PNAS

PHARMACOLOGY

L)

Check for
updates

EHMT2-mediated transcriptional reprogramming drives
neuroendocrine transformation in non-small cell lung cancer

Cheng Yang®®, Shuxiang Ma“

Wei Cui®, Lina Jia?, Jingyu Yang?, Chunfu Wu?, Qiming Wang®' &, and Lihui Wang®®"

Affiliations are included on p. 12.

,Jie Zhang®®, Yuchen Han®, Li Wan®°, Wenlong Zhou®®, Xiaoyu Dong®”, Weiming Yang®®, Yu Chen®®, Lingyue Gao®®,

Edited by David A. Barbie, Dana-Farber Cancer Institute, Boston, MA; received October 13, 2023; accepted April 23, 2024 by Editorial Board Member

Myles Brown

The transformation of lung adenocarcinoma to small cell lung cancer (SCLC) is a rec-
ognized resistance mechanism and a hindrance to therapies using epidermal growth
factor receptor tyrosine kinase inhibitors (TKIs). The paucity of pretranslational/post-
translational clinical samples limits the deeper understanding of resistance mechanisms
and the exploration of effective therapeutic strategies. Here, we developed preclinical
neuroendocrine (NE) transformation models. Next, we identified a transcriptional repro-
gramming mechanism that drives resistance to erlotinib in NE transformation cell lines
and cell-derived xenograft mice. We observed the enhanced expression of genes involved
in the EHMT2 and WNT/B-catenin pathways. In addition, we demonstrated that
EHMT?2 increases methylation of the SFRP1 promoter region to reduce SFRP1 expres-
sion, followed by activation of the WNT/f-catenin pathway and TKI-mediated NE
transformation. Notably, the similar expression alterations of EHMT2 and SFRP1 were
observed in transformed SCLC samples obtained from clinical patients. Importantly,
suppression of EHMT2 with selective inhibitors restored the sensitivity of NE transfor-
mation cell lines to erlotinib and delayed resistance in cell-derived xenograft mice. We
identify a transcriptional reprogramming process in NE transformation and provide a
potential therapeutic target for overcoming resistance to erlotinib.

non-small cell lung cancer | small cell lung cancer | neuroendocrine transformation | EHMT2 |
WNT/p-catenin pathway

Lung cancer is among the most common cancers in the world (1, 2). For patients affected by
non—small cell lung cancer (NSCLC) with activating mutations in epidermal growth factor
receptor (EGFR), tyrosine kinase inhibitors (TKIs) can be beneficial. TKIs are effective treat-
ments with fewer side effects than chemotherapy medicines; for example, erlotinib, a
first-generation EGFR-TKI, can rapidly improve symptoms and achieve better outcomes.
However, following initial efficacy, resistance to TKIs develops after about 10 to 12 mo (3, 4).

To date, there are three common mechanisms of acquired resistance in patients. About
half of the patients will develop the £GFR T790M mutation, which abrogates the respon-
siveness to erlotinib (5). A subset of patients has MET or HER2 amplification, which activates
downstream signaling independent of EGFR (6-8). 5 to 15% of patients acquire resistance
through transformation to small cell lung cancer (SCLC) (9-11). The histological transfor-
mation of lung adenocarcinoma (LUAD) to an aggressive neuroendocrine (NE) derivative
resembling SCLC is a signature example of lineage plasticity in cancer. At present, therapeutic
strategies have been developed to counteract EGFR-TXKI resistance driven by T790M and
MET amplification (12-14). There has been limited research progress on phenotypic trans-
formation, which is mainly due to the small number of relevant clinical samples and difficulty
in obtaining them. Therefore, it is important to establish a feasible preclinical model and
explore the mechanism of phenotypic transformation in lung cancer. Another important goal
of this study is to explore possible treatment options based on the uncovered mechanism.

Here, we first report the role of EHMT2 in phenotypic transformation in a cell model.
We reveal the underlying mechanisms of epigenetic regulation, and we leverage these
mechanisms to develop a potential strategy to reverse TKI resistance resulting from phe-
notypic transformation.

Results

Establishment of Transformed Cell Models and Confirmation of Potential Biomarkers of
NE Transformation. Erlotinib-resistant NSCLC cell lines were generated by exposing cells
to escalating doses of erlotinib during one year. However, the resulting population contains
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Significance

Phenotypic transformation in
lung cancer refers to a clinical
phenomenon that patients with
non-small cell lung cancer
appear small cell lung cancer
phenotype after tyrosine kinase
inhibitor (TKI) treatment, which
would lead to failure of therapy.
At present, the underlying
mechanism of phenotypic
transformation is limited, and
there is no effective treatment. In
this work, we found that the
epigenetic regulatory enzyme
EHMT2 was involved in
phenotypic transformation
through epiregulating SFRP1 to
activate the WNT/B-catenin
pathway, whereas targeting
EHMT2 would reverse NE
phenotype and sensitize TKI
treatment. In conclusion, our
study reveals the underlying
mechanism of NE transformation
and provides a potential strategy
to reverse TKI resistance in lung
cancer.
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a mixture of cells with different resistance mechanisms, which is
not conducive to the study of NE transformation. To establish cell
clones that exhibit characteristics of NE transformation, SCLC-like
monoclonal cells (unclear cell boundary, high nuclear-to-cytoplasmic
ratio, granular chromatin, and high mitotic counts, etc.) were
isolated from four different NSCLC cell lines by limiting dilution
(81 Appendix, Fig. S1 A and B). DNA sequencing (DNA-seq) analysis
was then performed, and the clonal resistant cells were compared
with their isogenic parental cells (Fig. 1 A and B and SI Appendix,
Fig. S2A4). The results showed that certain clonal cells did not
develop EGFR-depended mutations which lead to TKI resistance,
such as mutations in exons 18 to 21 (including T790M). The other

underlying mechanisms, including MET and HER2 amplification,
mutation in PIK3CA, BRAE and KRAS genes, were also excluded
(Fig. 1C and SI Appendix, Fig. S2 B and C). Next, these cell lines
were selected for further study and designated as T-H1650, T-4006,
T-PC9, and T-827. We detected the expression of classical SCLC
markers in these cell models (Fig. 1D). As we expected, CHGA was
highly expressed in transformed cells, and RB was poorly expressed
compared with the parental cells. CHGA and RB are usually
used as markers for SCLC, but there is no marker to represent
the pretransformation NSCLC. A previous study showed that the
expression and mutation of EGFR are rarely detected in SCLC (15).
Besides, YAP expression was higher in never-transformed LUADs
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Fig. 1. Establishment of transformed cell models and confirmation of potential biomarkers of NE transformation. (4) SCLC-like cells were selected by monoclonal
selection from erlotinib-resistant cells, and resistant cells driven by mutation were excluded by DNA-seq. (B) Log2(ICs;) values for erlotinib treatment (48 h) of
parental (H1650, HCC4006, HCC827, and PC9) cells and NE transformation (T) variants. (C) Mutations at EGFR exon 18 to 21 and gene amplifications of MET and
HER2 in parental and NE-transformed cells were determined by DNA sequencing and qPCR. PIK3CA, BRAF, and KRAS mutation detection by WES. (D) Western blots
showing the levels of NE transformation biomarkers in paired parental cells and NE-transformed cells. (E) CHGA, EGFR, and YAP mRNA levels in NSCLC (n = 135,
135, and 135) and SCLC (n = 50, 50, and 49). Data are from the CCLE 22Q2 Public. (F) Western blots showing the levels of EGFR and YAP in paired parental cells
and NE-transformed cells. (G) Dose-response curves for parental and NE-transformed cells treated with etoposide or SN-38 for 48 h (n = 3). Data are graphed

as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed Student’s t test.
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than transformed SCLC (16). We considered that EGFR and YAP
have potential as markers for pretransformation NSCLC. To evaluate
this possibility, we compared the expression of CHGA, EGFR, and
YAP. As expected, we observed increased mRNA expression of EGFR
and YAPin NSCLC vs. SCLC, consistent with NE transformation.
The expression of CHGA was higher in SCLC than in NSCLC
(Fig. 1E). For in-depth characterization of the progress of NE
transformation in the transformed cell models, we detected the
expression of EGFR, YAP, RB, and CHGA proteins. We found
that the transformed cells typically express higher levels of CHGA,
while the parental cells express higher levels of EGFR, YAR, and RB
(Fig. 1 Dand F).

It is noteworthy that previous articles reported that TP53 and
RB play an important role in phenotypic plasticity, and most
patients with SCLC transformation had RB and 7P53 inactivation
mutations (17, 18). Therefore, we think it is necessary to clarify
the status of TP53 and RB in transformed cells. Through whole
exon sequencing (WES) and western blot, we found that the trans-
formed cells had 753 mutation and low expression of TP53, but
no RB mutation compared with the parental cell (S7 Appendix,
Fig. S2D). Furthermore, we explored the mechanism of decreased
expression of TP53 and RB. It has been reported that RB inacti-
vation is related to DNA methylation. Consistently, we found that
DNA methylation in transformed cells was higher than parental
cells through dot blot, and the methylation of CpG island region
of 7P53 and RB in T-H1650 and T-4006 cells increased signifi-
cantly compared with the parental cells through the methylatdion-
specific PCR (MS-PCR) (SI Appendix, Fig. S2 E and F). Although
there is still a small amount of RB protein in SCLC-transformed
cells, we guess it exists in phosphorylated state (Inactive). We
detected the expression of pRB and confirmed that its expression
increased in transformed cells. In addition, we found that the
expression of CDK4, CyclinD1, CDK2, and CyclinEl was
up-regulated in transformed cells, which mediate RB phospho-
rylation (87 Appendix, Fig. S3A). This may be the main reason for
the increase of pRB. Active RB hinders the progress of cell cycle
by inhibiting the transcription of cell cycle-related genes and
becomes inactive once it is phosphorylated (19). Therefore, we
detected the mRNA expression of cell cycle-related genes and the
changes of cell cycle. The results showed that the mRNA expres-
sion of cell cycle-related genes was up-regulated in transformed
cells. Flow cytometry showed that the proportion of S phase
increased, while the proportion of GO/G1 phase decreased in
transformed cells (87 Appendix, Fig. S3 B and C). In addition, we
transfected different concentrations of RB siRNA and detected
the changes of cell cycle-related genes in parental cells and trans-
formed cells. The results showed that the change of cell cycle-related
genes in parental cells was more significant than in transformed
cells in concentration-dependent manner (S Appendix, Fig. S3 D
and E). This reflects that RB has a more complete function in
parental cells and exists in transformed cells as, at least partially,
inactive pRB. Thus, we confirmed that these cell models have the
characteristics of NE transformation.

To evaluate these cell models more comprehensively, we deter-
mined the efficacy of etoposide and SN-38 (the active metabolite
of irinotecan) in paired cell lines. As drugs for the treatment of
SCLC, both agents are highly effective against SCLC cells but
have limited efficacy in NSCLC cells. Indeed, the efficacy of
etoposide and SN-38 was significantly increased in the trans-
formed cells (Fig. 1G). Together, these data confirm that we devel-
oped four cell lines with characteristics of NE transformation.
This is similar to what is observed clinically when NSCLC is
exposed to long-term TKI treatment.
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Pathological and Transcriptomic Characteristics of the Trans-
formed SCLC Cell Models. Similar to NE markers, histomorphology
is an important indicator for the evaluation of phenotypic
transformation (20). To confirm that the SCLC transformation
models can simulate the transformation of clinical samples, we
analyzed the histomorphological changes of xenograft tumors
derived from SCLC cells. In PC9 cell-derived xenograft tumors,
we observed that the cells were mainly round or oval in shape, with
conspicuous nucleoli, clear cell borders, and other characteristics of
LUAD (Fig. 24). However, xenograft tumors derived from T-PC9
cells presented morphological features of SCLC such as enlarged
nucleus, inconspicuous nucleoli, indistinct cell boundaries, and
cells clustering into nests (Fig. 24). In addition, it should be noted
that the histomorphology of T-PC9 cell-derived xenograft tumors
is highly consistent with that of xenograft tumors derived from two
SCLC cell lines (H446 and SHP77) and shows few of the features
of LUAD. This indicates that the NE transformation model shows
features of SCLC transformation and has the potential to simulate
clinical samples. Then, we examined the expression of markers
by immunohistochemical (IHC) and observed higher expression
of NE biomarkers CHGA and ASCLI1 after transformation. In
contrast, RB and YAP were more highly expressed in xenograft
tissue derived from parental cells. In addition, according to the
SCLC pathological evaluation of National Comprehensive Cancer
Network (NCCN), it is necessary to detect tumor proliferation.
We found that compared with parental xenograft tissue, Ki67
and PCNA were enriched in xenograft tumors derived from
T-PC9 cells (Fig. 2B and SI Appendix, Fig. S4 A and B). This
is consistent with the Cancer Cell Line Encyclopedia (CCLE)
(SI Appendix, Fig. S4C). Next, we conducted experiments to
explore drug selectivity using an in vivo model. The sensitivity of
tumors to irinotecan was not significantly different in the PC9
xenograft model compared with the control group. However,
irinotecan significantly reduced the tumor burden in the T-PC9
xenograft model (Fig. 2C). This is consistent with results obtained
in vitro (Fig. 1F). Multiple studies have reported that the gene
expression pattern of NSCLC is significantly different from that
of classical SCLC and the expression of transformed SCLC is
similar to classical SCLC (21, 22). Gene Set Enrichment Analysis
(GSEA) on paired cell lines indicated that SCLC-related gene
expression was significantly enriched in T-PC9 and T-H1650
(Fig. 2D and SI Appendix, Fig. S4D). In addition, we compared
the expression of four genes in the cell model by RNA-seq. These
genes have generally been reported to be differentially expressed
between NSCLC and SCLC cell lines. The results showed that the
expression profile of the T-H1650 was similar to classical SCLC
(SI Appendix, Fig. S4E). Altogether, these findings reveal that the
SCLC-transformed cell models are similar to classical SCLC in
morphology, mRNA expression, and chemosensitivity.

In NE Transformation, Acquired Resistance to EGFR-TKIs Is
Associated with EHMT2. Epigenetic therapy has been suggested
for treatment of solid tumors. Notably, it has been reported that
histone methyltransferase (HMT) inhibitors can suppress NE
transformation in prostate cancer (23). We suspected that epigenetics
may play an important role in SCLC transformation. We screened
a library of 294 epigenetics-related compounds to search for agents
that inhibited the growth of the transformed cell lines. The results
showed that eight compounds were able to inhibit >80% of the
growth of T-PC9 cells (Fig. 3A4). To exclude the cytotoxic effects
of compounds in the cell. Then, we compared the sensitivity of
T-PC9 and the parental PC9 cells to these compounds. The results
showed that EHMT?2 inhibitors (UNC0638 and UNC0642) and
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Fig. 2. Histological analyses of tumors derived from transformed cell lines, and RNA-seq analysis of transformed cell lines. (A) HE was performed on xenograft
tumors derived from PC9, T-PC9, H446 (SCLC cells), and SHP77 cells (SCLC cells). (B) IHC of CHGA, ASCL1, RB, YAP, and Ki67 for in situ analysis of NE transformation
status and cell proliferation in xenograft tumors. (Scale bar, 50 pm.) (C) The inhibitory efficacy of irinotecan treatment on relative tumor volume in mice with
PC9- and T-PC9-driven xenografts (n = 6). Irinotecan (10 mg/kg) was administered through intraperitoneal injection every 2 d. (D) GSEA enrichment plot of the
SCLC gene set with the corresponding statistical metrics shown. The analysis was carried out on paired cell lines (T-PC9/PC9). Data are graphed as means + SEM.

*P <0.05, **P < 0.01, ***P < 0.001, two-tailed Student's t test.

EZH2 inhibitors (GSK126) had higher sensitivity in transformed
cells (Fig. 3B). This suggests that the histone methyltransferases
EHMT?2 and EZH2 could be potential targets. This possibility
was confirmed by results from the Genomics of Drug Sensitivity in
Cancer (GDSC) (Fig. 3C). To define the role of EHMT2 and EZH2
in NE transformation, we tested the sensitivity differences of parental
cells and transformed cells to UNC0638, UNC0642, and GSK126 at
different concentrations (Fig. 3D and ST Appendix, Fig. S5 Aand B).
UNCO0638 or UNCO0642 treatment can make the four cell models
have strong and consistent difference effects. But the effect of

GSK126 is slight, which suggests that the role of EZH2 in NE

https://doi.org/10.1073/pnas.2317790121

transformation may be limited. Western blotting revealed an increase
in the abundance of EHMT?2 in NE-transformed cells compared
to parental cells (Fig. 3E). The expression of EZH2 was not up-
regulated in NE-transformed T-PC9, T-H1650, and T-827 cells
compared to the parental cells (Fig. 3 and S/ Appendix, Fig. S5C).
However, there was an increase in the abundance of EZH2 in T-
4006 cells compared to parental cells (Fig. 3E). This may explain why
T-4006 cells are more sensitive to GSK126 than their parental cells.
To examine whether the SCLC transformed depended on EHMT?2,
the expression of biomarkers were evaluated after pharmacological
suppression of EHMT2 by selective inhibitors. The results showed

pnas.org
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Fig. 3. In NE transformation, acquired resistance to EGFR TKIs is associated with EHMT2. (A) Sensitivity of T-PC9 cells to 294 agents (10 uM, 48 h) targeting
epigenetics-related processes from an epigenetics compound library. (B) Difference in inhibition rates of the six inhibitors (10 uM, 72 h) between T-PC9 and
PC9 cells. (C) 1Cs values for UNC0638 and GSK343 in NSCLC and SCLC cell lines. Data are from the GDSC. (D) Sensitivity of NE-transformed cells compared to
parental cells to inhibitors at I1Cy,, 1C5q, 1C40, and ICsq values (n = 3). (E) The expression of EHMT2 and EZH2 in paired parental cells and transformed cells. (F and
G) Effect of UNCO0638 (F) or GSK126 (G) on the protein levels of NE transformation biomarkers (48 h). (H) IHC for total CHGA, YAP, and EHMT2 on a representative
pair of matched pre- and postresistant samples from a patient whose resistant EGFR mutant cancer transformed from NSCLC to SCLC (Patient #1). [Scale bar,
50 um (IHC).] (/) Heatmap showing IHC characterization of CHGA, YAP, and EHMT2 alterations. Data are graphed as means + SEM. *P < 0.05, **P < 0.01, ***P <

0.001, two-tailed Student's t test.

that the expression of EGFR, RB, and YAP increased after UNC0638
treatment, while the expression of CHGA decreased after UNC0638
treatment (Fig. 3F and ST Appendix, Fig. S5D). However, the effect
of GSK126 on expression of biomarkers was limited (Fig. 3G and
SI Appendix, Fig. SSE). In addition, we observed that the expression
of RB was significantly up-regulated in the parental cells treated
with UNCO0638 or EHMT2 siRNA (S Appendix, Fig. S4 Fand G).

PNAS 2024 Vol. 121 No.23 2317790121

To determine whether EHMT2 expression is commonly overex-
pression in EGFR mutant lung cancers that transform to SCLC, we
performed THC analysis on pretransformation LUAD:s (n = 3) and
posttransformation SCLCs (n = 5) derived from patients, including
one matched case (patient #1). The result showed that the expression
of EHMT?2 and CHGA in post-SCLC is higher than pre-LUAD,
whereas the expression of YAP is decreased in pre-LUAD (Fig. 3H).
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The heatmap shows the H score of seven patients (Fig. 3/). Taken
together, these results demonstrate that EHMT2 may play an
important role in NE transformation.

Gene Manipulation of Catalytically Active EHMT2 Affects EGFR TKI
Resistance in NE Transformation. Next, we investigated whether
EHMT?2 affects NE transformation and mediates EGFR-TKI
resistance in NE-transformed cells. We treated NE-transformed
cells with short hairpin RNA (shRNA) targeting EHM 72 and
observed decrease of the H3K9me2 modification (SI Appendix,
Fig. S6A). Results from colony formation indicated that EHMT2
knockdown resulted in a higher sensitivity to erlotinib in NE-
transformed cells compared with parental cells (Fig. 4A4). We
wanted to know whether this change results from the reversal of
NE transformation. Western blotting revealed an increase in the
abundance of EGFR, RB, and YAP and a reduction in CHGA
in EHM T2 knockdown cells compared to scramble cells (Fig. 4B
and SI Appendix, Fig. S6B). Then, we overexpressed the EHM T2
wild type in parental cells and detected the expression of four
biomarkers. The results showed that compared with the control
cells, the expressions of EGFR, RB, and YAP in EHMT2-OE
parental cells decreased, while the expression of CHGA increased.
The above results indicated that EHMT2 overexpression can
promote the transformation in EGFR mutant cells (S Appendix,
Fig. S6C). Next, we evaluated the effect of EHM T2 knockdown
on sensitivity to both SCLC agent etoposide and irinotecan.
Cell viability showed that the knockdown of EHMT?2 increased
the sensitivity of T-PC9 cells and T-H1650 cells to these agents
(Fig. 4C). Consistent results were obtained from colony formation
on T-4006 and T-827 (SI Appendix, Fig. S6D).

It has been reported that EHMT? is associated with paclitaxel
resistance in NSCLC by catalyzing methylation of H3K9 in a target
gene promoter (24). To further determine whether the effect of
EHMT? in NE transformation is dependent on enzyme activity,
we overexpressed the EHMT2 wild-type and dead mutant
(H1113K) in four EHMT2 knockdown cell lines (SI Appendix,
Fig. S7 A and B). The expression of SCLC transformation markers
varied significantly in the cells expressing wild-type EHMT?2, but
not in the cells expressing the dead mutant (Fig. 4D and ST Appendix,
Fig. S7C). Predictably, in T-PC9 and T-H1650 knockdown cell
lines, overexpression of wild-type EHMT2 significantly increased
the sensitivity to etlotinib (Fig. 4E). To rule out the possible influ-
ence of different EHMT?2 expression levels on NE transformation,
we determined the levels of EHMT?2 protein in the transformed
cell lines without and with expression of wild-type EHMT2 and
the dead mutant (87 Appendix, Fig. S7D). The results showed that
there were no obvious differences in the expression of EHMT?2 in
the genetically manipulated cells. These observations highlight that
NE transformation is determined not only by the expression level
but also by EHMT?2 catalytic activity.

EHMT2 Activates the WNT/f-Catenin Pathway in NE Trans-
formation. To elucidate the underlying mechanism of EHMT?2-
mediated erlotinib resistance in NE transformation, we performed
microarray analysis in T-PC9 (T), UNC0638-treated T-PC9
(RT), and PCY (P) (Fig. 5A4). The gene expression profile in
reversed cells (UNCO0638-treated T-PC9) may be like parental
cells (PC9). Compared with transformed cells, the pathways that
are reduced in both parental and reversed cells may be crucial
for NE transformation, and they may provide information about
therapeutic targets. Pathway analysis showed significant enrichment
of 110 pathways in transformed cells compared to parent cells
and significant enrichment of 104 pathways in transformed cells

compared to UNC0638-treated T-PC9 cells (Fig. 5B). We found

https://doi.org/10.1073/pnas.2317790121

that a total of 55 pathways were enriched in overlapping area
(81 Appendix, Table S1). The overlapping area occupies half of the
T vs. Psetor T vs. RT set, which suggests that EHMT?2 may play a
crucial role in NE transformation. According to the cancer-related
characteristics such as stronger cell proliferation and higher cell
differentiation after transformation, we reasoned that the WNT/f3-
catenin pathway, mTOR pathway, TGF-p pathway, and Hippo
pathway may be related to NE transformation (Fig. 5B). Then,
we examined pathway-related proteins in T-PC9 and PC9 cells.
The results indicated that the expression of P-Smad2 and P-Smad3
(TGF-P pathway-related proteins) did not change consistently
in T-PC9 cells compared to PC9 cells (57 Appendix, Fig. S8A).
Expression changes of other pathway-related proteins were also
limited. However, we found a significant increase in the abundance
of total and nuclear p-catenin in transformed cells (Fig. 5C and
SI Appendix, Fig. S8B). This was supported by protein analyses
of patient samples and patient-derived xenografts (PDXs) in the
report of Sen et al. (22). The above results suggest that compared
with other pathways, the WNT/f-catenin pathway is more likely
to play an important role in NE transformation.

p-catenin is a key component of the WNT/f-catenin signaling
pathway, and the nuclear translocation of B-catenin symbolizes the
activation of the pathway. We analyzed the localization of B-catenin
cells in PC9 and T-PC9 cells by immunofluorescence. In PC9 cells,
f-catenin was predominantly located in the cytoplasm, whereas in
T-PC9 cells, p-catenin was localized in the nucleus (Fig. 5D). In
addition, T-PC9 and T-4006 cells display activated expression of
genes encoding target proteins of the WNT/B-catenin pathway
(Fig. 5E and SI Appendix, Fig. S8C). Western blot showed a lower
abundance of total and nuclear f-catenin in the EHM 72-knockdown
NE transformed cells compared with the scramble control (Fig. 5F
and S/ Appendix, Fig. S8 D). Immunofluorescence revealed decreased
nuclear localization of f-catenin in UNC0638-treated T-PC9 cells
(Fig. 5G). The accumulation of PB-catenin was also observed in
EHMT?2 escue cells (SI Appendix, Fig. S8E). To further confirm the
role of the WNT/p-catenin pathway in NE transformation, we
treated EHMT2 overexpressed parental cells with MSAB, a
WNT/B-catenin pathway inhibitor. The results showed that MSAB
treatment, especially long-time exposure, could result in the reversal
of EHMT?2 caused biomarker changes, including EGFR, RB, YAP,
and CHGA (Fig. 5H and SI Appendix, Fig. S8F). Altogether, the
results reveal that the WNT/f-catenin pathway is involved in NE
transformation and demonstrate that activation of the WNT/pB-
catenin pathway depends on the methylation of H3K9me2.

EHMT2 Up-Regulates the WNT/B-Catenin Pathway by Repressing
SFRP1 to Boost NE Transformation and Erlotinib Resistance.
Since EHMT?2 is a histone methyltransferase and represses gene
transcription by the methylation of H3K9, we hypothesized that
EHMT?2 regulates a negative regulator of the WNT/f-catenin
pathway. ChIP-seq was used to detect the enrichment of H3K9me2
in the promoter region of genes encoding known negative regulators
of the WNT/B-catenin pathway, including SFRP1, APC, and DKKI1.
Wee verified that the accumulation of H3K9me2 was increased in the
SFRPI promoter region in T-PC9 cells compared with PC9 cells,
while accumulation of H3K9me2 was not obviously changed in
the APC and DKKI promoter regions (Fig. 64). Interestingly, we
noticed that H3K9me2 accumulated in the promoter of CDKN2A
(encoding p16 protein) (S Appendix, Fig. S9A). This is consistent
with previous reports that p16 leads to the decrease of pRB by
inhibiting CDK activity (25). Western blot showed that there was
a reduced expression of p16 in transformed cells. After UNC0638
treatment, the expression of p16 in transformed cells increased and

the expression of pRB decreased (S] Appendix, Fig. S9 Band C). This
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Fig. 4.

Increased expression of catalytically active EHMT2 contributes to the EGFR-TKI resistance in NE transformation. (A) Colony formation showing the effect of

EHMT2 knockdown on erlotinib sensitivity in four NE-transformed cell lines (5 uM, 2 wk). (B) Western blots showing the effect of EHMT2 knockdown on the protein
abundance of SCLC transformation markers in NE-transformed cells. (C) Dose-response curves for parental and NE-transformed cells treated with etoposide,
and SN-38 for 48 h. (D) EHMT2 knockdown cell lines were subjected to expression of wild-type EHMT2 (R-Con/Rescue) or the catalytically dead mutant H1113K
(Con/DM). (E) Colony formation showing the effect of EHMT2 rescue on erlotinib sensitivity in NE transformed cells with EHMT2 knockdown (5 pM, 2 wk). Data
are graphed as means + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed Student’s t test.

may explain the increase of pRB in transformed cells. H3K9me2
accumulation is usually accompanied with Ac-H3 reduction. Based
on ChIP-qPCR assay, we verified the reduced enrichment of Ac-H3
in the SFRPI promoter region in T-PC9 cells compared with PC9
cells (Fig. 6B). Furthermore, we detected the expression of SFRP1
by qPCR and western blot. The results showed that the expression
of SFRPI mRNA and protein were lower in transformed cells than
in parental cells (Fig. 6 Cand D). The mRNA expression of SFRP!
was significantly increased in transformed cells with UNC0638
treatment (SI Appendix, Fig. S9D). To prove that EHMT2 can
regulate the expression of SFRP1, we examined the expression
of SFRP1 in NE-transformed cells transfected with scramble or
shRNA. The results showed that the expression of SFRP1 was
significantly increased after EHM 72 knockdown and significantly
reduced in EHMT?2 rescue cells (SI Appendix, Fig. S9 E and F).

PNAS 2024 Vol. 121 No.23 2317790121

Importantly, the expression of SFRP1 was confirmed in pre- (n = 3)
and posttransformation (n = 5) clinical samples, including one matched
case (patient #1) (Fig. 6E). This suggests that EHMT?2 up-regulates
the WNT/p-catenin pathway by repressing SFRP1. Furthermore,
western blotting showed decreased expression of p-catenin in the
nucleus after SFRP1 overexpression (Fig. 6F and SI Appendix,
Fig. S9G). EGFR, RB, and YAP expressions were significantly up-
regulated, and CHGA expression was significantly down-regulated
in SFRP1-overexpressing cells compared to control cells (Fig. 6G
and SI Appendix, Fig. SOH). Consistently, SFRP1 overexpression
resensitized these resistant cell lines to erlotinib and reduced the
sensitivity to etoposide and SN-38 (Fig. 6H and S/ Appendix,
Fig. S91). The above conclusions prove that EHMT?2 activates the
WNT/B-catenin pathway in SCLC transformation by regulating
SFRP1 expression.

https://doi.org/10.1073/pnas.2317790121
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Fig. 5. EHMT2 activates the WNT/p-catenin pathway in NE transformation. (

) Gene microarray and KEGG analyses were performed on PC9 cells (P), NE-

transformed cells (T-PC9) treated with UNC0638 for 48 h (RT) and untreated NE transformed cells (T) (three biological replicates for each group). (B, Left) Venn
diagram showing cancer-related pathways significantly enriched in T compared to P and RT by KEGG analysis. NES > 2 and P value < 0.05. Right: GSEA enrichment
plot of the WNT pathway in T compared to P with the corresponding statistical metrics shown. (C) The abundance of f-catenin protein in the paired parental cells
and NE-transformed cells. (D) Immunofluorescence of p-catenin in PC9 and T-PC9 cells. (Scale bars, 25 pm.) (E) Heat map showing mRNA levels of downstream
genes activated by the WNT/g-catenin pathway in T-PC9 cells compared to PC9 cells. (F) The effect of EHMT2 knockdown on the abundance of p-catenin protein
in NE-transformed cells. (G) Immunofluorescence of g-catenin in T-PC9 cells with UNC0638 treatment (5 uM, 7 d) and without. (Scale bars, 25 pm.) (H) Western
blot detected the expression of biomarkers in EHMT2-OE parental cells treat with WNT/p-catenin pathway inhibitors at different time.

Next, we constructed the xenograft tumor model using control
and SFRP1-overexpressing T-PC9 cells to investigate whether
overexpression of SFRP1 can reverse etlotinib resistance. To further
confirm the role of EHMT?2-catalyzed methylation in promoting
erlotinib resistance, we used erlotinib in combination with JIB-04,
a demethylase inhibitor of H3K9me2, in the T-PC9 xenograft group
overexpressing SFRP1. In the xenograft model, the tumor volume
was significantly smaller in the erlotinib-treated SFRP1 overexpres-
sion group as compared with the other groups (Fig. 61). Significantly,
the effect on tumor volume was much more limited in the erlotinib
and JIB04 combo-treated SFRP1 overexpression group compared
with the erlotinib-treated SFRP1 overexpression group (Fig. 6/). The
above results suggest that overexpression of SFRP1 can reverse erlo-
tinib resistance, but JIB-04 treatment can eliminate this effect. Our
findings highlight that SFRP1 s the target gene of EHMT2-mediated
methylation and plays an important role in NE transformation.
Accordingly, overexpression of SFRP1 was observed to make the
morphology more similar to NSCLC by HE (Fig. 6/). IHC con-
firmed that the SFRP1 overexpression can increase the expression
of Ki67 and decrease the expression of CHGA (Fig. 6/). In sum-
mary, EHMT?2 and the demethylase inhibitor JIB-04 affect the
susceptibility to erlotinib and the process of SCLC transformation
by increasing the level of H3K9me2 in the SFRPI promoter region,
thus inhibiting SFRP1 expression in vitro and in vivo.

Therapeutic Targeting of EHMT2 Delays EGFR-TKI Resistance
In Vitro and In Vivo. After demonstrating the mechanism of
EHMT?2 promoting NE transformation, we examined whether
pharmacological targeting of EHMT2 can delay resistance to

https://doi.org/10.1073/pnas.2317790121

erlotinib. We identified changes in the SFRP1 and WNT/p-
catenin pathways in UNC0638-treated NE-transformed cells.
The results showed that the expression of SFRP1 was enhanced in
NE-transformed cells treated with UNC0638, and the expression
of B-catenin was significantly decreased in the nucleus (Fig. 74 and
SI Appendix, Fig. S10A). The colony formation assay, with gradient
doses of erlotinib and UNC0638, demonstrated that inhibition
of EHMT?2 reverses erlotinib resistance in NE-transformed cells
in vitro (Fig. 7B and SI Appendix, Fig. S10B).

Next, we determined the resensitization effect of targeting
EHMT?2 on erlotinib in vivo. In mice treated with erlotinib alone,
tumor growth was not significantly reduced compared with the
control group (Fig. 7C). Single treatment with UNC0642 would
result in the inhibition of tumor growth with inhibition rate of
23.8% and 52.5% for T-PC9 and T-827 xenograft models. Notably,
the combination could contribute to an immediate and sustained
inhibition for both xenograft models, with inhibition rate 0of 43.2%
and 72.5%, respectively (Fig. 7C). Moreover, in both xenograft
models, there was no significant change in body weight between
the single-dose groups and the combined treatment group
(81 Appendix, Fig. S10 C and D). HE revealed that the EHMT2
inhibitor was able to reverse NE morphology with or without erlo-
tinib in the T-PC9 CDX model. Accordingly, IHC showed that
UNCO0642 reduced the expression of Ki67 and CHGA (Fig. 7D).
Western blot results also showed that the addition of UNC0642
altered the expression of all markers compared to the control group
and the single-agent erlotinib group in the T-PC9 and T-827 CDX
models (Fig. 7E). We also used the T-PC9 CDX model to test the

sensitivity to irinotecan. Similarly, irinotecan can significantly
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Fig. 6. EHMT2 up-regulates the WNT/p-catenin pathway by repressing SFRP1 to boost NE transformation and erlotinib susceptibility. (A) H3K9me2 ChlIP-seq
reads in PC9 and T-PC9 cells. The analysis was performed on genes encoding negative regulatory factors of the WNT/g-catenin pathway. The promoter regions
are enclosed in the red rectangle. (B) ChIP assay for the H3K9me2 (Top) and Ac-H3 (Bottom) modification of the SFRP1 gene in PC9 and T-PC9 cells. (C) SFRPT mRNA
expression in NE-transformed cells was assayed by RT-qPCR analysis compared with parental cells. (D) Western blots showing the abundance of SFRP1 protein
in paired parent cells and NE-transformed cells. (E) IHC for total SFRP1 on a representative pair of matched pre- and postresistant samples from a patient whose
resistant EGFR mutant cancer transformed from NSCLC to SCLC (Patient #1). [Scale bar, 50 um (IHC).] (F) Western blots confirming the overexpression of SFRP1
and the abundance of p-catenin protein. (G) Western blots showing the effect of SFRP1 overexpression on the protein abundance of SCLC transformation markers
in NE-transformed cells. (H) Colony formation showing the effect of SFRP1 overexpression on erlotinib sensitivity in NE-transformed cells (5 pM, 2 wk). (/) Mice
bearing T-PC9 SFRP1-CDX tumors and T-PC9 Control-CDX tumors were treated with erlotinib (13.5 mg/kg, once every 2 d, intraperitoneal injection) or erlotinib
combined with JIB-04 (20 mg/kg, once every 3 d, intraperitoneal injection) (n = 7). (/) HE and IHC were performed on sections of xenograft tumors derived from
T-PC9 SFRP1-CDX and T-PC9 Control-CDX mice. [Scale bar, 25 pm (HE) or 50 um (IHC).] Data are graphed as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. In B,
C, H, and J, P values were determined using two-tailed Student's t test. Data from / were analyzed using one-way ANOVA with Tukey's multiple comparisons test.

inhibit tumor growth, but this effect is weakened by UNC0642 in vivo by inhibiting the WINT/-catenin pathway. Based on the
(Fig. 7F). Together, these results indicate that reversal of erlotinib ~ clinical data, we raise the possibility of using SFRP1 and EHMT2
resistance by EHMT?2 inhibitors may be an effective therapeutic ~ as predictive markers for SCLC transformation.
strategy in NE-transformed SCLC.

It has been reported that lung cancer patients with NE transfor-  piscussion
mation have poor prognosis compared to lung cancer patients with
EGFR mutation (9.5 mo vs. 36.6 mo). Based on our findings, we ~~ EGFR-TKIs has created more survival opportunities for patients
next analyzed clinical data to explore whether the expression of ~ with NSCLC, although resistance remains one of the challenges
EHMT?2/SFRP1 could predict the prognosis of NE transformation (26). Presently, resistance mechanisms such as T790M mutation
patients. Kaplan—Meier Plotter analysis shows that different expression ~ have been elucidated and corresponding treatment strategies have
levels of SFRP1 have no significant effect on prognosis (S/ Appendix, been proposed (27). However, exploration of the SCLC transfor-
Fig. S10 E, Leff). However, we found that among patients with high mation mechanism is still limited. SCLC transformation may
expression of SFRP1, patients with low expression of EHMT2 had ~ occur after any TKIs treatment and result in a worse prognosis
better prognosis (S Appendix, Fig. S10 E, Righz). This suggests that, than for patients with classical SCLC (28, 29). Therefore, under-
as a target gene of EHMT?2, the role of SFRP1 in NE transformation  standing SCLC transformation is helpful to improve the survival
depends on the EHMT?2 driver. As combined predictive markers,  rate of patients with lung cancer. In this study, we established a
perhaps simultaneous high expression of EHMT?2 and low expression ~ SCLC-transformed cell model and confirmed that it simulated
of SFRP1 indicate a high risk of NE transformation. clinical samples. This solves the problem of acquiring SCLC trans-

In conclusion, we confirmed that EHMT?2 inhibitors increase formation samples. To evaluate the SCLC transformation status of
erlotinib sensitivity and reverse SCLC transformation in vitroand ~ tissues or cells, we selected EGFR and YAP as NSCLC-related
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Fig. 7. Therapeutic targeting of EHMT2 delays EGFR-TKI resistance and tumor growth in vitro and in vivo. (A) Effect of 48 h UNC0638 treatment on SFRP1 and
p-catenin protein abundance in NE-transformed cells. (B) Drug concentration matrices showing the viability of NE-transformed cells after treatment for 2 wk
with gradient doses of UNC0638 and erlotinib. (C) Mice carrying T-PC9-CDX tumors (n = 4) and mice bearing T-827-CDX tumors (n = 5) were treated with erlotinib
alone (13.5 mg/kg, once every 2 d, intraperitoneal injection) or UNC0642 alone (5 mg/kg, five times a week, intraperitoneal injection) or erlotinib + UNC0642. The
graphs show the relative growth inhibition. (D) HE and IHC were performed on sections of xenograft tumors derived from T-PC9-CDX xenograft mice. (Scale bars,
25 pm for HE and 50 pm for IHC.) (E) The expression levels of SCLC transformation markers and H3K9me2 in T-PC9 and T-827-CDX xenograft. (F) Mice carrying
T-PC9-CDX tumors were treated with irinotecan alone (10 mg/kg, once every 2 d, intraperitoneal injection) or irinotecan combined with UNC0642 (5 mg/kg, five
times a week, intraperitoneal injection) (n = 6). Data are graphed as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. In D, P values were determined using
two-tailed Student's t test. Data from C and F were analyzed using one-way ANOVA with Tukey’s multiple comparisons test.

biomarkers. Then, we have focused on the characteristics of drug
holidays, a phenomenon of resensitivity to drugs after drug-resistant
patients stop taking drugs, in EGFR-TKI resistance. We identified
a mechanism by which EHMT?2 activates the WNT/f-catenin path-
way by regulating SFRP1, thus promoting SCLC transformation.
Finally, we propose a strategy for treating transformed SCLC with
EHMT?2 inhibitors in combination with erlotinib. EHMT?2 inhib-
itors elicit sensitization to erlotinib both in vivo and in vitro, and
they promise to provide potential therapeutic options for clinical
treatment.

There are many guesses about the mechanism by which NSCLC
is transformed to SCLC. The RB and 7P53 mutations were com-
monly reported in SCLC transformation (30, 31). However, it
has been reported that they do not drive complete NE transfor-
mation (32, 33). Interestingly, we found the appearance of drug
holiday in erlotinib resistance. This reversible sensitivity change
is similar to epigenetic regulation (34). Epithelial to mesenchymal
transition (EMT), a common phenotypic transformation, is
reportedly promoted by epigenetic regulation (35, 36). Similarly,
Rickman et al. reported that EZH2 is a key molecule driving the
transformation of neuroendocrine prostate cancer (23). Sen et al.
proposed enhanced expression of genes involved in the PRC2
complex and PI3K/AKT pathways. Pharmacological inhibition

https://doi.org/10.1073/pnas.2317790121

of the PI3K/AKT pathway delayed tumor growth and NE trans-
formation, but the effect of EZH2 inhibitor was limited (22). This
suggests that epigenetics may play an important role in SCLC
transformation. In this article, we report the involvement of
EHMT?2 in SCLC transformation, and the transformed cells have
higher sensitivity to UNC0638 compared with the parental cells.
Although EZH2 is also highly expressed in our models, its role is
limited. EHMT2 knockdown or pharmacological inhibition
reverses the expression of SCLC transformation markers, resist-
ance to etlotinib, and chemosensitivity, while EZH2 does not have
the same effect. We suspect that many epigenetics may be involved
in SCLC transformation, but EHMT?2 is more effective.
EHMT?2 inhibits transcription of downstream genes by increas-
ing H3K9me2 enrichment and has a broad regulatory spectrum
(37). The deregulated expression of EHMT?2 is associated with
EMT, cellular plasticity, and therapy resistance (24, 36, 38). Our
results demonstrated that EHMT2 expression and enzymatic activ-
ity are up-regulated in SCLC-transformed cells. Either knocking
down EHMT?2 expression or inhibiting EHMT?2 activity resulted
in increased sensitivity to erlotinib and decreased sensitivity to irino-
tecan and etoposide, which suggests that EHMT2 plays an impor-
tant role in SCLC transformation. We subsequently found that
EHMT2 regulates SFRP1 and activates the WNT/p-catenin
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pathway. The WNT/p-catenin pathway is associated with drug
resistance (39), which suggests that EHMT2 is a promising target
for the prevention of TKI resistance (40). WNT/f-catenin has been
reported to be associated with bone marrow stromal cell transformation
and EMT in endometrial carcinoma (41, 42). However, we did not
find an association between the WNT/B-catenin pathway and SCLC
transformation in other reports. This suggests that the involvement of
the WNT/B-catenin pathway in the SCLC transformation might be
a finding which will provide a basis for understanding the role of this
pathway in TKI drug resistance. The WNT/f-catenin pathway and
EHMT?2 have been reported in many articles. Xu and Fischer et al.
pointed out that EHMT2 can affect the activation of the WNT path-
way by regulating the enrichment of H3K9me?2 in the promoters of
APCand DKK1, which are negative regulators of the WNT/p-catenin
pathway (43-45). As a negative regulator of the WNT/f-catenin path-
way, SFRP1 has attracted less attention (46, 47). Here, we show that
EHMT?2 activates WNT by regulating SFRP1, but not by regulating
APC or DKKI. This may be a neglected EHMT2-mediated mecha-
nism of WNT pathway regulation, and it implies that EHMT?2 can
regulate the WNT pathway in different ways.

CHGA and RB are biomarkers of SCLC transformation.
However, the lack of molecules characterizing NSCLC is not con-
ducive to a comprehensive evaluation of SCLC transformation. We
selected EGFR and YAP as biomarkers reflecting the characteristics
of NSCLC according to article and expression lineage differences
(32, 48). EGFR, an important molecular and TKI target in NSCLC,
was low expressed in classical SCLC. This explains why classical
SCLC s insensitive to TKIs (15, 48). Expression of YAP was higher
in LUAD than in transformed SCLC (16, 22). This finding is con-
sistent with the oncogenic role of YAP in LUAD and its incompat-
ibility with NE features in lung cancer (49, 50). Clinically, the use
of classical neuroendocrine markers in combination with EGFR and
YAP may be more advantageous for evaluating the progression of
transformation and the choice of treatment.

SCLC has a 5-y survival rate of only 5 to 10% and stronger inva-
sion and metastasis ability than NSCLC (51). Consistent with clas-
sical SCLC, the transformed SCLC is sensitive to chemotherapy and
is associated with a poor survival rate (52). Platinum-based chemo-
therapy is widely used to treat transformed SCLC (53). Unfortunately,
this strategy has failed to produce satisfactory results. In our study,
we found that EHMT? inhibitor combined with erlotinib inhibited
tumor growth in vivo and in vitro. Similar results can be achieved by
overexpression of SFRP1. Given the poor prognosis of transformed

PNAS 2024 Vol. 121 No.23 2317790121

SCLC, we believe that the addition of EHMT?2 inhibitors to provide
a prophylactic can be considered in patients with NSCLC.
Furthermore, both the WNT/f-catenin pathway (NCT02278133,
NCT02649530) and EHMT?2 (54, 55) have small-molecule drugs
in the clinical trial or preclinical study. This may provide a basis for
clinical development of therapies for transformed SCLC.

The TKI-induced transformed cell model is a promising way to
study SCLC transformation, but there are also some limitations.
Many factors, such as tumor microenvironment and heterogeneity,
participated in transformation process. However, the cell model can-
not completely simulate the clinical patients’ environment, although
itis credible to evaluate the cell model through biomarkers specified
by NCCN. Recently, Varmus et al. reported that MYC is important
for SCLC transformation by genetically engineering mice (56). In
fact, MYC, as one of the important proto-oncogenes downstream
of the WNT/B-catenin pathway, has also been proven to be highly
expressed in our established SCLC transformation model (Fig. 5E).
However, the pathophysiology process of TKI induction and genetic
engineering in vivo may be different. Therefore, we think that the
SCLC transformation by TKI induction in mice carrying NSCLC
may be a candidate promising and worth further investigated model
which could reflect tumor microenvironment and heterogeneity.

In summary, we show that EHMT?2 regulates SFRP1 to drive
the NE phenotype in NSCLC and provides targeted strategies for
late transformation to SCLC dominated by EHMT2 and the
WNT/p-catenin pathway (Fig. 8). Our report sheds light on the
molecular mechanisms of SCLC transformation, linking the
WNT/B-catenin pathway to phenotypic transformation. From
the perspective of epigenetics, regulation of EHMT? target genes
is added and a regulatory mechanism between epigenetic regula-
tion and the WNT pathway is revealed. We hope that the results
of this study can provide a theoretical basis and add treatment
choices for therapy of transformed SCLC.

Materials and Methods

To explore the role of EHMT2 in NE transformation, we developed preclinical
NE transformation models to screen potential epigenetic regulatory enzymes.
Samples from patients with pretransformation LUADs (n = 3) and posttransforma-
tion SCLCs (n = 5), including one matched case (patient #1), were used to prove
our conclusion. Western blot, clonal formation, and cell viability to analyze the
expressions of EHMT2 and biomarkers, and drug sensitivity in NE-transformed
models. ChIP-seqand qPCR were used to explore whether EHMT? targets SFRP1
to drive SCLC transformation. For xenograft models, tumor cells were injected into

https://doi.org/10.1073/pnas.2317790121
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the right flank of 6- to 8-wk-old Balb/c-nu mice. When the tumors reached 50
to 80 mm®, the mouse models were divided into different groups. Samples were
collected with the consent of patients and approved by the ethics committee.
Human specimens and more detailed methods are provided in S/ Appendix.

Data, Materials, and Software Availability. Accession codes for datasets
are as follows: microarray, RNA-seq, and ChIP-seq are at GEO (GSE242843,
GSE244140, GSE242305) (57-59). WES results have been uploaded to SRA
database (PRINAT071558) (60). All other data are included in the manuscript
and/or supporting information.
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