lines treated with ORY-1001 (100nM) or
DMSO for 6 days. For b, n = 3 biological independent experiments. For d–g, n = 3
biological independent experiments for all cell lines except CORL47 andNCI-H1876
where n = 4 biological independent experiments. c Cellular proliferation of human
SCLC cell lines treated with ORY-1001 (100nM) for 6 days relative to the cells

treated with DMSO. n = 3 biological independent experiments. h, i ChIP-qPCR of
NCI-H1876 (h) and CORL47 (i) cells treated with ORY-1001 (100 nM) or DMSO for
6 days followed by immunoprecipitation (IP) for LSD1 and qPCR for the genes
indicated. See Supplementary Fig. 3a–d for the identification of enrichment peaks
in the genes where LSD1 is bound. For h, i, n = 4 biological independent experi-
ments for all LSD1 ChIP experiments and n = 2 biological independent experiments
for all control IgG ChIP experiments. For all panels, data are presented as mean
values +/– SEM. Statistical significance was calculated using unpaired, two-tailed
students t-test and p-values are indicated on each figure panel.
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Together, these data show that ZFP36L1 induction after ORY-1001
treatment correlates with response to ORY-1001 in SCLC PDXmodels.

We also asked whether ZFP36L1 induction correlates more
broadlywith LSD1 inhibitor sensitivity across other cancer cell lines. To
test this, we first treated SCLC, NSCLC, and AML cell lines with ORY-
1001 and performed RT-qPCR for ZFP36L1 and REST and measured

cellular proliferation. In our initial screening panel, ORY-1001 inhibited
proliferation in only 2 cell lines: the CORL47 SCLC cell line and the
THP1 AML cell line (Fig. 7c). Strikingly, these cell lines were the only
ones where ZFP36L1 mRNA was induced (Fig. 7d and Supplementary
Fig. 17a). In contrast, RESTmRNAwas induced in CORL47 cells but not
in THP1 cells (Fig. 7e and Supplementary Fig. 17b), suggesting that
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REST upregulation tracks with the neuroendocrine SCLC lineage, but
not with ORY-1001 sensitivity across cancer cell lines. To further
explore whether ZFP36L1 induction correlates with ORY-1001 sensi-
tivity in AML, we examined additional AML cell lines and found that 4
of the 7 AML cell lines were sensitive to ORY-1001 (Fig. 7f). ZFP36L1
mRNA and protein were induced in 3 (HEL, THP1, and NOMO1) of the 4
ORY-1001-sensitive cell lines (Fig. 7g and Supplementary Fig. 17c, d).
ORY-1001 treatment did not induce ZFP36L1 in the 3 resistant AML cell
lines (K562, HL60, U937) (Fig. 7g and Supplementary Fig. 17d). Similar
to our findings in SCLC (see Fig. 4), CRISPR-mediated ZFP36L1 inacti-
vation caused near complete resistance to ORY-1001 in 2 of the 3 AML
cell lines (Fig. 7h, i) with the exception beingHEL cells, which showed a
weaker induction of ZFP36L1 protein expression upon ORY-1001
treatment (Fig. 7g). Overall, our data demonstrates that ZFP36L1
induction correlates with ORY-1001 sensitivity and that ZFP36L1 is
functionally required for ORY-1001 sensitivity in SCLC and AML.

Discussion
SCLC and AML are selectively sensitive to LSD1 inhibition7–10 with
ongoing clinical trials testing LSD1 inhibitors in SCLC and AML
patients11. Previous work demonstrated that LSD1 and KDM5 inhibitors
promote loss of ASCL1 and neuroendocrine differentiation through a
NOTCH-dependent mechanism7,15. Consistent with previous findings,
our CRISPR/Cas9 LSD1 +KDM5 inhibitor resistance screen found that
the NOTCH-target gene REST, which is necessary and sufficient for
non-neuroendocrine plasticity in SCLC23 and an LSD1 target gene in
SCLC7,22, is required for LSD1 +KDM5 inhibitor sensitivity. This sug-
gests that LSD1 +KDM5’s NOTCH-dependent control of ASCL1 and
neuroendocrine differentiation converges on its ability to repress
REST. We primarily focused on the mRNA-binding protein
ZFP36L1 since ZFP36L1 was a top hit in all 4 arms of our screen, is
selectively repressed in SCLC, and, to our knowledge, has never been
studied in SCLC. We found that LSD1 binds and represses ZFP36L1
expression. Upon LSD1 inhibition, ZFP36L1 expression is restored,
which blocks neuroendocrine differentiation and SCLC proliferation.
Our data suggests that ZFP36L1 repression by LSD1 is more selective
for the ASCL1-positive SCLCs compared to NEUROD1-positive SCLCs,
but future studies using a larger number of NEUROD1-subtype and
POU2F3-subtype preclinical models are needed to determine whether
LSD1’s repression of ZFP36L1 is specific for the ASCL1-subtype.

ZFP36L1 has previously been shown to function as a tumor sup-
pressor in other cancers through its ability to bind AU-rich elements in
the 3′UTR of mRNAs leading to mRNA destabilization and tumor
suppression29,34. Previous identified mRNA targets of ZFP36L1 include
mRNAs that drive proliferation in other cancers including Cyclin D,
E2F1, and NOTCH29,34. Our results are consistent with these studies
identifying ZFP36L1 as a tumor suppressor in SCLC, where it also
possesses the ability to bind and downregulate mRNAs that promote
SCLC neuroendocrine differentiation including INSM1 and SOX2.
SOX2 is required for SCLC proliferation6 and is necessary for neu-
roendocrine lineage plasticity upon resistance to anti-androgen
directed therapy in prostate cancer33. INSM1 is a neuroendocrine

transcription factor marked by superenhancers39, is a dependency in
some SCLC cell lines35, and is used as an immunohistochemical marker
to diagnose SCLC40. Together with these previous findings, our data
nominate SOX2 and INSM1 mRNAs as critical targets of ZFP36L1
required for its ability to block neuroendocrine differentiation and
SCLC proliferation. ZFP36L1’s control of SCLC neuroendocrine differ-
entiation is likely not limited to its regulation of SOX2 and INSM1.
Future studies will focus on comprehensively identifying ZFP36L1
target mRNAs that control SCLC neuroendocrine differentiation and
survival.

ZFP36L1 is highly repressed in ASCL1-positive SCLCs, but is
expressed in most other solid tumors, suggesting that ZFP36L1
repression could be selected for during SCLC tumorigenesis. ZFP36L1
is likewise expressed at low levels in other ASCL1-positive neu-
roendocrine tumors including neuroblastoma, that like SCLC, are
dependent on ASCL130, suggesting that low ZFP36L1 expression is a
common feature across high-grade neuroendocrine tumors. We
hypothesize that ZFP36L1 repression is required to sustain ASCL1-
subtype neuroendocrine differentiation during SCLC tumorigenesis.
Consistent with its role in neuroendocrine SCLC, ZFP36L1was recently
identified as a negative regulator of neuronal differentiation41. We
identified subpopulations inmouse SCLC tumors that express ZFP36L1
and have relatively lower ASCL1 expression compared to the bulk of
cells within these tumors that are ASCL1-positive and ZFP36L1-
negative. An “inflammatory” subtype of human SCLC has recently
been identified, which has increased immunogenicity, is more
responsive to immune checkpoint blockade (ICB), and can emerge in
subpopulations of tumors cells that lose ASCL1 after recurrence from
chemotherapy36–38. We found that ZFP36L1 is highly expressed in the
inflammatory subtype of human SCLC and that restoring endogenous
ZFP36L1 expression caused loss of neuroendocrine differentiation and
promoted an “inflammatory” phenotype. Our results suggest that
restoring ZFP36L1 expression in SCLC can drive plasticity toward this
“inflammatory” subtype, which could be leveraged therapeutically.
LSD1 inhibition is onemechanism bywhich ZFP36L1 expression can be
restored and has been shown to cooperate with PD-1 ICB in preclinical
models of melanoma42. Given our data linking ZFP36L1 to the inflam-
matory subtype of SCLC, which ismore responsive to ICB, it is possible
that LSD1 inhibition could cooperate with ICB in SCLC. Moreover,
given the potent growth suppressive effects we observed after
ZFP36L1 re-expression and its ability to promote an inflammatory-like
state, it will be important to determine whether inhibition of other
repressive epigenetic modifiers such as EZH2 and KDM5A that have
been previously linked to the SCLC neuroendocrine phenotype, SCLC
survival, and immunogenicity15,38,43–45 also restore ZFP36L1 expression
and if so, whether their inhibition is additive/synergistic with LSD1
inhibition. This could lead to combination therapeutic strategies that
cooperatively restore ZFP36L1 promoting tumor suppression and
increasing tumor immunogenicity.

Recent evidence has uncovered plasticity between subtypes of
SCLC. For example, MYC can drive SCLC plasticity from an ASCL1 to a
NEUROD1 state and eventually into a non-neuroendocrine phenotype
that lacks both ASCL1 and NEUROD146. MYC can also drive SOX9-

Fig. 3 | ZFP36L1 is repressed in small-cell lung cancer. a Boxplot of ZFP36L1
mRNA expression in cell lines from the cancer cell line encyclopedia (CCLE) RNA-
sequencing dataset. AML, SCLC, and Neuroblastoma are highlighted in red. The
number of cell lines of each cancer type (n) is indicated on the x-axis of the figure
panel. Top edge and bottom edge of the boxplot are 75% and 25%, top and bottom
whiskers are max and min, and the center line is median. b ZFP36L1 mRNA
expression in human SCLC and lung adenocarcinoma tumors normalized to ACTB
from publicly available RNA-sequencing data on cbioportal.org54. n = 81 SCLC
tumors, n = 747 lung adenocarcinoma tumors. c Representative IHC for ZFP36L1
from human tissue microarrays (TMAs) of SCLC and lung adenocarcinoma. Bar =
100μm. d Quantitation of all SCLC and lung adenocarcinoma specimens on the

TMAs. n = 41 SCLC tumors, n = 31 lung adenocarcinoma tumors. e Representative
IHC for ZFP36L1 inmouse SCLC lung tumors from aCRISPR-based SCLCgenetically
engineered mouse model. Scale Bar: left = 1 cm, right = 100μm. f Quantitation of %
positive ZFP36L1 cells in SCLCmouse tumors. n = 8 lung tumors from independent
mice. g Pseudo-colored ZFP36L1 and ASCL1 IHC highlighting the negative corre-
lation between ZFP36L1 and ASCL1. These are representative images from eight
lung tumors from independent mice stained with ZFP36L1 and ASCL1. Bar = 100
μm. For b, d, f, data are presented as mean values +/– SEM. Statistical significance
was calculated using unpaired, two-tailed students t-test and p-values are indicated
on each figure panel.
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driven tumors when ASCL1 is genetically inactivated47, suggesting that
SCLCs can promote plasticity through MYC and become ASCL1-
independent. We have identified a new mechanism of plasticity in
SCLC through ZFP36L1-dependent regulation of mRNA stability that
promotes non-neuroendocrine plasticity toward an “inflammatory”
state, which is inducedby LSD1 inhibition. LSD1 inhibitors are currently

being tested in patients with SCLC. It will be interesting to determine
whether non-neuroendocrine “inflammatory” tumor cells with
restored ZFP36L1 emerge as a resistancemechanism to LSD1 inhibitors
to evade SCLCs inherent neuroendocrine dependence. Moreover,
trans-differentiation from EGFR-Mutant adenocarcinoma to SCLC
occurs as a mechanism of resistance to EGFR inhibitors48,49
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representing plasticity between histological subtypes of lung cancer.
Future studies can test whether LSD1 inhibition combined with EGFR
inhibitors could prevent trans-differentiation to SCLC in patients with
EGFR-Mutant adenocarcinoma, which could be particularly beneficial
for EGFR-Mutant adenocarcinomas with concurrent RB1 and TP53
mutations that are at higher risk for SCLC trans-differentiation50.

LSD1 inhibitors show activity in preclinical models of SCLC and
AML and clinical trials are ongoing. However, even in preclinical
models, there is differential sensitivity among models, suggesting the
need for a predictive biomarker for patient selection. We found that a
limited gene set of hits from our CRISPR/Cas9 screen was enriched in
the highly sensitive SCLC PDX model and relatively depleted in the
resistant model. However, this was a limited data set and larger num-
ber of PDXmodels, or preferably patient samples, areneeded.Wewere
unable to find a single biomarker that was predictive of response. Our
data confirms previous findings that ASCL1 downregulation after LSD1
inhibitor treatment correlates with sensitivity7, but ASCL1 expression
alone was not predictive of LSD1 inhibitor sensitivity. We found that
ZFP36L1 induction after LSD1 inhibitor treatment correlated with
response in SCLC PDX models. Future studies are needed to identify
predictive biomarkers to identify subsets of SCLC patients that are
more likely to have benefit from LSD1 inhibitors.

Methods
Cell lines and cell culture
NCI-H1876 (obtained 11/2016), NCI-H1092 (obtained in 11/2018), NCI-
H2081 (obtained in 11/2018), NCI-H526 (obtained 10/2019), NCI-H1618
(obtained 1/2020), NCI-H2066 (obtained 1/2020), NCI-H82 (obtained
11/2016), NCI-H446 (obtained 11/2016), and 293FT cells were originally
obtained fromAmerican Type CultureCollection (ATCC). CORL47 and
CORL279 were obtained from Sigma (11/2018). NCI-H69 cells were a
kind gift from Dr. Kwok-kin Wong’s laboratory (New York University,
obtained 8/2014). HEL, THP1 NOMO1, MOL14, K562, HL60 and U937
were a kind gift formDr. Julie-Aurore Losman’s laboratory at DFCI (10/
2020). HCC4006, CALU3, and PC9 cellswere a kind gift Dr. Pasi Janne’s
laboratory at DFCI (7/2020).

CORL47, CORL279, NCI-H526, NCI-H69, NCI-H82, NCI-H446,
HCC4006, CALU3, PC9, HEL, THP1, NOMO1, MOL14, K562, HL60, and
U937 cells were maintained in RPMI-1640 media supplemented with
10% fetal bovine serum (FBS), 100U/mL penicillin (P), and 100μg/mL
streptomycin (S). 293FT cells were maintained in DMEM media with
10% FBS and P/S. NCI-H1092, NCI-H1618, NCI-2066, NCI-H1876, and
NCI-H2081 weremaintained in DMEM/F12 with 5% FBS, P/S, and HITES
[10 nM hydrocortisone, Insulin-Transferrin-Selenium (Gemini), and
10 nM beta-estradiol].

Early passage cells of all the cell lines listed above were frozen
using Bambanker’s freezing media (Bulldog Bio) and were maintained
in culture no more than 4 months where early passage vials were
thawed. Where indicated, the following chemicals (stored at −20 ˚C or
−80 ˚C) were also added to the media: doxycycline (stock 1mg/mL in
H20), KDM5-C70 (Xcessbio #M60192-2, stock 10mM in DMSO), or

ORY-1001 (Selleck #S7795, stock 10mM in DMSO), or CC-90011 (Sell-
eck #S0356, stock 10mM in DMSO).

sgRNA cloning
sgRNA sequences were designed using the Broad Institutes sgRNA
designer tool (http://portals.broadinstitute.org/gpp/public/analysis-
tools/sgrna-design) and synthesized by IDT technologies. The sense
and anti-sense oligonucleotides were mixed at equimolar ratios (0.25
nanomoles of each sense and anti-senseoligonucleotide) and annealed
by heating to 100 °C in annealing buffer (1x annealing buffer 100mM
NaCl, 10mMTris-HCl, pH7.4) followedby slowcooling to 30 °C for 3 h.
The annealed oligonucleotides were then diluted at 1:400 in 0.5x
annealing buffer.

For CRISPR/Cas9 loss of function experiments, the annealed oli-
gos were ligated into plentiGuide-sgRNA-P2A-mCherry-Puro51 for all
experiments in SCLC or into lentiCRISPR V2-Neo (Addgene #52961
where the puromycin resistance gene was replaced with the G418
resistance gene) for experiments in AML and PC9 cells. For CRISPR
activation experiments, the annealed oligos were ligated into
pXPR_502 (Addgene #96923) vectors. Ligations were done with T4
DNA ligase for 2 h at 25 °C. The ligation mixture was transformed into
HB101 competent cells. Ampicillin-resistant colonies were screened by
restriction digestion of miniprep DNAs and subsequently validated by
DNA sequencing.

The following sgRNA oligos were used for plentiGuide-sgRNA-
P2A-mCherry-Puro vector for CRISPR knockout experiments with
ZFP36L1:

human ZFP36L1-1 sense (5′-CACCGGCTGTCTCGCGAGCTCAG
AG-3′),
human ZFP36L1-1 anti-sense (5′-AAACCTCTGAGCTCGCGAGACA
GCC-3′),
human ZFP36L1-2 sense (5′-CACCGAGGGGCAAAAGCCGATG
GTG-3′),
human ZFP36L1-2 anti-sense (5′-AAACCACCATCGGCTTTTGCCC
CTC-3′),
human NO_SITE_110 sense (5′-CACCGCTAATCACGACCTCACCC
TA-3′),
human NO_SITE_110 anti-sense (5′-AAACTAGGGTGAGGTCGTGA
TAGC-3′).
The following sgRNA oligos were used for plentiGuide-sgRNA-

Puro vector for CRISPR knockout experiments with ZFP36L1 in Sup-
plementary Fig. 7:

human ZFP36L1-3 sense (5′-CACCGAAACGGTGCCTGTAAGTA
CG-3′),
human ZFP36L1-3 anti-sense (5′-AAACCGTACTTACAGGCACCG
TTTC-3′),
human ZFP36L1-4 sense (5′-CACCGGGGTGACTGAGTGCCTCCG
A-3′),
human ZFP36L1-4 anti-sense (5′-AAACTCGGAGGCACTCAGTCA
CCCC-3′),
human ZFP36L1-5 sense (5′-CACCGAGTTGAGCATCTTGTTACC
C-3′),

Fig. 4 | LSD1 inhibitors block neuroendocrine differentiation and proliferation
in small-cell lung cancer through a ZFP36L1-dependent mechanism.
a, b Immunoblot analysis of NCI-H1876 cells (a) and CORL47 cells (b) treated with
ORY-1001 (100 nM) for 6, 7, and 8 days. c–e Immunoblot analysis (c), RT-qPCR (d),
and quantitation of cell counts (e) of NCI-H1876 Cas9 cells infected lentiviruses
encoding an sgRNA targeting ZFP36L1 (sgZFP36L1) or a non-targeting sgRNA
(sgControl) and then treatedwithORY-1001 (1 nMand 100nM) orDMSO for 7 days.
Ford,n = 2biological independent experiments. For e,n = 3biological independent
experiments. For e, data are presented as mean values +/– SEM. For d, e statistical
significance was calculated using unpaired, two-tailed students t-test and p-values
are indicated on each figure panel. f, h Volcano plot of RNA-sequencing (RNA-seq)

data showing the log2 fold-change and –log10 p-value of gene expression com-
paring NCI-H1876 sgControl cells treated with ORY-1001 (1 nM) or DMSO (f) or
comparing NCI-H1876 sgZFP36L1 cells treated with ORY-1001 (1 nM) vs.
H1876 sgControl cells treated with ORY-1001 (1 nM) (h). ASCL1 and INSM1 are
indicated in red and blue, respectively. For f, h, n = 2 biological independent
experiments. g, i Gene set enrichment analysis (GSEA) of RNA-seq data in f (g) or
h (i) of the Top 100 Neuroendocrine genes. FDR q-values are indicated. j Heatmap
from the RNA-seq experiment in f-i of the cells indicated of the top 20 Neu-
roendocrine Genes from the Top 100Neuroendocrine gene set. Red denotes genes
with high expression, and blue denotes genes with low expression.
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human ZFP36L1-5 anti-sense (5′-AAACGGGTAACAAGATGCTCAA
CTC-3′),
human ZFP36L1-6 sense (5′-CACCGTGCCGCACCTTCCACACC
AT-3′),

human ZFP36L1-6 anti-sense (5′-AAACATGGTGTGGAAGGTGCG
GCAC-3′)
human non-targeting_C0111 sense (5′-CACCGGGAGGCTAAGCG
TCGCAA −3′),
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human non-targeting_C0111 anti-sense (5′-AAACTTGCGACGCTT
AGCCTCCC-3′).
The following sgRNA oligos were used for lenti-sgRNA neo

(addgene #104992) for LSD1 CRISPR inactivation rescue experiments
in Supplementary Fig. 8:

human LSD1-1 sense (5′v-CACCGCTAAATAACTGTGAACTC
GG-3′),
human LSD1-1 anti-sense (5′-AAACCCGAGTTCACAGTTATTT
AGC-3′),
human LSD1-2 sense (5′-CACCGTGAGAAGTCATCCGGTCA
TG-3′),
human LSD1-2 anti-sense (5′-AAACCATGACCGGATGACTTCTC
AC-3′),
human LSD1-3 sense (5′-CACCGTGGAATAGCAGAGACTCC
GG-3′),
human LSD1-3 anti-sense (5′-AAACCCGGAGTCTCTGCTATTCC
AC-3′),
human LSD1-4 sense (5′-CACCGTTTCTGAAACAGGATCGTGT-3′),
human LSD1-4 anti-sense (5′-AAACACACGATCCTGTTTCAG
AAAC-3′),
human non-targeting_C0111 sense (5′-CACCGGGAGGCTAAG
CGTCGCAA −3′),
human non-targeting_C0111 anti-sense (5′-AAACTTGCGACGCTT
AGCCTCCC-3′).
The following sgRNA oligos were used for pXPR_502 vector for

CRISPR activation experiments:
human ZFP36L1-1 sense (5′-CACCGCTGGAGTTGAATCAGCC
ATG-3′),
human ZFP36L1-1 anti-sense (5′-AAACCATGGCTGATTCAACTCC
AGC −3′),
human ZFP36L1-2 sense (5′-CACCGATCAGCCATGCGGTC
AGGCG −3′),
human ZFP36L1-2 anti-sense (5′-AAACCGCCTGACCGCATGGC
TGATC −3′),
human non-targeting_C0111 sense (5′-CACCGGGAGGCTAAGC
GTCGCAA −3′),
human non-targeting_C0111 anti-sense (5′-AAACTTGCGACGCTT
AGCCTCCC-3′).

Lentiviral cDNA and 3′UTR expression vector cloning
To make the DOX-On pTripZ ZFP36L1-WT cDNA and pLX304-CMV
ZFP36L1-WT cDNA, pcDNA3.1 mcherry-ZFP36L1 (Addgene #121140)
was used as a template for overhang PCR that introduced attB1 and
attB2 sites onto the 5′ and 3′ ends of ZFP36L1 (sense primer 5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCCACCATGACCACC
ACCCTCGTGTCTGCC and anti-sense primer 5′-GGGGACCACTTTG-
TACAAGAAAGCTGGGTCGTCATCTGAGATGGAAAGTCTG-3′). The PCR
product was then gel extracted per the manufacturer’s instructions
(Qiagen). To make the DOX-On pTripZ ZFP36L1-MUT cDNA and

pLX304-CMVZFP36L1-MUT cDNA, the ZFP36L1mRNA-bindingmutant
(referred to hereafter as ZFP36L1-MUT) was made by mutating 8
cysteines or histidines to alanines to disrupt the mRNA-binding
activity34, designed in silico using twist.com to introduce the inten-
ded cysteine (C) or histidine (H) to alanine (A) non-synonymous
mutations and introducing synonymous mutations as necessary to
achieve synthesis. AttB1 and attB2 sites were added onto the 5′ and 3′
ends, respectively, for gateway cloning. The ZFP36L1-MUT construct
was then synthesized as a double-stranded DNA G-Block by IDT
technologies.

Purified ZFP36L1-WT and ZFP36L1-MUT double-stranded
DNA fragments containing attB1 and attB2 sites were introduced
into the pDONR223 vector by homologous recombination using
BP clonase (Life Technologies #11789020) for 1 h at 25 °C
according to the manufacturer’s instruction. The reaction mix-
ture was then transformed at a ratio of 1:10 (reaction volume/
volume competent cells) into HB101 competent cells (Promega).
Spectinomycin-resistant colonies were screened by restriction
digestion of miniprep DNA and subsequently validated by DNA
sequencing. A homologous recombination reaction was then
performed using LR Clonase II (Life Technologies #11791100)
with the pDONR223-ZFP36L1-WT or pDONR223-ZFP36L1-MUT
plasmids and DOX-On pTripZ-NEO DEST or pLX304-CMV DEST
vectors that were both modified to be used as destination vectors
for gateway recombination cloning. The LR reaction was trans-
formed into HB101 competent cells (Promega). Kanamycin-
resistant (pTripZ-NEO) or ampicillin-resistant (PLX304-CMV)
colonies were screened by restriction digestion of miniprep DNA
and subsequently validated by DNA sequencing.

For pLightSwitch-hINSM1−3′UTR construction, genomic DNA was
isolated from CORL47 cells using the QIAamp DNA Blood Mini Kit
(Qiagen #51106) according to the manufacturer’s instructions. Nested
PCR was performed by two successive PCR reactions using KOD
Xtreme polymerase (EMD Millipore #71975) and following set of pri-
mers to amplify the genomic region of INSM1-3′UTR:
outer forward INSM1-3′UTR (5′-CAGGTGTTCCCCTGCAAGTA-3’),
outer reverse INSM1-3′UTR (5′-CCTGGTGGTTCCCTTTTTCC-3’),
inner forward INSM1-3′UTR with NheI (5′-GCTAGCAGCGC
GCCCTCCACC-3’),

inner reverse INSM1-3′UTR with XhoI
(5′-CTCGAGGACTTTGAAAATATTTTATTTGAATAGTAAATAGTT
ATACAG-3′).
ThefinalPCRproductwas then columnpurifiedusingQiagen’s gel

extraction kit (Qiagen #28706). The pLightSwitch-hINSM1−3′UTR was
then made by digesting the pLightSwitch-EV (SwitchGear Genomics)
and the INSM1-3′UTR PCR product with NheI and XhoI for 2 h at 55 °C
and gel-band purifying the resulting linearized fragments. Ligations
were performed with T4 DNA ligase overnight at room temperature.
The ligation reaction was transformed into HB101 competent cells

Fig. 5 | ZFP36L1 blocks neuroendocrine differentiation and proliferation in
SCLC in part through its ability to bind and degrade the 3′UTRs of SOX2 and
INSM1. a, b RT-qPCR and immunoblot analysis of CORL47 dCas9-VP64 cells that
were infected with sgRNAs targeting the promoter of ZFP36L1 or a non-targeting
sgRNA (sgControl). c Proliferation assays of cells in a. For a–c, n = 3 biological
independent experiments. d Schematic showing the cysteine, C, sites in the zinc-
fingerRNA-bindingdomainsofZFP36L1 thatweremutated toalanines, A, to disrupt
the RNA-binding activity of ZFP36L1. e Immunoblot analysis of CORL47 cells stably
infected with ZFP36L1WT-V5, ZFP36L1 mRNA-binding mutant-V5 (ZFP36L1MUT-
V5), or the corresponding empty vector (EV). f Proliferation assays of cells in e. n = 4
biological independent experiments. g Immunoblot analysis of CORL47 cells stably
infected with a doxycycline inducible (DOX-ON) lentivirus encoding ZFP36L1WT-
FLAG, ZFP36L1MUT-FLAG, or EV. Cells were treated with DOX (1μg/mL) for 3 days
where indicated. h Proliferation assays of cells in g grown in +/– DOX (1μg/mL) for
the days indicated. n = 2 biological independent experiments. i Immunoblot ana-
lysis after immunoprecipitation (IP)ofZFP36L1WT-FLAG, ZFP36L1MUT-FLAG, or EV

CORL47 cells treated with DOX (1μg/mL) for 3 days relative to input. j RNA quan-
titation relative to input after RT-qPCR from IP experiments in i with primers spe-
cific to SOX2, INSM1, E2F1, CDK2, and GAPDH. n = 3 biological independent
experiments. k Immunoblot analysis of 293T cells stably infected with ZFP36L1WT-
V5, ZFP36L1MUT-V5, or EV. l, m 3′UTR luciferase reporter assay in 293T cells from
k transfected with a SOX2-3′UTR luciferase reporter (l), a INSM1-3′UTR luciferase
reporter (m), or the empty vector (EV), and bioluminescence (BLI) was measured
24h later. BLI of each condition was first normalized to the cell count and then
normalized to the plx304EVof each reporter. For l,m,n = 3 biological independent
experiments. n, o Immunoblot analysis of CORL47, NCI-H1876, and NCI-H69 cells
transfected with siGenome SMARTPool targeting SOX2 (siSOX2) (n) or INSM1
(siINSM1) (o) or non-targeting siRNA control (siCON) at the times indicated after
transfection. For n, o immunoblots are representative of 3 biological independent
experiments. For all panels, data are mean values +/– SEM. Statistical significance
was calculated using unpaired, two-tailed students t-test andp-values are indicated.

Article https://doi.org/10.1038/s41467-022-31998-7

Nature Communications |         (2022) 13:4998 12



(Promega). Ampicillin-resistant colonies were screened by restriction
digestion of miniprep DNA and subsequently validated by DNA
sequencing. SOX2-3′-UTR was purchased from SwitchGear Genomics
(#S808404).

Lenti-Cas9Blast (#52962) and dCas9-VP64_Blast (#61425) were
purchased from Addgene.

Lentivirus production
Lentiviruses weremade by Lipofectamine 2000-based co-transfection
of 293FT cells with the respective lentiviral expression vectors and the
packaging plasmids psPAX2 (Addgene #12260) and pMD2.G (Addgene
#12259) at a ratio of 4:3:1. Virus-containing supernatant was collected
at 48 and 72 h after transfection, pooled together (15mL total per 10-
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Fig. 6 | Restoring endogenous ZFP36L1 expression promotes non-
neuroendocrine plasticity toward an “inflammatory” phenotype. a, b Volcano
plot of RNA-sequencing (RNA-seq) data showing the log2 fold-change and–log10p-
value of gene expression comparing CORL47 dCas9-VP64 cells expressing sgRNAs
targeting the promoter of ZFP36L1 [sgZFP36L1-1 (a) or sgZFP36L1-2 (b)] to activate
endogenous ZFP36L1 expression or a non-targeting sgRNA (sgControl). For
a, b n = 2 biological independent experiments. c–f GSEA of RNA-seq data in a (top)
or b (bottom) of epithelial–mesenchymal transition (c), interferon gamma

response (d), Top 100 neuroendocrine genes (e), and ASCL1 Target genes down (f).
FDR q-values are indicated. g Quantification of RNA-sequencing data from human
SCLC tumors with confirmed high or lowMHC class I surface protein expression by
IHC38. n = 15 MHC class I high SCLC tumors, n = 10 MHC class I low SCLC tumors.
Data are presented as mean values +/– SEM, statistical significance was calculated
using unpaired, two-tailed students t-test, and p-values are indicated. h, i t-SNE
plots of single tumor cells from SC53 treatment naive (h) and after cisplatin relapse
(i) showing ZFP36L1, HLA-DQA1, HLA-DRB1, and ASCL1 expression.
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cm tissue culture dish), passed through a 0.45-µm filter, aliquoted, and
frozen at −80 °C until use.

Lentiviral infection
The SCLC and AML cells were counted using a Vi-Cell XR Cell
Counter (Beckman Coulter) and resuspended in 1 mL lentivirus with
8 μg/mL polybrene at the following concentrations in individual
wells of a 12-well plate: 1 × 106 cells/mL for NCI-H69, HEL, NOMO1
and THP1 cells, or 2 × 106 cells/mL for NCI-H1876 and CORL47 cells.
The plates were then centrifuged at 448 × g for 2 h at 30 °C. Sixteen
hours later the virus was removed and cells were grown for 72 h
before being placed under drug selection. Cells were selected in
puromycin (0.5 μg/mL for SCLC cell lines and 1 μg/mL for AML cell
lines), blasticidin (5 μg/mL), or G418 (500 μg/mL for SCLC and
1000 μg/mL for AML) and maintained in media containing pur-
omycin (0.5 μg/mL), blasticidin (2.5 μg/mL), or G418 (250 μg/mL for
SCLC cells and 500 μg/mL for AML cells).

Immunoblot analysis
~1 × 106 cells were centrifuged at 252 × g for 5min at 4 °C and themedia
was removed by gentle aspiration. The cell pellet was then washed
once in 1mL of ice-cold PBS, transferred to a 1.5mL Eppendorf tube,
and centrifuged at 252 × g for 5min at 4 °C. The PBS was carefully
aspirated and the cell pelletwas lysed in EBC lysis buffer (50mMTris Cl
pH 7.5, 250mMNaCl, 0.5% NP-40, 10% Glycerol) supplemented with a
protease inhibitor cocktail (Complete, Roche Applied Science,
#11836153001) and phosphatase inhibitors (PhosSTOP Sigma
#04906837001). Soluble extracts were quantified using the Bradford
Protein Assay. The protein sample was boiled in sample buffer (3x is
6.7% SDS, 33% Glycerol, 300mM DTT, and Bromophenol Blue),
resolved by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
transferred onto nitrocellulosemembranes, blocked in 5%milk in Tris-
Buffered Saline with 0.1% Tween 20 (TBS-T) for 1 h, and probed with
the indicated primary antibodies overnight at 4 °C. Membranes were
then washed three times in TBS-T, probed with the indicated horse-
radish peroxidase-conjugated (HRP) secondary antibodies for 2 h at
room temperature, and washed three times in TBS-T. Bound anti-
bodies were detected with enhanced chemiluminescence (ECL) wes-
ternblotting detection reagents [Immobilon (ThermoFisher Scientific,
#WBKLS0500) or Supersignal West Pico (Thermo Fisher Scientific,
#PI34078)].

The primary antibodies used were: rabbit α-ZFP36L1 (Cell Sig-
naling, hBRF1/2, #2119, used at 1:1000),mouse α-INSM1 (SANTACRUZ,
#SC377428, used at 1:1000), rabbitα-SOX2 (Cell Signaling, #3579, used
at 1:1000), rabbit α-ASCL1 (Abcam, # ab211327, used at 1:1000), rabbit
α-LSD1 (Cell Signaling, #2184), mouse α-Vinculin (Sigma, hVIN-1, #
V9131, used at 1:10,000), mouse α-Tubulin (Sigma, B-5-1-2, # T5168,
used at 1:5000), mouse α-FLAG (Sigma, clone M2, #F1804, used at
1:2000), rabbitα-V5 (Cell Signaling, #13202, used at 1:1000) andmouse
α-β-actin (Sigma, clone AC-15, #A3854, used at 1:25,000). The HRP
conjugated secondary antibodies were Goat α-Mouse (Jackson

ImmunoResearch 115-035-003) and Goat α-Rabbit (Jackson Immu-
noResearch 111-035-003) and were used at 1:5000.

Positive selection CRISPR/Cas9 ORY-1001 and ORY-1001/KDM5-
C70 resistance screen
NCI-H1876 cells that had been infected with lenti-Cas9Blast (Addgene
#52962) and subsequently maintained in Blasticidin were used for the
screen. The screen was performed in two biological replicates. Cas9
expression was confirmed by immunoblot analysis and Cas9 activity
was confirmed using a Cas9 GFP reporter [(pXPR_011 (Addgene
#59702)] that showed nearmaximal editing 10 days after infection. On
day 0, these NCI-H1876 Cas9Blast cells were counted. 1.5 × 108 cells
(~500 cells/sgRNA anticipating an MOI of ~0.3) were pelleted and
resuspended at 2 × 106 cells/mL in complete media containing 23μL/
mL of the whole-genome Brunello sgRNA library (CP0041) lentivirus
and 8 µg/mL polybrene, which yielded amultiplicity of infection (MOI)
of ~0.3, which was determined empirically in pilot experiments. The
sgRNA Brunello whole-genome library (CP0041) contains
77,441 sgRNAs targeting 4 sgRNAs per gene with 1000 non-targeting
sgRNAs controls. The cells mixed with polybrene and lentivirus were
then plated in 1mL aliquots onto 12-well plates and centrifuged at
434 × g for 2 h at 30 °C. 16 h later (day 1), the cells were collected,
pooled, and centrifuged to remove the lentivirus and polybrene, and
the cell pellet was resuspended in complete media at 1 × 106 cells/mL
and plated into 15 10 cm tissue culture-treated plates. The cells were
then cultured for 72 h atwhich time (day4) themediawash changed to
media containing puromycin (0.5 µg/mL) to select for transduced cells.
A parallel experiment was performed on day 4 to determine the MOI.
To do this, the cells infected with the sgRNA library or mock-infected
cells were plated at 1 × 106 cells/mL in the presence or absence of
puromycin. After 72 h (day 7), cells were counted using the Vi-Cell XR
Cell Counter and theMOI was calculated using the following equation:
(# of puromycin-resistant cells infected with the sgRNA library/# total
cells surviving without puromycin after infection with the sgRNA
library) – (# of puromycin-resistant mock-infected cells/ # total mock-
infected cells). The actual MOI was 0.42 for biological replicate 1 and
0.41 for biological replicate 2. On day 7 after MOI determination, the
media was changed and replaced with fresh media again containing
0.5 µg/mL of puromycin.

On day 11, all puromycin-resistant cells were pooled, collected,
and counted. A total of 4.4 × 107 cells for each condition (therefore
maintaining at least 500 cells/guide) were plated at 1 × 106 cells/mL
into 2 15 cm tissue culture plates into complete media without pur-
omycin that contained the following: 1. ORY-1001 (1 nM); 2. ORY-1001
(100nM); 3. ORY-1001 (1 nM) + KDM5-C70 (1000nM); 4. ORY-1001
(100nM)+KDM5-C70 (1000nM); 5. KDM5-C70 (1000nM); or 6.
DMSO. Note, a DMSO condition was only included for replicate 1. At
the same time 4.4 × 107 cells were collected from the pooled
puromycin-resistant cells described above, washed in PBS, and the cell
pellets were frozen for genomic DNA isolation for the initial timepoint
prior drug selection. In parallel, mock-infected cells were maintained

Fig. 7 | ZFP36L1 induction after LSD1 inhibitor treatment correlates with LSD1
inhibitor sensitivity in SCLC and AML. a Area under the curve (AUC) enrichment
analysis of hits from our ORY-1001/KDM5-C70 resistance screen (in Fig. 1f) of RNA-
seq data from untreated patient-derived xenograft (PDX) models of SCLC.
b Unsupervised hierarchical clustering of hits from our ORY-1001/KDM5-C70
resistance screen (in Fig. 1f) of RNA-seq data fromSCLCPDXmodels treated ex vivo
with ORY-1001 or DMSO. Red denotes genes with high expression, and blue
denotes geneswith lowexpression. c,dQuantitation of cell counts (c) andRT-qPCR
for ZFP36L1 (d) or REST (e) of CORL47 (SCLC), NCI-H526 (SCLC), K562 (Leukemia),
THP1 (Leukemia), PC9 (NSCLC), HCC4006 (NSCLC) and CALU3 (NSCLC) cells
treated with ORY-1001 (100 nM) or DMSO for 6 days. For c–e, n = 3 biological
independent experiments. f–h Cell proliferation (f) and immunoblot analysis (g) of

the leukemia cell lines indicated treatedwith ORY-1001 (100nM) compared to cells
treated with DMSO. For f and g, cells were treated with ORY-1001 for 3 days. For
f, n = 2 biological independent experiments. h, i Immunoblot analysis (h) and
quantitation of cell counts (i) of HEL, THP1, or NOMO1 cells first infected with
lentivirus that expressed Cas9 and a sgRNA targeting ZFP36L1 (sgZFP36L1-1 or
sgZFP36L1-2)or a non-targeting sgRNA (sgControl) and then treatedwithORY-1001
(100nM) or DMSO for 3 days. Data are plotted as the cell counts of ORY-1001-
treated samples relative to DMSO-treated samples. For i, n = 3 biological indepen-
dent experiments for HEL and n = 4 biological independent experiments for THP1
and NOMO1. For c–e, i data are mean values +/– SEM. For c–f, i statistical sig-
nificance was calculated using unpaired, two-tailed students t-test and p-values are
indicated.
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at the same density for all drug conditions and carried in parallel for
the entire screen described below. On day 14, the media was changed
into fresh complete media containing fresh drug. On day 17, the cells
were pooled, collected, counted, and replated at 4.4 × 107 cells for each
condition containing fresh drug aswas done on day 11. On days 20 and
23, themedia was changed into fresh completemedia containing fresh
drug. On day 25, conditions 1, 2, 5, and 6 were trypsinized, counted,
and resuspended at 1 × 106 cells/mL (4.4 × 107 cells total) in complete
media containing fresh drug into 2 15 cmplates. For conditions 3 and4,
the media was changed into fresh complete media containing fresh
drug. On day 28, conditions 3 and 4 were trypsinized, counted, and all
cells were resuspended in 44mL of complete media containing fresh
drug into 2 15 cm plates. For conditions 1, 2, 5, and 6, the media was
changed into fresh complete media containing fresh drug. On day 31,
the media was changed into fresh complete media containing fresh
drug. On day 35, there was an obvious growth advantage for all con-
ditions that containedORY-1001 (1, 2, 3, 4) of the cells infectedwith the
sgRNA library and treated with drug compared to the mock-infected
cells treated with drug (see Fig. 1b) and therefore we ended the screen
by collecting all remaining cells. Following completion of the screen,
gDNA was isolated using a Qiagen Genomic DNA miniprep kit (cat. #
51104) for conditions 1, 2, 3, and 4 or with the Qiagen Genomic DNA
maxi prep kit (cat. # 51192) for conditions 5 and 6 according to the
manufacturer’s protocol with slight modifications made by the Broad
Genetic Perturbation Platform. Raw Illumina reads were normalized
between samples using: Log2[(sgRNA reads/total reads for sample) ×
1e6) + 1]. The initial timepoint data (day 11) was then subtracted from
the end timepoint after drug selection (day 35) to determine the
relative enrichment of each individual sgRNA after the specified drug
treatments. The subtracted data was then analyzed using Hypergeo-
metric Analysis and the STARS algorithm on the GPP web portal
(https://portals.broadinstitute.org/gpp/screener/) to determine the
genes that were significantly enriched after ORY-1001 and/or KDM5-
C70 treatment. A q-value cutoff of less than 0.25 calculated using the
STARS analysis was used to call hits. The averaged data from two
biological replicates were used for all analyses.

Cell proliferation assays
For proliferation experiments with parental cell lines, cells were
counted on day 0 using a Vi-Cell XR Cell Counter and plated in a
tissue culture-treated 6-well plate at 100,000 cells/mL in 2mL
of complete media for CORL47 cells or at 250,000 cells/mL in 2mL of
complete media for NCI-H1876 cells. AML cells were plated in tissue
culture-treated 12-well plates at 100,000 cells/mL in 1mL ofmedia. For
dose response assays with LSD1 inhibitors, the cells were treated with
drug (ORY-1001 or CC-90011 at the concentrations indicated) for the
number of days indicated.

For the proliferation experiments with the CORL47 ZFP36L1
CRISPR activation cells and all cells exogenously overexpressing
ZFP36L1, cells were counted on day 0 using a Vi-Cell XR Cell Counter
and plated in a 12-well at 200,000 cells/mL in 1mL of media and
counted on the days indicated. For the DOX-On inducible ZFP36L1-WT
and ZFP36L1-MUT expression experiments, cells were grown in the
presence or absence of Doxycycline (DOX) (1μg/mL) as indicated after
the initial cell counts were determined on day 0.

Reverse-transcriptase quantitative PCR (RT-qPCR)
The same cell concentrations used to plate cells for proliferation
assays (see above) were also used for plating cells for RT-qPCR
experiments. For experiments in Supplementary Fig. 5g, h, NCI-H446
and CORL47 cells were counted and plated at 50,000 cells/mL and
NCI-H82wereplated at 25,000 cells/mL in 2mLof completemedia in a
tissue culture 6-well plate. Cells were then treated with LSD1 inhibitors
(ORY-1001 or CC-90011) at the indicated concentrations for the days
indicated and RNA was extracted using RNeasy mini kit (Qiagen

#74106) according to the manufacturer’s instructions. RNA con-
centration was determined using the Nanodrop 8000 (Thermofisher
Scientific). A cDNA library was synthesized using iScript Reverse
Transcription Supermix for RT-qPCR (Biorad # 1708841) according to
the manufacturer’s instructions. qPCR was performed using the
LightCycler 480 (Roche) with the LightCycler 480 Probes Master Kit
(Roche) and Taqman probes (ThermoFisher Scientific) according to
the manufacturer’s instructions. ΔCT method was used to determine
baseline gene expression relative to ACTB and then 2–ΔCT was used to
determine relative fold-change of the gene of interest to ACTB as in
Supplementary Figs. 2, 5i, j, and 17a–c. For all other experiments
showing normalized relative expression data, the ΔΔCT method
was used and then normalized to make relative comparisons as
described for each experiment. The following TaqMan probes
were used: ZFP36L1 human (Hs00245183_m1), ASCL1 human
(Hs04187546_g1), REST human (Hs05028212_s1), YAP1 human
(Hs00902712_g1),WWTR1 human (Hs00210007_m1) and ACTBhuman
(Hs01060665_m1).

ChIP-qPCR assays
CORL47 cells were plated at 1 × 106 cells in 10mL of complete media
and NCI-H1876 cells were plated at 2.5 × 106 cells in 10mL of complete
media containing ORY-1001 (100 nM) or DMSO. The cells were har-
vested 6 days later. CORL47 cells were collected, and centrifuged. The
supernatant was aspirated and the cells were washed once in PBS. For
theNCI-H1876 cells, themediawas aspirated and the cellswerewashed
once in PBS. Both cell lines were then cross-linked by incubation with
2mM disuccinimidyl glutarate (DSG) with rocking for 30min at room
temperature. The DSG was removed and the cells were fixed in 1%
paraformaldehyde diluted in PBS for 10min at 37 °C. Excess for-
maldehyde was quenched by dropwise addition of freshly made Gly-
cine at a final concentration 1.25M followed by rocking the cells for an
additional 5min at room temperature. The paraformaldehyde/glycine
was then removed and the cells were washed once with ice-cold PBS.
For CORL47 cells, the cells were centrifuged and washed once in ice-
cold PBS. For NCI-H1876 cells, 5mL of ice-cold PBS was added and the
cells were removed from the plate by scraping.

The cells were then centrifuged at 3000 × g for 5 min at 4 °C and
resuspended in 1 mL of lysis buffer (50mM Hepes-NaOH pH 8,
140mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% TX-100
supplemented with a protease inhibitor cocktail and phosphatase
inhibitors) and incubated by rotating for 10min at 4 °C. Intact nuclei
were then collected by centrifugation in an Eppendorf micro-
centrifuge at 1902 ×g for 5min at 4 °C. The supernatant was then
gently aspirated and the pellet was resuspended in 1 mL of wash
buffer (10mM Tris-HCl pH 8.0, 200mM NaCl, 1 mM EDTA, supple-
mented with a protease inhibitor cocktail and phosphatase inhibi-
tors) and incubated while rotating for 10min at 4 °C. The nuclei
were again collected by centrifugation in an Eppendorf micro-
centrifuge at 1902 × g for 5 min at 4 °C. The supernatant was then
aspirated and the tube was rinsed with 0.2mL of shearing buffer
(0.1% SDS, 1 mM EDTA, 10mM Tris-HCl pH 8.0 supplemented with a
protease inhibitor cocktail and phosphatase inhibitors). The nuclei
were again collected by centrifugation in an Eppendorf micro-
centrifuge at 1902 × g for 5 min at 4 °C, the supernatant was care-
fully removed, and the pellet was resuspended in 1 mL shearing
buffer and transferred to a 1 mL AFA tube (Covaris #520130).

The chromatin was then sonicated using a Covaris E220 sonicator
at 100 peak incident power, 10% duty cycles, 200 cycles per burst,
water level 15 (left indicator)/10 (right indicator) for 900 s. The sam-
ples were then transferred to 1.5mL Eppendorf tubes and centrifuged
in an Eppendorf microcentrifuge at 15,871 × g for 5min at 4 °C. 0.9mL
of the supernatants were transferred to a new Eppendorf tube, to
which TX-100 (final concentration of 1%) and NaCl (final concentration
of 150mM) were added.
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In all, 20μL of Dynabeads ProteinG (ThermoFisher #10004D)was
then added and samples were rotated for 1 h at 4 °C. The Dynabeads
were then removed using amagnetic stand and the supernatants were
transferred to new tubes. Five percent of the total lysate was removed
to be used as the input. 1μg of rabbit anti-KDM1A antibody (Cell sig-
naling, #2139) was added and the samples were incubated overnight
while rotating at 4 °C. The following morning, 50 μL of Dynabeads
were added and the samples were incubated for another 2 h while
rotating at 4 °C. A magnetic stand was used to isolate the Dynabeads.
The supernatant was removed and the Dynabeads were washed once
in 1mL of low salt immune complex wash buffer (20mM Tris-HCl pH
8.0, 150mMNaCl, 0.1% SDS, 1% TX-100, 2mMEDTA) and incubated for
5min while rotating at 4 °C. The beads were again isolated using a
magnetic stand. Following removal of the supernatant the Dynabeads
were washed once in 1mL of high-salt immune complex wash buffer
(20mM Tris-HCl pH 8.0, 500mM NaCl, 0.1% SDS, 1% TX-100, 2mM
EDTA) and incubated for 5min while rotating at 4 °C. The beads were
again pelleted with a magnetic stand. Following removal of the
supernatant, the Dynabeads were washed once in 1mL of Lithium
Chloride wash buffer (10mMTris-HCl pH 8.0, 250mMLiCl, 1% SDS, 1%
NP-40, 1mM EDTA) and incubated for 5minwhile rotating at 4 °C. The
beadswere thenwashed twice in TE pH8 at room temperature and the
beads were then resuspended in 100μL TE pH 8.

RNase A (Qiagen) was then added to a final concentration of
0.2mg/mL and the samples were incubated for 30min at 37 °C. To
reverse the crosslinking, proteinase K was then added to a final con-
centration of 0.8mg/mL and the samples were incubated for 30min at
42 °C and then an additional 8 h at 65 °C. 300μL QG buffer and 100μL
of isopropanol was then added to each sample and a magnetic stand
was used to pellet the Dynabeads. The supernatant was then collected
and DNA was isolated using QIAquick gel extraction kit (Qiagen)
according to the manufacturer’s instructions.

The recoveredDNAwas analyzed by real-timeqPCR. TheDNAwas
quantified on a Bio-Rad T100 96-Well PCR Gradient Thermal Cycler
with the SYBR Green kit (Bio-Rad, SsoAdvanced™ Universal SYBR®
Green Supermix). The enrichment of DNA is shown as the percentage
(%) input, which was calculated by determining the apparent IP effi-
ciency at the ZFP36L1, REST, WWTR1, and YAP1 loci as the ratio of the
amount of immunoprecipitated DNA normalized with input DNA. The
following primers were used for qPCR:
ZFP36L1-1_Chip_For: ACACCTGGAGTCCCCTTGTT,
ZFP36L1-1_Chip_Rev: GATTTGGATCCAGGATTGCCT,
ZFP36L1-2_Chip_For: CCCCAAGGACTGCAAAATCC,
ZFP36L1-2_Chip_Rev: CCGGCCAGGTCTGATGAAA,
REST_Chip_For: GCAGGATCGGGTTACACAG,
REST_Chip_Rev: CTGACTCGGTGGAGCGTC,
WWTR1_Chip_For: GAAACTTGGTGGGGTGGCTA,
WWTR1_Chip_Rev: ACTGGTTCAGCAAGTCAGGG,
YAP1_Chip_For: GGAGTGTGCAGGAATGTAGCAA
YAP1_Chip_Rev: CTGAGACAGAAACTCGCCTC.

ZFP36L1 sgRNA rescue experiments with ORY-1001
CORL47 or NCI-H1876 cells were first infected with Cas9 and selected
with blasticidin and then were superinfected with plentiguide-P2A-
mCherry-puro51 encoding a puromycin resistance gene, and an sgRNA
targeting the exon of ZFP36L1 (sgZFP36L1-1) or a non-targeting sgRNA
(NOSITE-110). Puromycin-resistant cells, indicative of successful
infection with the sgRNA lentiviruses, were counted using the Vi-Cell
XR Cell and plated at 200,000 cells/mL for CORL47 cells or at 250,000
cells/mL for NCI-H1876 cells and then treated with ORY-1001 or CC-
90011 and harvested after 7 days for cellular proliferation assays, RT-
qPCR, immunoblot analysis, and RNA-sequencing experiments. For
rescue experiments in Supplementary Fig. 7, additional sgRNAs tar-
geting exons of ZFP36L1 (sgZFP36L1-3,4,5, or 6) or a non-targeting
sgRNA (C0111) were used.

LSD1 ZFP36L1 CRISPR/Cas9 double-knockout experiments
CORL47 Cas9 sgZFP36L1#1 or sgControl (NO_SITE_110) cells (see
Supplementary Fig. 6a) or NCI-H1876 Cas9 sgZFP36L1#1 or sgControl
(NO_SITE_110) cells (see Fig. 4c) were superinfected with lentiviruses
encoding an sgRNA targeting LSD1 (sgLSD1#4) or a non-targeting
sgRNA (sgControl, C0111) and a G418 resistance gene. Cells were
selected in G418 (500μg/mL) until all mock-infected cells were killed
and immunoblot analysiswas performed for LSD1 knockout. Cellswere
then counted on day 0 using a Vi-Cell XR Cell Counter and plated in a
tissue culture-treated 6-well plates at 50,000 cells/mL in 2mL of
complete media for CORL47 cells or at 200,000 cells/mL in 2mL of
complete media for NCI-H1876 cells. For NCI-H1876 cells, cells count
were performed 5 days after plating. For CORL47 cells, media was
exchanged after 6 days and all cells were replated and cell counts were
performed 12 days after plating. Note that the CRISPR editing of LSD1
in NCI-H1876 cells was very modest, which likely is why the anti-
proliferative effects and ZFP36L1 mRNA induction after LSD1 inacti-
vation is also quite modest.

CRISPR-amplicon sequencing
CORL47 Cas9 cells infected with the indicated sgRNA lentiviruses (see
Supplementary Fig. 8) were harvested and genomic DNA was isolated
using the QIAamp DNA Blood Mini Kit (Qiagen #51106) according to
the manufacturer’s instructions. PCR was done using KOD Xtreme
polymerase (EMDMillipore#71975) and the following set of primers to
amplify the genomic region of ZFP36L1: Forward ZFP36L1 (5′-CACCA-
GAACCAGCTCCTC-3′), Reverse ZFP36L1 (5′-CACAGCTCCG
TCTTGTACTTG-3′). The final PCR product was then column purified
using Qiagen’s gel extraction kit and sequenced using next-generation
sequencing by the MGH DNA Core Facility.

ZFP36L1 CRISPR activation experiments
CORL47 cells were first infected with lenti-dCas9-VP64_Blast (Addgene
#61425) and selectedwithBlasticidin and thenwere superinfectedwith
pXPR_502-Puro (Addgene #96923) lentivirus encoding a puromycin
resistance gene, and an sgRNA targeting the promoter of ZFP36L1
(sgZFP36L1-1 and sgZFP36L1-2) or a non-targeting sgRNA (C0111).
Puromycin-resistant cells were selected with puromycin. Following
generation of stable cell lines with endogenous CRISPR activation of
ZFP36L1 confirmed by RT-qPCR, the cells were counted using the Vi-
Cell XR and plated at 200,000 cells/mL for cell proliferation experi-
ments, immunoblot analysis, and RNA-sequencing experiments.

RNA-sequencing
For the RNA-sequencing experiment with NCI-H1876 Cas9
sgZFP36L1-1 or sgControl (NOSITE-110) cells, cells were counted and
plated at 250,000 cells/mL and treated with ORY-1001 (1 nM or
100 nM) or DMSO and harvested after 7 days. For the RNA-
sequencing experiment in CORL47 cells with restored endogen-
ous ZFP36L1 expression (see Method above), cells encoding
sgZFP36L1-1, sgZFP36L1-2, or a non-targeting sgRNA were counted
and plated at 200,000 cells/mL and harvested after 3 days. RNA was
extracted using RNeasy mini kit including a DNase digestion step
according to the manufacturer’s instructions and RNA sequencing
was performed as described below.

Total RNA samples in each experiment were submitted to Novo-
gene Inc. The libraries for RNA-seq are prepared usingNEBNextUltra II
non-stranded kit. Paired end 150bp sequencing was performed on
Novaseq6000 sequencer using S4 flow cell. Sequencing reads were
mapped to the hg38 genome by STAR. Statistics for differentially
expressed genes were calculated by DESeq2.

RNA-sequencing analysis
For gene set enrichment analysis (GSEA), software was downloaded
from the Gene Set Enrichment Analysis website [http://www.broad.

Article https://doi.org/10.1038/s41467-022-31998-7

Nature Communications |         (2022) 13:4998 17

http://www.broad.mit.edu/gsea/downloads.jsp


mit.edu/gsea/downloads.jsp]. GSEA was performed using the “TOP
100 Neuroendocrine Gene Set”52 or “ASCL1 Target Genes DOWN”53 or
Hallmarks Gene Sets. Gene Sets with an FDR q-value < 0.25 were con-
sidered significant. For principal component analysis and cluster ana-
lysis, top 500 genes in terms of the largest standard deviation were
subjected to principal component analysis using the prcomp function
of R software (version 4.0.2). Clustering and heatmap were generated
using the heatmap.2 function in the gplots package of R software
(version 4.0.2).

Analysis of publicly available RNA-sequencing data
To determine the SCLCmolecular subtypes of the cell lines used in our
study (see Supplementary Fig. 2a), gene expression TPM values of
ASCL1, NEUROD1, and POU2F3 were obtained from Broad Institute
Cancer Cell Line Encyclopedia (CCLE). Values are inferred from RNA-
seq data using the RSEM tool and are reported after log2 transfor-
mation, using a pseudo-count of 1; log2(TPM+ 1). For the RNA
expression in cancer cell lines in Fig. 3a, the RNA-sequencing data was
downloaded fromCCLE. To identify potential binding sites for LSD1 in
target genes (as shown in Supplementary Fig. 3), the Cistrome Data
Browser was used.

For the RNA expression of ZFP36L1 in human lung tumors in
Fig. 3b, the 81 SCLC RNA-Seq data was previously published4 and
publicly available on the cBioPortal54. The 747 lung adenocarcinoma
samples were from TCGA and publicly available on the cBioPortal54.
The ZFP36L1 RNA expression for each sample was normalized to the
ACTB RNA for that sample. The MHC class I high vs. low human
SCLC RNA-sequencing data set was previously described38. For the
correlation analysis of SCLC cell lines in Supplementary Fig. 13e–g,
correlations in SCLC cell lines between ZFP36L1 and the AXL, TAP1,
or INSM1 were calculated using demap.org. For the correlation
analysis of human neuroblastoma tumors in Supplementary
Fig. 13h–k, correlations between ZFP36L1 and AXL, TAP1, ASCL1, or
INSM1 were calculated using 141 human neuroblastoma from
cBioPortal54.

For the analysis of RNA-Seq data from SCLC PDX models, a pre-
viously published RNA-sequencing data set, where SCLC PDX models
were treated in vivo and ex vivo with ORY-1001 or the vehicle control,
was used7. The RNA-Seq fastq files were downloaded from the GEO
(accession number GSE103097)7. Sequenced reads were aligned to
both hg19 and mm10 genomes using STAR. Then the alignment files
were processed with bamcmp package55 to distinguish between
human andmouse reads (“humanonly” and “humanbetter” readswere
retained for further analysis). The featureCounts algorithm56 was used
to quantify transcript abundance.

To calculate the enrichment of hits from the CRISPR/Cas9 ORY-
1001/KDM5-C70 screen, AUCell package57 was utilized. This package
has been originally developed for measuring enrichment of given
signatures in scRNA-Seq data and it was adapted for our purposes with
minor modifications. For all drug-treated CRISPR/Cas9 screens, hits
were included if they had a q-value less than 0.25 from the STARS
analysis. For the DMSO-treated CRISPR/Cas9 screen, hits were inclu-
ded that had a p-value less than 0.05 as there were very few hits with a
q-value of less than 0.25.

To generate heatmaps of relative changes in the SCLC PDX
models after ORY-1001 treatment7, the list of genes for each arm of
the CRISPR/Cas9 screen was further curated based on the statistical
cutoffs listed above. First, genes were ranked in each model and the
relative change in ranking was calculated based on the following
formula: Relative Change = (Rank Before ORY-1001 Treatment-Rank
After ORY-1001 Treatment)/Rank Before ORY-1001 Treatment.
Then, the heatmap function in R (version 4.0.2) was used to gen-
erate heatmaps and cluster genes/samples based on the relative
change.

Single-cell RNAseq analysis of circulating tumor cells (CTC)-
derived xenograft (CDX) samples
For the single-cell RNA-sequencing data in Fig. 6h, i and Supplemen-
tary Fig. 13a–d, the human CDX single-cell RNAseq data was acquired
and analyzed as previously reported37. Briefly, single-cell count
matrixes of SC53-naive, SC53-cis, SC68-naïve, and sc68-cis were
downloaded via GEO Database (GSE138474). Only cells that were
analyzed in the original study were kept by matching barcodes. The
count matrixes were then transformed and normalized using the
“NormalizeData” function with default parameters in the SEURAT v4 R
package58. G2M and S phase gene expression scores were calculated
using the “CellCycleScoring” function and subsequently regressed out
using “ScaleData” function. Highly variable genes were identified by
SEURAT function “FindVariableGenes” with parameter selection.-
method = “mean.var.plot” and used to perform the Principle compo-
nent analysis (PCA). The first seven PCs were used for clustering and
tSNE transformation using the “RunTSNE” function with default para-
meters. R software version 4.0.2 was used.

Tumor micro array (TMA) construction
Tumor cores were obtained from embedded PDX tumors tissue in
donor blocks using a 1mm biopsy punch needle (IHC World; W125-0)
then embedded/inserted into paraffin recipient block/negative mold
(IHC World; 10*17 Quick Raymold IW-UM01-1). Empty slots were filled
with blank paraffin cores. All cores were gently tamped down using
biopsy punch needle then the entire block was placed face down on
glass slides and heated to 50 °C for 2 h to merge donor cores with the
recipient block. Blocks and glass slides were then placed on ice for
30min before sectioning.

Immunohistochemistry (IHC)
Mouse tumor samples used for IHC experiments were from our pre-
viously described CRISPR-based SCLC genetically engineered mouse
model15. These samples were generated by injecting adenoviruses
encoding Cre-recombinase and sgRNAs targeting Rb1, Trp53, Rbl2, and
a non-targeting sgRNA (sgControl RPP) into the lungs of homozygous
Lox-stop-lox (LSL) Cas9 B6J mice (Jackson No. 026175). Human SCLC
lung tumor samples from FFPE (see Supplementary Fig. 4b for an
example) were also used. Immunohistochemical staining for ZFP36L1
and ASCL1 was performed by hand. For immunohistochemistry
experiments, 4 µm thick tissue sections were prepared and left to air-
dry overnight. Slides were baked in an IsotempOven (Fisher Scientific)
for 30min at 60 °C tomelt excess paraffin. For antigen retrieval, slides
were heated with a DC2002 Decloaking Chamber (Biocare Medical,
Pacheco, CA) to 125 °C for 30 s and 90 °C for 10 s in citrate (pH = 6.0,
Thermo Scientific cat. no. Ap-9003-500) for ASCL1 and
ZFP36L1 staining. All sections were incubated with peroxidase (Dako
cat. no. S2003, Carpinteria, CA) and protein (Dako cat. no. X0909)
blocking reagents for 5min each. Sections were then incubated with
rabbit anti-TISB (ZFP36L1) antibody (Sigma #SAB4502867; 1:100) or
rabbit monoclonal anti-ASCL1 antibody (Abcam #ab211327; 1:100)
diluted inDakoDiluentwithBackgroundReducingComponents (Dako
#S3022) for 60min at room temperature. Following primary incuba-
tion, sections were incubated with Envision + System-HRP Labeled
Polymer Anti-Rabbit (Dako #K4003) for 30min. All sections were
developed using the DAB chromogen kit (Dako #K3468) and coun-
terstainedwith hematoxylin, dehydrated in graded ethanol andxylene,
mounted, and coverslipped. To establish specificity of the IHC assay
for ZFP36L1, we compared PC9 cells infected with an sgRNA targeting
ZFP36L1 or a non-targeting sgRNA control using PC9 isogenic cells
shown in Fig. 4c. Our ASCL1 IHC assay was performed and validated as
previously described15. Whole slides images were acquired using an
Aperio AT scanner (Leica). For each stain, an intensity threshold was
defined using the Multiplex IHC v2.3.4 algorithm with Halo (Indica
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Labs). Pseudo-immunofluorescence images were obtained by decon-
voluting the immunohistochemistry images using the Deconvolution
v1.0.3 algorithm with Halo for better visualization.

RNA-binding protein immunoprecipitation (RIP)
For experiments in CORL47 cells with exogenous constitutive
ZFP36L1 expression, PLX304-CMV-ZFP36L1WT-V5-BLAST or
PLX304-CMV-EV-V5-BLAST lentiviruses were infected into CORL47
cells and selected with blasticidin. After selection and confirma-
tion of expression of ZFP36L1 via immunoblot analysis, the cells
were counted on day 0 using a Vi-Cell XR Cell Counter and plated
at 2 × 106 cells in 10mL of complete media. For experiments in
CORL47 cells with exogenous DOX-On inducible ZFP36L1 expres-
sion, DOX-On inducible pTripz-ZFP36L1WT-FLAG-NEO, pTripz-
ZFP36L1MUT-FLAG-NEO, or pTripz-EV-FLAG-NEO lentiviruses
were infected into CORL47 cells and selected with G418. After
selection and confirmation of expression of ZFP36L1 via immu-
noblot analysis in the presence of DOX, all cell lines were counted
on day 0 using a Vi-Cell XR Cell Counter and plated at 2 × 106 cells
in 10mL of complete media for 3 days. For the DOX-On pTripZ
experiments, cells were grown in the presence or absence or
Doxycycline (DOX) (1 μg/mL) as indicated.

Three days after plating, the cells were collected, centrifuged, and
the supernatant was removed. The cells were washed once in cold PBS
and again centrifuged for 5min at 211 × g at 4 °C. The cell pellets were
then resuspended in 500μL of cold PBS, and then 50μL was removed
for input RNA (10% of total cell lysate) and 25 μL for input protein (5%
of total cell lysate), and the other 425μLwas used for IP. The cells were
centrifuged again and the supernatant was removed. The cell pellets
were resuspended in 200μL of RIP lysis buffer (20mMTris-HCl pH 7.5,
100mM NaCl, 0.5 % NP-40, 5mM MgCl2, protease inhibitor cocktail
(Complete, Roche Applied Science, 11836153001), phosphatase inhi-
bitors (PhosSTOP Sigma #04906837001) and RNase inhibitor (RNa-
seOUT, Thermofisher #10777019). The lysate was mixed up and down
by pipetting until the mixture was homogeneous. The lysate was
incubated on ice for 10min and then centrifuged for 10min at
21,130 × g at 4 °C. The lysate was then aliquoted at equal volumes
(100μL and 100μL) to each dynabeads-antibody complex containing
the antibody of interest or the isotype-matched IgG-negative control.

To conjugate the magnetic beads with antibody, Dynabeads Pro-
tein G (ThermoFisher #10004D) were first resuspended by pipetting
and then 25μL/reaction of Dynabead suspension was transferred to
each eppendorf tube. Then 0.5mL of RIP wash buffer (50mMTris-HCl
pH 7.5, 150mM NaCl, 1mM MgCl2, 0.05 % NP-40) was added to each
tube containing Dynabeads and vortexed briefly. The tubes were then
placed on the magnet (DynaMag™−2 Magnet, ThermoFisher #12321D)
to isolate the Dynabeads and the supernatant was discarded. The
eppendorf tube was then removed from the magnet and RIP wash
buffer was added to wash. This was repeated three times. Then the
Dynabeads were resuspended in 100μL of RIP wash buffer and 2.5μL
(2.5μg) of mouse anti-FLAG (Sigma, clone M2, #F1804-1MG) antibody
or isotype-matched control IgG1 (Cell Signaling #5415S) to the tube for
the FLAG IPs, or 5μL of rabbit anti-V5 (Cell Signaling #13202) or the
isotype-matched IgG control (Cell Signaling #3900) for the V5 IP. The
antibody-beadmixtures were then incubatedwhile rotating for 30min
at room temperature to conjugate the antibodies with the Dynabeads.
Then 100μL of protein lysate (~1mg of protein determined in opti-
mization pilot experiments performed to determine cell plating den-
sity) wasmixedwith conjugated antibody-Dynabead complex (100μL)
and 900μL of RIP immunoprecipitation buffer (860μL RIP wash buf-
fer, 35μL of 0.5M EDTA, 5μL RNase inhibitor) for total volume of
1.1mL. The reaction was incubated overnight with rotating at 4 °C.

The following morning, the immunoprecipitation Eppendorf
tubes were briefly centrifuged and then placed on the magnet and the
supernatant wasdiscarded. The tubeswere removed from themagnet,

and then 0.4mL of cold RIP wash buffer was added. This was repeated
three times. During the final wash, 40μL of a 400μL total volume was
removed to test the IP efficiency by placing the 40μL on themagnet to
remove the RIP wash buffer and the Dynabeads were resuspended in
30μL 2x SDS-PAGE loading buffer and the sampleswereboiled at95 °C
for 10min. The samples were then run on a 10% SDS-PAGE with the
input protein samples described above.

For the remaining 360μL of the IP, the Dynabeads were isolated
by the magnet and then resuspended in 150μL proteinase K buffer
[130μL RIP wash buffer, 15μL 10% SDS, 5μL 40mg/mL proteinase K
(Invitrogen #25530-015)] and incubated at 55 °C for 30min with
shaking. The tube was then spun down briefly and placed on the
magnet. The supernatant was then transferred into a new Eppendorf
tube for RNA isolation.

For RNA extraction the Quick-RNAMiniprep Kit (ZYMO Research,
# R1054) was used according to the manufacturer’s instructions with
the following modifications. 450μL cell lysis buffer from the RNA kit
was added to the 150μL of the IP (or 550μL cell lysis buffer was added
to 50μL of the RNA input described above) so that the final volume
was 600μL. At the elution step, 20μL RNase/DNase free water was
added and 8μL of eluted RNA was used for cDNA library synthesis.

A cDNA library was synthesized using iScript Reverse Transcrip-
tion Supermix for RT-qPCR (Biorad # 1708841) according to the
manufacturer’s instructions. qPCR was performed using the SYBR
Green PCR Kit (Bio-Rad, SsoAdvanced™ Universal SYBR® Green
Supermix) according to the manufacturer’s instructions. Signals were
detected using the Bio-Rad T100 96-Well PCR Gradient Thermal
Cycler. The ΔΔCT Method was used to analyze data. The expression
level of each gene was normalized to the percentage (%) input. The
primers for qPCR are:
ASCL1-For_CGGTCTCATCCTACTCGTCG,
ASCL1-Rev_GTTGTGCGATCACCCTGCTT,
SOX2-For_ TACAGCATGATGCAGGACCA,
SOX2-Rev_CCGTTCATGTAGGTCTGCGA,
INSM1-For_TTACGCGGCACATCAACAAG,
INSM1-Rev_TCTTTGTGGGTCTCCAAGCG,
CDK2-For_CATCTTTGCTGAGATGGTGACT,
CDK2-Rev_ACTTGGCTTGTAATCAGGCAT,
E2F1-For_CCGGGGAATGAAGGTGAACA,
E2F1-Rev_GAGCAAAAGGGCCGAAAGTG,
GAPDH-For_ TCGGAGTCAACGGATTTGGTC,
GAPDH-Rev_ AGTTGAGGTCAATGAAGGGGT.

3′UTR luciferase stability assay
For the 3′UTR luciferase assay, first 293T cells with exogenous con-
stitutive ZFP36L1 expression were established. The PLX304-CMV-
ZFP36L1WT-V5-BLAST, or PLX304-CMV-ZFP36L1MUT-V5-BLAST, or
PLX304-CMV-EV-V5-BLAST lentiviruses were infected into 293T cells
and selected with blasticidin and confirmed to express ZFP36L1 via
immunoblot analysis. Then all cell lines were counted on day 0 using a
Vi-Cell XR Cell Counter and plated at 1 × 105 cells in 0.5mL in a 24-well
tissue culture plate inDMEMmediawith 10%FBSwithout Penicillin and
Streptomycin and incubated overnight. The following morning, the
cells were transfected with pLightSwitch-3′UTR control vector, the
pLightSwitch-hSOX2-3′UTR, or the pLightSwitch-hINSM1-3′UTR plas-
mid using Lipofectamine 2000 reagent (Invitrogen™, Cat #: 11668019)
according to themanufacturer’s instructions. 16 to 18 h later, luciferase
activity was measured using LightSwitch™ Luciferase Assay Kit
(SwitchGear Genomics, LS010) and Infinite 200 PRO microplate plate
reader. Relative luciferase was normalized with cell number, and then
normalized with pLX304-EV group.

siRNA experiments
Nucleofection was performed using the SF 4D-Nucleofector X kits
(Lonza # V4XC-2032). For transfection, NCI-H1876, CORL47, and NCI-
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H69 (1 × 106 cells) were resuspended in 20μL of SF 4D-Nucleofector X
solution and transferred into a the 16-well Nucleocuvette strip. 2 µMof
siRNAwas added andelectroporationwasperformedusing theCM-137
program (C1). After transfection, 70 µL of pre-warmed culturemedium
was gently added to each sample and incubated for 10min at 37 °C.
Transfected cells in suspension were then gently transferred dropwise
into 6-well tissue culture-treated plates containing 2mL pre-warmed
complete media. Cells were then cultured for 72 h and 96 h and har-
vested for immunoblot analysis. The following siRNAs were used: on-
target plus human SOX2 siRNA SMARTpool (Horizon, Catalog ID:L-
011778-00), on-target plus human INSM1 siRNA SMARTpool (Horizon,
Catalog ID:L-006535-00), and on-target plus non-targeting siRNA
(Horizon, Catalog ID: D-001810-01).

Statistical analysis
For the CRISPR/Cas9 screen in Fig. 1, the data was analyzed using the
STARS and Hypergeometric analysis algorithms on the GPP portal
(https://portals.broadinstitute.org/gpp/screener/) and genes were
considered “hits” if their q-value was <0.25 using the STARS analysis.
For the RNA-sequencing experiments and GSEA analysis in Figs. 4 and
6, statistical significance with calculated using FDR corrected for
multiple hypothesis testing where q-value of <0.25 is considered sta-
tistically significant.

For all other experiments, statistical significance was calculated
using unpaired, two-tailed Students t-test. p-values were considered
statistically significant if the p-value was < 0.05. For all figures, * indi-
cates p-value < 0.05, ** indicates p-value < 0.01, *** indicates and
p-value < 0.001, **** indicates and p-value < 0.0001. Error bars repre-
sent SEM unless otherwise indicated.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data and materials supporting the findings of this study are
available from the corresponding author upon reasonable request. The
RNA-sequencing data generated in this study have been deposited in
the GEO database under accession code GSE202116. Log normalized
data from the CRISPR screen is included as Supplementary Data 1.
FPKM values and differential expression analyses from the RNA-seq
data are included in Supplementary Datas 2 and 3. Source data are
provided with this paper.
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