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Abstract

Rationale: Chemoresistance frequently occurs in patients with small cell lung cancer
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(SCLC) and leads to a dismal prognosis. However, the mechanisms underlying this
process remain largely unclear.

Methods: The effects of chromodomainle (CDYL) on chemoresistanée SCLC
were determined using Western blotting, immunohistochemesgtiycountingkit-8
assaysflow cytometry, and tumorigenicity experiments, and the underlying
mechanisms were investigated using mRNA sequencing, chromatin
immunoprecipitatiorgPCR, eletrophoretic mobility shift assays,
co-immunoprecipitation, GST pull down assays, bisulfite sequencing PCR, ELISA,
and bioinformatics analyses.

Results:CDYL is expressed at high levels in chemoresistant SCLC tissues from
patients, and elevated CDYL levelgrrelate with an advanced clinical stage and a
poor prognosis. Furthermore, CDYL expression is significantly upregulated in
chemoresistant SCLC cells. Using gaamd lossof-function methods, we show that
CDYL promotes chemoresistance in SCLC in vitnal & vivo. Mechanistically,

CDYL promotes SCLC chemoresistancesiigncing its downstream mediator
cyclin-dependent kinase inhibitor 1C (CDKN1C). Further mechanistic investigations
showed that CDYL recruits the enhancer of zeste homolog 2 (EZH2) tategul
trimethylation of lysine 27 in histone BIBK27meJ at the CDKN1C promoter region
and promotstranscriptional silencing. Accordingly, the EZH2 inhibitor GSK126
derepresses CDKN1C and decreases CEnduced chemoresistance in SCLC.
Principal conclusions:Based on these results, the CDYL/EZH2/CDKN1C axis

promotes chemoresistance in SCla@d thesenarkers represent promising
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therapeutic targets for overcoming chemoresistance in patients with SCLC.

Keywords: small cell lung cancer, chemoresistance, CDYL, CDKN1C, H3K27me3

Introduction

Small cell lung cancer (SCLC) ishaghly lethal disease that accounts for15%
of lung cancer§l, 2]. Chemotherapy based on platinum and etopd&Bedoublet)s
the currenfirst-line treatmenfor affected patientf3]. Frustratingy, the initial robust
benefit of this treatmens frequently compromised by chemoresistgdd¢®], which
is associated with aear survival rate of less than 783. Thereforejt is imperative
to explorethe precisemolecular mechanisms ohemaesistancendto develop
effectivetargetedherapies taiminishthe SCLC chemaesistance

CDYL (Chromodomain ¥ike) is located on humadp25.1 andthelength of
CDSis 1797bp [7]. Thisnewly identified epigeneticegulatorpossesses an
N-terminal chromodomain and a carbebeyminal enoyicoenzyme A
hydratasasomerase catalytic domdii-9]. It also acts as tanscriptional
corepressoregulating the expression of its downstream genes, inclirRliog\,
BDNF, SCN8A andVGF [10-13]. Recently, studies hawshown thaCDYL is
involved intumorigenesist-or exampleMulligan etal. found thatCDYL knockdown
increasedhe expression of protoncogendrkC and irduces oncogeniaellular
transformation irhuman mammary epithelial cells semsolid medig14]. Studies
alsoshow thatCDYL is required forsilendng the Ecadheringene, whose loss is an

essential event iapitheliatmesenchymal transition and is crucial iimrasionin
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malignantepithelial tumorg15]. However, whether CDY laffects chemoresistance in
tumorsremainsunknown.

Our previouscDNA microarray analysieevealed that the CDYis differentially
expressed between chemosensitive and chemoresistant SCLEigells $1A). In
the following study, usingatient tissue samples, cell lines and xenograft models, we
revealthathigh CDYL levels promote chemoresistance in SC®.furtherexplore
the mechanism of CDY4egulatedSCLC chenoresistance, we performed mRNA
sequening betweenCDYL-depleted SCLC cellandcontrolcells andfurther
identified cyclin-dependent kinase inhibitor JCDKN1C, P5Kip2) as atargeted
gene of CDYLin a series of experimentSurthermorewe confirmedthat CDKN1C
repressions required fothe CDYL-mediatedSCLC chemoresistanc&Ve next
investigate the molecular basis of CD¥iduced CDKN1C silencinghs a member
of cyclin-dependent kinasehibitors (CDKIs) [16], CDKN1C expressiortanusually
beregulated byH3K27me3of thepromoter{17, 18] A growingnumber ofstudies
hasalsoshow thalCDYL regulates the H3K27ma¥ its downstream gengromotes
by recruiting histone methyltransferase EZHQ, 19] Thus we boldly speculatthat
CDYL promotesSCLC chemoesistancéy regulating H3K27me8f the CDKN1C
promotervia coordinatng with EZH2, which was confirmedly the followingassays

Taken together, we identified CDYL as a novel chemoresistatated gene,
and the mechanisf whichis thatCDYL promoteschemaesistance by regulating
H3K27me3of the CDKN1C promoter under the coordination of EZH2lditionally,

we also foundhat EZH2 inhibition coulddecreas€DYL-inducedSCLC
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chemoresistance.

Methods and materials
Patients and tissue samples

A total of 82 SCLCpatienttissues were available from Zhujiang Hospital
(Guangzhou, China) during the period between January 2008 and January 2016.
Patientsamplesvere divided int@ ¢ h e mo sée niispi@atcomplete response) and
6chemorde {ipgtognmte s si v seddn tre ®esgoasg Evgluaton ps b a
Criteria in Solid Tumor¢RECIST Edition 1.1)The agreement of every subject was
obtained, and the experimental protocols complied with the standards of the
Declaration of Helsinki.
Cell linesand cell transfection

ThehumanSCLC cell lines NGIH69, NCFH69AR and NCIH446 were
acquired from the American Type Culture Collent(ATCC, USA) Chemoresistant
H446DDP cells were acquired by incubating H446 cells in progressively increasing
doses of ci s pl)aeveriaperiod af p manih€elis wergtramsiently
transfected with siRNAs for CDKN1C (GenePharma, Shanghai, China) by using
Lipofectamine 200 and OPT-MEM | (Invitrogen USA) according to the
manufacturer's instructionsor stableexpressionlentiviral particles expressing
shRNA for CDYL (shCDYL#1 and shCDYL#2), LV&DYL, and
pcDNA3.1-CDKN1C (GenePharma, Shanghai, Chiwa)ye transfected in SCLC

cells.The sequences of sShRNA and siRNA are listed in Tabi2.S1
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RNA extraction and gRT-PCR

Total RNA was extracted from cell lines and tissues using TRIzol reagent
(Invitrogen, USA) the RT Reagent Kit with gDNA Eraser (TaKgRapan) and
SYBR Premix ExTaf (TaKaRa, Japan). The RNA concentrations were determined
using a NanoDrop 2000 (Thermo). The gRTR assays were performed in an ABI
7500 (Foster City, CA, USA) using SYBR Green (TaKaRa, Japan). The relative
expression levslof target genes were normalized against the control, and fold
changes were calculated through relative quantificatigt’® The sequences of
gPCR primers (Sangon, Shanghai, China) are listed in T&ble S
Western blot

Protein was extracted frocells using RIPA lysis buffer (Beyotime
BiotechnologyShanghaiChina). Western blot antibody: CDYL (ab5188, Abcam),
EZH2 (abl150433, Abcam), CD#ftihi(ab8227ab7597 4,
Abcam)were usedfollowed by the appropriate peroxidasged secadary goat
antirabbit IgG antibodyI'he immune complexes were detected by
chemiluminescenci20].

Immunohistochemistry (IHC)

Tissue samplewere deparaffinized and rehydrated. After treatment with
endogenous peroxidase blocking solution, they were treated with specific antibodies
against CDYL (ab5188, Abcammjn d CDKN1C (ab75974, Abcam)
After they were washed with PBS, the séespvere treated with horseradish

peroxidaseconjugated artiabbit IgG and were then stained with diaminobenzidine.
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Expression levels were scored by multiplying the percentage of positive cells by the
staining intensity. The percent positivity was scaasd if < 5% (negative), 1 ifi30%
(sporadic), 2 if 3070% (focal) and 3 if 70% (diffuse) of the cells were stained; and
staining intensity was scored as 0 for no staining, 1 for weak to moderate staining and
2 for strong stainidn@s Ahdghrde @n2l was crog g:
as 6l owd i n i mmun @b.iMereocvecweesad ImagproRlusai ni ng
6.0 Software (Media CyberneticSilver Spring, MDUSA) to conduct a
semiquantitative analysis of the staining intensity. We first selected the area of
interest (AOI) in the stained area, measured the 10D (integrated optical density) in the
area, and then divided the 10D by the area of the target region to obtain tigeavera
density of staining for the target protein (CDYL and CDKN1C).
Cell counting kit-8 (CCK-8) assay

SCLC cellswere cultured at 5 x10cells per well in a 98vell plate with
cytotoxic drugs for 24 h. Cytotoxic dru@ssplatin and etoposid@jere diluted to
obtain different concentration gradients. Absorbance was detected at 450 nm after
t r eat me nltof @K reagénd (Dgindo, Kumamatdapahfor 4 h. The
experiments were performedth five replicate wells pr sampleand the assays were
conducted in triplicate
Cell apoptosisand cellcycle assay

Forthecell apoptosis assa8CLC cellswere incubated with cytotoxic dru¢s
egiDDP and [2/B-06 for 24 h)after they were harvested and washed.

Cells were then resuspended with binding buffer containing propidium iodide

7
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(556463, BD PharmingetySA) and Annexin VAPC (640919, BioLegendJSA).
Forthecell-cycle assay, cells were collected and fiwath 70% etlanol at 4 € for
24 h and then stained with propidium iodidibe results were anagd usingflow
cytometry and calculated as the mea8D from of at least three independent
experiments
Mouse xenograft experiment

The experiment was approved ttwe Institutional Guidelines and Use
Committee for Animal Care of Guangdong province. Male nude riiz46 g, 4-6
weeks old) were purchased from Silaike Biotechnology Co. Hdnén,China).
Each group hafive mice (n = 5)The mice received a subcutaneous injection in the
back of SCLC cells (1 x10c e | | sl PB3).0Afer that, the mice received
intraperitoneal injectiomwith etoposide (7 mg/kg body weight once every 2 days)
and cisplatin (3 mg/kg body weight once gvérdays). The mice were sacrificadd
storedon day 30. The sizes of the tumors were measamddecorde@very 3 days
by the following equation: V=1/2 (widthxlength).
cDNA microarray and mRNA sequenang

cDNA microarray assays weperformed as previously describ@®], and
MRNA-sequencing assays were performed using a BGIS@&Qplatform (BGI
GenomicsWuhan,China).
Chromatin immunoprecipitation quantitative PCR (ChIP-gPCR) assay

ChIP assays were conducted as previously desd23¢dCDYL (ab5188,

Abcam),EZH2 (ab195409, Abcam) and H3K27me3 antibodies (9733, CST) were
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used. Immunoprecipitated DNA extracted from SCLC cells was analyzed by qPCR.
The primersare listed in Table S4
Electrophoretic mobility shift assay (EMSA)

EMSAs were conducted as described in a previous $24dyA commercially
available recombinant CDYL preih (HO0009425°01,Abnova Taiwarn and the
nuclear proteins of SCLC cells were used mabsay. Sixty femtomoles of labelled
probes containing CDKN1C sequences were hybridized wathdf recombinant
CDYL protein and nuclear proteifer 20 min at 20€C. The mixtures were then
subjected to electrophoretic separation on a 6% polyacrylamide gel at 4&feinaul
to a nylon membrane, and then visualized using chemiluminescence. The probe
sequences are listed in Table S5
Coimmunoprecipitation (Co-I1P)

Flagtagged pGEX4T-1-CDYL and Myctagged pE28a (+}EZH2
recombinant plasmids were transformed into H63&Rs according to the
manufacturer's protocf25]. Cells were collected after 48 h of transfection and lysed
with RIPA lysis buffer. lysates weraixed with the relevant antibodies overnight at
4 .  Ant lyshtesdere eaptired with 100l of Protein A/G beads, extensively
washed with HEGNDT buffer, and then washed once in HEGNDT buffer without
Triton X-100.The eluted bound proteins were detddiy Western blot using Flag
and Myc antibodies (CWBIo, Beijing, China).

GST pull down assay

CDYL cDNA was isolated by RPCRand cloned into the BamHI and Xhol

9



200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

sites ofthe GSTtagged pGEX4T-1 vector 160 by using T4 DNA Ligase (Thermo
Scientific, USA). EZH2 cDNA was cloned into tBamHI and Xhokites of a GST
(TransGen, Beijing, Chingpgged pEd28a (+) vector. The pGEAT-1-CDYL and

pPET-28a (+}EZH2 recombinant plasids were transformed into Escherichia coli

BL21 (DE3) cells separately. PCR identification, double enzyme digestion, and

sequencing were used to screen and identify highly expressing positive clones that

synthesized GSTDYL or Myc-EZH2 recombinant protes. The purified

GSTCDYL fusion proteins were attached to Glutathione Sepharose (GE Healthcare,

USA) and were then incubated with purified MEZH2 protein overnight at 4C.

The eluted bound proteins were detected by Western blot using GST (TransGen,

Beijing, China) and Myc antibodies (CWBIo, Beijing, China).
SCLC cell line datasets

A total of 51 human SCLC cell lines as reported in the Genomics of Drug
Sensitivity in Cancer (GDSC, Sanger Ing, United Kingdom) databasess

investigaed[26]. The CDKN1C expression profiles and the corresponding IC50

values to ciglatinumfrom thecell lineswere analyzed. AnIC501 0 & M was

regarded as ,anobdemor e€b6tanii®6 &M is
according to the standards of the &D
Bisulfite sequencing PCR (BSP)

BSPwas conducted as previously descrifZd. DNA from SCLC cells was
isolated using the Genomic DNA Purification Kit (A1125, Promega wizard) and

bisulfate modified with the EpiTect Bisulfite Kit (59104, QIAGEN) and was then
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used for BSP analysi$he pimer sequences f@SPare listedn Table $.
Enzymelinked immunosorbent assay (ELISA)

For the assessment of DNA methyltransferase (DNMT) activity, the nuclear
proteins were extracted from SCLC cells using a nuclear extraction kit and quantified
using a BCA Protein Assay KiBeyotime Biotechnologyshanghai, China). Ten
micrograms of nuclear extracts were used to measure DNMT activity according to the
i nstructions provided with the ELI SA ki
Assay Ultra Kit, USA). The absorbance was measured at 450 nm using alaté&rop
reader (BieTek, Germany)

Statistical analysis

The data were analyzed by SPSS 2m0GraphPad Prism 5.0 and are
represented as the msarSD. Comparisons of two groups were analyzed by
St u d etests,@@mpdrisons of more than two samples were analyzed by ANOVA,
and leassignificant difference (LSD) tests were used to estimate multiple

comparisonsP < 0.05 was considered statisticadignificant.

Results
CDYL is upregulated in chemoresistant SCLC tissues and correlates with the
clinical stage and prognosis

In our previous study, we used a cDNA microarray to screen differentially
expressed genes between dragistant and drugensitve cell lineq22]. CDYL was

expressed at high levels in chemoresistant SCLC cellar@8{A). To further
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265

evaluate the clinical importance of CDYL in SCLC, we analysed the CDYL levels in
samples from 82 patients with SCLC using IHC. A greater pergerttbisamples
from chemoresistant patients showed high CDYL expression (66.7%) than samples
from chemosensitive patients (39.1%) (fglA-B). Moreover, th&kaplanMeier
analysisrevealed a correlation between high CDYL levels and poor overall survival
(P=0.0207) (Figre1C). Finally, as indicated in Table 1, higher levels of the CDYL
protein were observed in patients with extensitage SCLC than in patients with
limited-stage SCLCHF = 0.0257) using IHC. The multivariate analysis showed that
CDYL wasan independent prognostic factér<£ 0.011, Table 2). Collectively, high
CDYL levels correlate with a worse response to chemotherapy, poor survival, and
more advanced tumour stages in patients with SCLC.
CDYL promotes chemoresistance in SCLC in vitro andn vivo

We utilized two paired sensitiveesistant cell lines, HEBIGOAR and
H446-H446DDP, as models to assess the role of CDYL in the chemoresistance of
SCLC in vitro[25]. Both RFQPCR and Western blots revealed significantly higher
CDYL levels in chemoresistant cells than in chemosensitive cellar@si§1B and
2A). Using gain andlossof-function methods (Figres 2B and S1C), we found that
CDYL overexpression in chemosensitive cells markedly increased IC50 values
(Figure2C) and reduced apoptogisigures 2E, S1DBE, left panelsjollowing
exposure to cytotoxic drugk contrastCDYL silencing in chemoresistant cells
decreased IC50 valuéBigure2D1-D2) and increased cell apoptosis (fries 2E

S1D-E, right panels). Based on these data, Clpy&amotes chemoresistance in SCLC
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in vitro.

We next established mouse xenograft models using SCLC cells with altered CDYL
expression to determine whether CDYL regulates chemoresistance in vivo. The
tumourbearing mice were intraperitoneally injected with chemotherapeutic drugs
(DDP + VR16). Sgnificantly larger tumour volumes and significantly higher growth
rates were observed in the CDYL overexpression group than in the corresponding
control group after chemotherapy treatment (Fe2~G, top panels)in contrast,

CDYL knockdown significantly reduced the tumour volumes and growth rates
(Figure2F-G, bottom panels). ThuEDYL confers chemoresistance in SCLC in vivo.
CDYL directly targets CDKN1C in SCLC

We first performed mRNA sequencitgscreerdifferentially expressed genes
between CDYLdepleted SCLC cells and control cells and investigate the molecular
mechanism by which CDYL regulates chemoresistance in SCLC. A total of 7924
differently expressed genes we®©eOi@eh)ifie
(Figure3A). Because CDYL functions as a transcriptional coreprg28prwe
speculated that the significantly upregulated genes were more likely to be direct target
genes of CDYL. Thus, we focused on the 1609 upregulated genes in-@&pteted
SCLC cells and then conducted a gene set enrichment analysise(F#g. We
selectedhie most significantly enriched pathway, negatively regulated protein
modification, for further study (Fige3B). Four cyclindependent kinase inhibitor
(CDKI) genes (CDKN1C, CDKN1A, CDKN2D, and CDKN2A) are involved in this

pathway (Figire 3C). Because ouwrevious study revealed the differential expression
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of CDKI genes between chemoresistant H69AR SCLC cells and chemosensitive H69
SCLC cellg[22], we then focused on the four candidate CDKI genes. BotiHRIR

and Western blots showed significant increases in CDKN¢€ls, but not CDKN1A,
CDKNZ2D, and CDKN2A levels, in CDY{deficient SCLC cells (***P < 0.001)

(Figure 3D-E). This finding was also confirmed by a subsequent IHC analysis of
xenografts (Fig S2D);urthermore, a correlation analysis of Ildtainingin samples

from 82 patients with SCLC revealed a negative correlation between CDYL
expression and CDKN1C expression (Fg3FG).

We first predictedhe CDYL binding site2475 to-2455 bp)in the CDKN1C
promoter region based on the JASPAR CQfREabase and previous studi#s, 19]
to further explore the interaction between CDYL and CDKN1CuyiE&gH). We next
performed CDYL ChIRgPCR targeting the CDKN1C gene in SCLC cells. CDYL
bound to CDKN1C, ant#i69AR cells exhibited markedly increased CDYL
enrichment at the CDKN1C promotgigure 31). We performed a CDYL EMSA to
further confirm the binding c€DYL to the CDKN1C promoter in vitro and
determined that CDYL protein directly bound to the CDKN1C promoter in vitro
(Figures 3J and 2E). Taken together, these data confirm that CDYL directly targets
CDKN1C and negatively regulates @spression.

CDKN21C contributes to CDYL-mediated chemoresistance in SCLC
As CDKNI1C is the direct target gene of CDYL in SCLC cells, we sought to
investigate whether CDKN1C mediates CD¥iduced SCLC chemoresistance.

Significantly higher levels of the CDKN1C mRNA and protein were observed in
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chemosensitive cells than in the @sponding chemoresistant cells (#ig4A).
Interestingly, CDKN1C was expressed at higher levels in 11 chemosensitive SCLC
cell lines than in 40 chemoresistant SCLC cell lines in the GDSC datasets (*,
0.0476) (Figire4B). Using gain andlossof-function methods (Figre S2A-B), we

found that CDKN1C overexpression in chemoresistant cells decreased IC50 values
(Figs 4C, S2C, left paneland increased cell apoptogisgure4D1). In contrast,
CDKN1C knockdown in chemosensitive cells led tarkedly increased IC50 values
(Figures 4C, S2C, right pargland reduced apoptogiSigure4D?2) after exposure to
cytotoxic drugs, indicatinthat CDKN1Cnegatively regulates SCLC chemoresistance
Because CDKN1C is a cell cyetelated geneye analysed the effects @IDKN1C
andCDYL on the cell cycle distributioflCDKN1C overexpression and CDYL
knockdown significantly increased the G1 arrest and inhibited cell cycle progression
(Figure4E, top panaland Figire S1F right panel). In contrasCDKN1C knockdown
and CDYL overexpression significanitfecreasd the G1 arrest aqpptfomoed cell

cycle progressiofFigure4E, bottom pansland Figire S1F,left panel) Moreover,
rescue experiments showed that the decreased IC50 for cytotoxic @lgserged in
CDYL-deficient HG9AR cells was rescued by siR#ediated knockdown of

CDKN1C (Figure4FG), indicating that CDYL mediated the chemoresistance of
SCLC cells through its downstream mediator CDKN1C. These results confirmed that
CDKN1C contributeso CDYL-mediated chemoresistance in SCLC.

CDYL regulates H3K27 trimethylation at the CDKN1C promoter in

coordination with the histone methyltransferase EZH2

15



332 We next sought to determine the molecular mechanisms by which CDYL
333 silences CDKN1@xpression. CDYL regulates the H3K27me3 level at the promoters
334 of downstream genes by recruiting histone methyltransferase B2KH29] Thus,

335 CDYL-mediated CDKN1C repression also likely occurs through the

336 EZH2-H3K27me3 pathway\Ve performed RIGPCR experiments and observed

337 significantly increased levels of the CDKN1C mRNA in CDYL knockdown SCLC
338 cells (Figure5A). We next performed ChHBPCR using antibodies against

339 H3K27me3 and EZHZCDYL silencing markedly reduced the level of H3K27nae¢3
340 the CDKN1C promotefFigure5B). Moreover, the EZH2 ChiBPCR results showed
341 that EZH2 bound to the CDKN1C promoter, and CDYL knockdown reduced

342 CDKN1C repression (Figre5C), indicating that CDKN1C was transcriptionally

343 silenced by EZHZnediated H3K27me3 at the CDKN1C promoter.

344 We performed coammunoprecipitations to further evaluate the relationship

345 between CDYL and EZH2, and confirmed the interactiawben CDYL and EZH2
346 in HB9AR SCLC cellgFigure5D). Furthermore, the two proteins directly interacted
347 in a GST pull down experiment (Fig 5E), suggesting that CDYL interacted with EZH2
348 in vitro. Additionally, we performed a BSP analysis toedetifferences in the DNA
349 methylation states of the CDKNJ1g2omoter region between CDYL knockdown cells
350 and control cellsSCDYL knockdown did not significantly affect the DNA methylation
351 level of the CDKN1C promoter and the total DNMT activity (f#igS3A-B).

352 Collectively, CDYL recruits EZH2 to regulate H3K27mea3tee CDKN1C

353 promoter.
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EZH2 inhibition decreases CDYL-induced chemoresistance

Based on the results presented above, CDYL regulates SCLC chemoresistance
by coordinating with EZH2; therefore, we hypothesized that treatment with an EZH2
inhibitor mightprevent CDYl-induced chemoresistance. We used the selective EZH2
inhibitor GSK126 in subsequent experimerits. performed Western blots of lysates
from treated H69 cells and found that GSK126 significantly increased CDKN1C
levels in CDYL-overexpressing H6Eells (Figire 6A). Moreover, he CCK8 results
showed that the increased IC50 values in CEd¥krexpressing cells were rescued by
GSK126(Figure6B). Similarly, xenograft experiments also showed that the increased
xenograft growth and tumour volumelssened after CDYL overexpression in H69
cells were significantlynhibited by the combination of GSK126 and chemotherapy
(Figure6C-D). We also performed Western blot analyses to detect the levels of CDYL,
EZH2, and CDKN1C irxenograft tumours, and GSK126 sigrantly increased
CDKNLI1C levels in CDYlLoverexpressing H69 cells, but did magnificantlychange
CDYL levels (Figire6E). Therefore, EZH2 inhibition decreases CD¥lduced

chemoresistance in vitro and in vivo.

Discussion

CDYL has been primarily identified as a key regulator of mammalian
spermatogenesis and nervous system develod®eld, 29] Recently, CDYL has
also been reported to modulate tumour invasion and oncogenic cellular transformation

[14, 15] However, researchers have not determined whether CDYL regulates
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chemoresistance. Our cDNA microarray expression profiles revealed the differential
expression of CDYL between chemoresistant and chemosensitive SCLC cells. Then,
CDYL was exyressed at higher levels in the two chemoresistant SCLC cells than in
parental chemosensitive SCLC cells. Dewnup regulation of CDYL increased or
decreased SCLC chemoresistance, respectively, in vitro and in vivo. In addition,
samples from patients with chemoresistant SCLC showed higher expression of CDYL
than samples from patients with chemosensitive STYL has been previously
described to function as a tumour suppressor in several types of [datjcétfowever,

in the present study, high CDYL levels correlated with an advanced clinical stages
and poor prognosis, sugging that CDYL may function as an oncogene in SCLC.
Together, our results confirm that CDYL contributes to chemoresistance in SCLC and
represents a new marker that influences disease progression and the padgnosis
patients with SCLC.

The mRNA sequencing results preliminarily revealed that CDKN1C was a
candidate targeted gene of CDYL. Following overexpression or silencing of CDYL,
CDKN1C expression was decreased or increased, respectively. Furthermore, using
CDYL ChIP-gPCR and EMSAsye confirmed thaCDKN1C was a direct target of
CDYL. According to previous studies, CDKN1C mainly functions as an important
regulator of cell proliferation and differentiati¢®0-32]. In the present study, we
confirmed that CDKN1C repression conferred SCLC chemoresistance. Finally, we
preformed rescue experimsrand found that CDKN1C was an essential mediator of

CDYL-mediated chemoresistance in SCLC. Taken together, we determined that the
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398 CDYL-CDKN1C axis promotes chemoresistance in SCLC.

399 We further explored how CDYL regulates CDKN1C expression. CDYL regulates
400 the chromatin substrate by reading the repressive mark H3K49e33] Based on
401 accumulating evidence, H3K27me3 is also one of the most common modifications
402  promoting CDKN1C inactivatiof34, 35] For instance, CDKN1C is targeted by

403 H3K27me3 in breast cancer cdlB6]. Therefore, we speculated that CDYL likely

404 induced CDKN1C silencing by regulating the H3K27me3 modification. Aseted,
405 asubsequent H3K27me3 CHifPCR showed that the H3K27me3 enrichment at the
406 CDKN1C promoter region was dramatically decreased in Cld¥pleted cells

407 compared to control cells. Furthermore, our EZH2 G{ifCR results revealed the
408 binding of EZH2 tolhe CDKN1C promoter region, and CDYL knockdown reduced
409 CDKNA1C repressiornrhus, the EZHZH3K27me3 pathway participates in

410 CDYL-mediated CDKN1C repressiovwe performed a protein interaction analysis to
411  further examine the relationship between CDYL and EZt#2l, confirmed that

412  CDYL directly interacted with EZH2. Based on our results, CDYL recruits EZH2 to
413 regulate H3K27me3 levels at the CDKN1C gene promoter, resulting in a repressive
414  state that inhibits CDKN1C expression.

415 In the present study, CDYjwromoted chemoresistance in SCLC through EZH2.
416  We aimed to identify an existing inhibitor that has been proved to be effective at
417 reducing CDYLmediated chemoresistance in SCLC in clinical studies, and the EZH2
418 inhibitor GSK126 ultimately met the requirenie. GSK126 significantly increased

419 CDKNI1C levels and reduced chemoresistance in CIoYérexpressing H69 cells.
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420  Our data might have potential clinical implications for patients with refra&GiyC
421  presenting high CDYL expression whaay benefit from combiation chemotherapy
422  with an EZH2 inhibitor. Taken together, the CDYL/EZH2/CDKN1C axis promotes
423  chemoresistance in SCLC, and these markers represent promising therapeutic targets
424  for overcoming chemoresistance in patients with SCLC.

425

426  Conclusions

427 In summary, CDYL promotes chemoresistance in SCLC by increasing H3K27
428 trimethylation at the CDKN1C promoter via EZH2. Our findings provide potential
429 therapeutic targets for improving the efficacy of chemotherapy in patients with
430 refractory SCLC presenting figCDYL expression.

431
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Tables
Table 1. CDYL expression in 82 patients with SCLC and the associations with

clinicopathological factors

Clinic pathological N Expression of CDYL

features + - P
Gender 0.641
Male 67 33 34

Female 15 9 6
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569

570

571

572

573

574

Age 0.808

60 45 22 23
060 37 20 17
Clinical Stages 0.0257
Limited disease 44 17 27
Extensive disease 38 25 13

-, low expression; +, high expression of CDYA-values were calculated using

P e ar s?test® s 0.05 was considered statistically significant.

Table 2.Univariate and multivariate analyses of potential prognostic factors

associated with theoverall survival of patients with SCLC

Univariate analysis Multivariate
analysis
Variables Hazard 95%ClI P Hazard 95%ClI P
ratio value ratio value
Gender 0.962 0.5141.802 0.904 0.854 0.4441.641 0.635
Age 0.879 0.5621.376 0.573 0.778 0.4891.237 0.288

Clinical stages  1.935 1.2243.058 0.005 1.951 1.1643.272 0.011
Chemoresistance 1.856 1.1732.936 0.008 1.792 1.0912.945 0.021
CDYL 2491 1.5583.982 0.000 1.880 1.1393.105 0.014

expression

Cl, confidence intervaP-values were calculated using the Cox proportional hazards
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model.P < 0.05 was considered statistically significant.

Figure legends

g 100 17]OCDYL low 100
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%

LCDYL low (n = 40)
- CDYL high (n =42)

60 < 60
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20 @ 20
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Sensitive Resistant 10 20 30 40 50
Months

Propotion of samples

Figure 1. CDYL levels and the clinical effect of CDYL on SCLC(A)

Representative samples showing high and low intensity CDYL staining in 82 SCLC
tissues. (B) Percentages of CDYiigh and CDYL-low samples amongx4
chemosensitive and7Zhemoresistant SCLC tissu&cale bar, 56m. Clinical data

are presented in Tabll. (C) KaplarMeier analysis of the overall survival of 82

patients stratified by CDYL levels. n, number of patieRts,0.0207.
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Figure 2. Effect of CDYL on chemoresistance in SCLC in vitro and in vivo(A)

Western blot showing CDYL levels in pairs of sensitive and resistant SCLC cell lines.
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lentivirus (left panel), HG9AR cells transfected with shRERYL (right panel) and
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592 the SCLC cells shown in (B). (E) Summary of the cumulative data showing the

593 percentage of apomic SCLC cells following 24 h of exposure to cytotoxic agents
594  shown in (B). (F) Xenograft growth in nude mice injected with the cells shown in (B)
595 and treatment with or without cytotoxic drugs (n migeper group). (G) Growth

596  curve for tumour volumesithe mice shown in (F). *P < 0.01.
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Figure 3. CDYL directly targets CDKN1C in SCLC. (A) Volcano plot showing the
differentially expressed genes between H6RKEDYL cells and HG9ARhNC cells
Significantly differentially expressed genes were determined based on a |fold change|
02. (B)-Log2 transformations of th@-values of the top 10 significantly upregulated
pathways. (C) Heat maps showing all 68 differentially expressed genes (lejt panel
and the 4 differentially expressed CDKIs (right panel) in a pathway that negatively
regulates protein modifications between H698HCDYL cells and control cells (fold
enrichment > 2). (D) R§PCR analysis of CDKN1C, CDKN1A, CDKN2A, and
CDKN2D expressioin H69AR-shCDYL cells and control cells. (E) Western blot
showing CDKN1C levels in SCLC cells with different CDYL levéls)

Representative samples showing high and low intensity CDKN1C staining in 82
SCLCtissuef G) Spearmandés correlation analysis
CDKNLC (r: correlation coefficien® = 0.038).(H) Predicted CDYL binding sitand

the gPCR primer locatioim the CDKN1C promoter regioifl) CDYL ChIP-gPCR
assessing CDYL enrichmenttae CDKN1C promoter. (J) CDYL EMSA assessing

the binding ofecombinant CDYlto the CDKN1C promoter.
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Figure 4. CDKN1C repression mediates CDYLinduced chemoresistance in

SCLC. (A) RT-gPCR and Western blot analyses of CDKN1C levels in paired
H69-H69AR and H446H446DDP SCLC cells. (B) Comparison of CDKN1C
expression in chemosensitive SCLC cell lines (n = 11) and chemoresistant SCLC cell

lines (n =40) P = 0.0476) from the GDSC datasets. (C) Comparison of IC50 values
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following exposure oH69AR-CDKN1C (left panel) or H6$ICDKN1C (right panel)
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H69-siCDKN1C (D2) SCLC cells and corresponding contr(is.Cell cycle
progression was determined in CDKNb&erexpressing and CDKN1C knockdown
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Western blot showing CDKN1C levels in HG9AR cells transfected with shCDYL,
SiRNA-CDKN1C and the corresponding control vectors. (G) CCK8 analysis of the
IC50 values for cytotoxic agents in the cells shown in (EP ¥ 0.01 and **P <

0.001.
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636 of EZH2 to the CDKN1C promoter and increased CDKN1C expressibrP <

637 0.001. (D) Cammunoprecipitation analysis of CDYL and EZH2 in H69AR SCLC

638 cells. (E) GST pull down assay testing the interaction between the CDYL and EZH2

34



639

640

641

642

643

644

645

646

647

648

649

proteirs.

Figure 6. Effect of the EZH2 inhibitor on CDYL-induced chemoresistance(A)
Western blots showing EZH2 and CDKN1C levels in H69 cells and
CDYL-overexpressindH69 cells treated with or withoubSK126 (left panel) and
guantification of CDKN1devels (right panel)(B) CCK8 analysis of IC50 values in
the H69 cells shown in (A). P < 0.05, *P < 0.01, and **P < 0.001. (C) Effects of
chemotherapy with or without GSK126 on tumour growth in mice injected with H69
cells and CDYLoverexpressing Hb cells (n = 5 animals per group). (D) Tumour
growth curve for the mice shown in (Dj).P < 0.05.(E) Western blots showing

CDYL, EZH2 and CDKN1C levels irenograft tumours.
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