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Abstract: MYCN, a member of the MYC family, is correlated with tumorigenesis, metastasis and therapy in many
malignancies; however, its role in small-cell lung cancer (SCLC) remains unclear. In this study, we sought to identify
the function of MYCN in SCLC chemoresistance and found that MYCN is overexpressed in chemoresistant SCLC
cells. We used MYCN gain- and loss-of- function experiments to demonstrate that MYCN promotes in vitro and in
vivo chemoresistance in SCLC by inhibiting apoptosis. Mechanistic investigations showed that MYCN binds to the
HES1 promoter and exhibits transcriptional activity. Furthermore, MYCN mediated SCLC chemoresistance through
HES1. Accordingly, the NOTCH inhibitor FLI-60 derepressed HES1 and diminished MYCN-induced chemoresistance
in SCLC. Finally, the positive correlation between HES1 and MYCN was confirmed in SCLC patients. Chemoresistant
SCLC patients had higher expression levels of MYCN and HES1 than patients without chemoresistant SCLC. MYCN
overexpression was related to advanced clinical stage and shorter survival in SCLC. In conclusion, our study re-

vealed that MYCN and HES1 may be potential therapeutic targets and promising predictors for SCLC.
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Introduction

Lung carcinoma is the leading cause of cancer-
related death worldwide [1, 2]. Small-cell lung
cancer (SCLC) is an aggressive malignancy and
accounts for approximately 13-15% of all lung
cancers [3]. Etoposide (VP16)- and cisplatin
(CDDP)-based chemotherapies are the first-line
treatment for SCLC. Although SCLC is initially
sensitive to these treatments, most patients
rapidly develop drug resistance, leading to che-
motherapy failure. Owing to the lack of an effec-
tive second-line treatment strategy for these
individuals, the prognosis of SCLC is very poor,
with a discouraging 5-year overall survival [4].
Therefore, it is vital to fully elucidate the molec-
ular mechanisms of chemoresistance and dis-
cover novel effective, diagnostic and therapeu-
tic markers for SCLC.

The MYC oncogene family is a class of tran-
scription factors with a basic-helix-loop-helix/
leucine-zipper domain and includes the follow-
ing three members: MYC, MYCL, and MYCN [5,
6]. MYCN is located on human chromosome
2p24.3. In contrast to MYC and MYCL, MYCN is
mainly amplified in embryonic and neuroendo-
crine tumors [7]. Research on MYCN is mainly
focused on neuroblastoma [8] and has indicat-
ed that MYCN ampilification is strongly associ-
ated with proliferation [9, 10], migration [11],
invasion, apoptosis [12, 13], drug resistance
[14, 15], and poor clinical outcomes for aggres-
sive neuroblastoma. SCLC is also a neuroendo-
crine tumor, and the frequent and significant
amplification of MYCN was found in SCLC
through whole-genome and transcriptome
sequencing analyses [16-19]. However, little is
known about the role of MYCN in SCLC. Our pre-
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vious cDNA microarray analysis revealed that
MYCN is differentially expressed between che-
mosensitive and chemoresistant SCLC cells.
Therefore, our research focused on the rela-
tionship and mechanism between MYCN and
drug resistance.

The Notch pathway is a fundamental signaling
system that mediates critically important func-
tions by direct cell-cell contact. Notch proteins
are surface transmembrane receptors. Upon
binding with their ligands (Delta and Serrate/
Jagged), the Notch receptors drive the expres-
sion of various target genes, including the HES/
HEY gene families among others [20, 21].
Previous studies have shown that the Notch
pathway is involved in the occurrence, develop-
ment, stemness and drug resistance of many
tumors, such as leukemia [22], prostate cancer
[23], breast cancer [24, 25], and lung cancer
[26-28]. NOTCH1 has been confirmed to be
related to the chemoresistance of SCLC [29].
HES1 is a substrate of the Notch pathway and
plays a key role in the multidrug resistance of
various tumors [30-32], but the functions of
HES1 in SCLC chemoresistance have not been
reported.

In this study, we found that MYCN was signifi-
cantly upregulated in SCLC chemoresistant cell
lines. Functionally, MYCN promoted the chemo-
resistance of SCLC cells in vitro and in vivo by
inhibiting drug-induced apoptosis; mechanisti-
cally, MYCN increased HES1 transcription and
expression by binding to the HES1 promoter
and activating the NOTCH pathway. Further-
more, MYCN was associated with chemothera-
py response, clinical stage and poor prognosis
in SCLC patients. Taken together, these find-
ings suggest that MYCN and HES1 may be use-
ful candidates for SCLC diagnosis and therapy.

Materials and methods
Patients and tissue samples

A total of 42 SCLC patient tissues were collect-
ed from the First Affiliated Hospital of Universi-
ty of South China (Heyang, China) between
January 2014 and January 2017. Clinicopa-
thological data, including age, gender, stage,
chemotherapy response and survival time,
were collected. Chemotherapy response was
categorized as ‘chemosensitive’ (PR or CR) and
‘chemoresistant’ (PD or SD) based on the Re-
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sponse Evaluation Criteria in Solid Tumors
(RECIST Edition 1.1). The follow-up time was
calculated from the date of diagnosis to the
date of either death or the last known follow-up.
Written informed consent was obtained from all
patients, and the protocol was approved by the
First Affiliated Hospital of University of South
China.

Cell culture

The human SCLC cell lines NCI-H69, NCI-
H69AR and NCI-H446 were purchased from
American Type Culture Collection (ATCC, USA),
whereas the human SCLC cell lines NCI-H526,
NCI-H82, NCI-H209, NCI-146, and NCI-345
were generous gifts from Dr. Ji Lin of MD
Anderson Cancer Center. All cell lines were cul-
tured in RPMI 1640 medium supplemented
with 10% fetal calf serum and antibiotics (100
mg/mL penicillin and 100 mg/mL streptomy-
cin).

Reagents and antibodies

The chemotherapeutic drugs cisplatin (DDP;
Shandong, China), etoposide (VP-16; Jiangsu,
China) and adriamycin (ADM; lJiangsu, China)
were obtained from the First Affiliated Hospital
of University of South China (Heyang, China)
and reconstituted according to the manufac-
turer’s instructions. The Notch inhibitor FLI-60
was purchased from Selleck (USA).

Primary antibodies included antibodies against
MYCN (#51705), JAG2 (#2210), HES1 (#11988;
CST, USA); HES1 (sc-166410; Santa Cruz,
USA); BCL2 (#12789-1-AP), BAX (50599-2-1g),
NOTCH1 (#20687-1-AP; Proteintech, USA); and
GAPDH (APOO66; Bioworld, USA). Seconda-
ry antibodies included HRP-goat anti-mouse
IgG (E030110-02), HRP-goat anti-rat 1gG (EO-
30120-02; Earthox, USA); goat anti-rabbit IgG
(H+L) highly cross-adsorbed Alexa Fluor Plus
488 (# A32731), and goat anti-mouse IgG (H+L)
highly cross-adsorbed, Alexa Fluor Plus555 (#
A32727; Invitrogen, USA).

Cell transfection

Small interfering RNAs (siRNAs) targeting MYCN
(siMYCN) and HES1 (siHES1) as well as a nega-
tive control siRNA (siNC) were purchased from
GenePharma (Shanghai, China). An overexpres-
sion plasmid (pcDNA3.1-MYCN) and negative
control plasmid (pcDNA3.1-NC) were also syn-
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thesized by GenePharma (Shanghai, China).
The siRNA and overexpression plasmids were
transfected using Lipofectamine 3000 and
Opti-MEM 1 (Invitrogen, USA) according to the
manufacturer’s instructions.

The lentiviral expression system containing
shRNAs or overexpression plasmids for MYCN
(LV-shMYCN or LV-MYCN) and their correspond-
ing negative controls (LV-shNC or LV-NC) were
constructed by GenePharma (Shanghai, China).
All lentiviral vectors expressed enhanced green
fluorescent protein (GFP) and puromycin resis-
tance genes. After target cells were infected for
48 h, they were selected with 2.0 yg/ml puro-
mycin (Solarbio, China).

The siRNA and shRNA sequences are as fol-
lows: siMYCN#1, sense (5-3') CACCAAGGCU-
GUCACCACATT, antisense (5-3") UGUGGUGACA-
GCCUUGGUGTT; siMYCN#2, sense (5-3") GC-
CACUGAGUAUGUCCACUTT, antisense (5-3") AG-
UGGACAUACUCAGUGGCTT; siHES1#1, sense
(5’-3’) UCUCCGAUUUCUUCGCCAATT, antisense
(5’-3") UUGGCGAAGAAAUCGGAGATT; siHES1#
2, sense (5-3') GCCUCAAGAUUCGCAUUCA-
TT, antisense (5’-3’) UGAAUGCGAAUCUUGAGG-
CT; siNC, sense (5-3’) UCCUCCGAACGUGUC-
ACGUTT, antisense (5-3') ACGUGACACGUUCG-
GAGAATT; LV-shMYCN (5-3’) GCCACTGAGTAT-
GTCCACT; and LV-shNC (5-3’) TTCTCCGAACGT-
GTCACGT. The transfection efficiency was vali-
dated by qRT-PCR and Western blotting.

RNA isolation and real-time gRT-PCR

Total RNA was extracted from cells using TRIzol
Reagent (Invitrogen, USA), and the RNA concen-
tration was measured with a NanoDrop 2000
(Thermo, USA). cDNA was synthesized using a
FastKing RT Kit (With gDNase) (Tiangen, China)
according to the manufacturer’s protocol. Then,
gRT-PCR was performed using Talent qPCR
Premix (SYBR Green) (Tiangen, China). The rela-
tive mMRNA expression levels were calculated by
the 222°T method. All primers were as follows:
MYCN, forward (5’-3’) CCACAAGGCCCTCAGTA-
CC, reverse (5-3’) TCCTCTTCATCATCTTCATCA-
TCT; HES1, forward (5’-3’) GGAAATGACAGTGA-
AGCACCTCC, reverse (5’-3') GAAGCGGGTCACC-
TCGTTCATG; JAG2, forward (5-3") GCTGCTAC-
GACCTGGTCAATGA, reverse (5-3’) AGGTGTA-
GGCATCGCACTGGAA; and GAPDH, forward (5-
3’) GTCTCCTCTGACTTCAACAGCG, reverse (5-
3’) ACCACCCTGTTGCTGTAGCCAA.
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Western blot analysis

Total protein was extracted from cells using
RIPA lysis buffer (Beyotime, China) with a prote-
ase inhibitor cocktail (Cwbiotech, China) and
quantified using a BCA Protein Assay Kit (Cw-
biotech, China). Protein lysates were separated
by SDS-PAGE on 10% gels before they were
transferred to polyvinylidene difluoride mem-
branes (Millipore, USA). After the membranes
were blocked with 5% bovine serum albumin
(BSA), they were incubated with primary anti-
bodies at 4°C overnight. Next, they were
washed with a Tris-buffered saline solution con-
taining 0.1% Tween 20 (TBST) and incubated
with a secondary antibody for 1 h at room tem-
perature. After the membranes were washed
again with TBST, the protein bands were detect-
ed by chemiluminescence. All antibodies used
are listed in the Reagents and antibodies sec-
tion.

Cell counting kit-8 (CCK-8) assays

Cells were plated in 96-well plates at a density
of 1 x 10* cells per well. Chemotherapy drugs
(CDDP, VP-16, and ADM) were diluted to obtain
different concentration gradients. Then, the
cells were treated with the above drugs for 24
h. The absorbance at 450 nm was detected
after incubation with the RPMI1640 (90 uL)
and CCK-8 (10 pL) reagents (Dojindo, Japan) for
4 h. Cells incubated without drugs were set at
100% survival and were used to calculate the
IC50 concentration of each chemotherapeutic
drug.

In vivo tumor xenograft model

Fifty-six BALB/c nude mice (female, 4-5 weeks
old, 12-16 g) were purchased from the Experi-
mental Animal Center of Southern Medical
University (Guangzhou, China). The experiment
was approved by the Institutional Guidelines
and Use Committee for Animal Care of Guang-
dong Province.

Twenty mice were randomly divided into four
groups involving H69AR cells (LV-shMYCN or
LV-shNC) and treatments with chemotherapy
drugs or PBS, while another twenty mice were
divided into four groups involving H69 cells
(LV-MYCN or LV-NC) and treatments with che-
motherapy drugs or PBS. The mice were subcu-
taneously injected in the flanks with one of the
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above four SCLC cells (1 x 107 cells/100 L
PBS). After one week, the mice were intraperi-
toneally injected with PBS or drugs (3 mg/kg
CDDP and 2 mg/kg VP16) every 4 days [33].

Sixteen mice were randomly grouped into
the FLI-60, drugs, FLI-60 plus drugs, and PBS
groups. All groups received a subcutaneous
injection of HG9AR cells (1 x 107 cells/100 uL
PBS) in the flanks. Mice in the drug treatment
groups received an intraperitoneal injection of
3 mg/kg CDDP and 2 mg/kg VP16 every 4
days, while the FLI-06 groups received FLI-06
(1 mg/kg) via tail vein injection [34] on the
same day; mice in the PBS group were adminis-
tered PBS via tail vein injection.

The sizes of the tumors were measured and
recorded every 4 days, and the volume was cal-
culated with the following equation: V = 1/2
(width? x length). The mice were euthanized 4
weeks after cell injection.

Flow cytometry analysis

Transfected cells were treated with drugs for
24 h and then collected for apoptosis analysis.
The dosages of the different cell lines were as
follows: H69AR (5 pg/mL DDP, 200 pg/mL
VP-16, and 10 pg/mL ADM), HB9 (2 ug/mL
DDP, 40 ug/mL VP-16, and 0.8 ug/mL ADM),
H526 (2 yg/mL DDP, 40 yg/mL VP-16, and 1.5
pg/mL ADM), and H446(5 yg/mL DDP, 20 ug/
mL VP-16, and 2 yg/mL ADM). The apoptosis
assay was performed with Annexin V450 and
APC-Cy7 785 labels (eBioscience, USA) accord-
ing to the manufacturer’s protocol. All sam-
ples were analyzed by a BD FACSVerse flow
cytometer.

cDNA microarray and mRNA sequencing

cDNA microarray assays were performed as
previously described [35], and mRNA-sequenc-
ing assays were performed using a BGISEQ-500
platform (BGI Genomics, Wuhan, China).

Chromatin immunoprecipitation quantitative
PCR (ChIP-gPCR) assay

ChIP experiments were performed using a Pie-
rce Agarose ChIP Kit (26156, Thermo, USA).
Briefly, HGOAR cells were cross-linked with for-
maldehyde for 10 min at 37°C and then washed
twice with ice-cold PBS. The cells were lysed in
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100 uL of 1% SDS lysis buffer and sheared by
sonication. Proteins and DNA were pulled down
with an anti-MYCN antibody (#51705, CST,
USA). An anti-RNA polymerase Il antibody was
used as a positive control, and a normal rabbit
IgG antibody was used as a negative control.
DNA association was quantified by RT-qPCR
(222t method) using primers specific for the
HES1 promoter and the JAG2 promoter and was
normalized to the input. The CHIP-gPCR prim-
ers used are as follows: HES1-P1, forward (5-
3’) CCCAGAGGGAGAGTAGCAAA, reverse (5-3’)
CCCAAACTTTCTTTCCCACA; HES1-P2, forward
(5’-3’) CGCAGAACCTAAAGCCTACG, reverse (5-
3’) TTCAGAAATTCCTCGTTTGGA; HES1-P3, for-
ward (5-3’) GCCGCTTTAACCGCAGTC, reverse
(5’-3’) GCCTCCAAGTTTGCTCCTC; JAG2-P1, for-
ward (5-3’) GAGTAGGAGGCGGCATCTC, rever-
se (5-3') CACACCTCCGCGTGAGTC; and JAG2-
P2, forward (5’-3’) CTCTTGACATGGTCCACTATCC,
reverse (5-3’) GGCCATCGCTACATTCTCTTAT.

Luciferase assays

The pGL3-basic vector (Promega) and pRL-TK
vector (GenePharma) were purchased. The
pGL3-basic-promoter (pGL3-HES1-P1) and ne-
gative control (pGL3-NC) plasmids were con-
structed by inserting the HES1 promoter region
or negative control region into the pGL3-ba-
sic plasmid; the plasmids were constructed
by GenePharma (Shanghai, China). Plasmid tr-
ansfection was performed with Lipofectamine
3000 and Opti-MEM I (Invitrogen, USA) accord-
ing to the manufacturer’s protocol. Forty-eight
hours after transfection, cells were harvested.
Luciferase activity was determined by the Dual-
luciferase Reporter Assay System (Promega,
E1910). The luminescence readings of firefly
and Renilla luciferase were measured by a mul-
timode microplate reader from BioTek.

Immunofluorescence

Cells were seeded onto glass-bottom cell cul-
ture dishes (NEST, China) 24 h before they
were fixed with 4% paraformaldehyde and then
permeabilized with 0.3% Triton X-100. Subse-
quently, the cells were blocked with 5% BSA for
1 h and then treated with the primary antibody
overnight at 4°C. After three washes with PBS,
the cells were incubated with a fluorescence-
conjugated secondary antibody (Invitrogen,
USA) in the dark for 1 h. Finally, the cell nuclei
were stained with DAPI. Images were obtained
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by fluorescence microscopy (Leica, Germany).
The antibodies used are summarized in the
Reagents and antibodies section.

Immunohistochemical analyses

Tissue samples were fixed in 4% paraformalde-
hyde and embedded in paraffin blocks. Then,
they were sectioned and analyzed for MYCN,
HES1 and KI67 protein expression. Briefly, after
being dewaxed and hydrated, the tissues were
subjected to antigen retrieval by microwaving
them in citrate buffer (10 mM citric acid, pH
6.0), blocked in 5% goat serum, and incubated
with the appropriate diluted primary antibody
(MYCN 1:600, HES1 1:600, or KI67 1:300)
overnight at 4°C. Next, the samples were incu-
bated with secondary antibodies for 2 h at
room temperature. Subsequently, specimens
were developed by DAB, and the nuclei were
counterstained with hematoxylin. The sections
were photographed under a microscope with
an EnVision Peroxidase System and analyzed
with Image-Pro Plus software.

Statistical analysis

The results are given as the mean + SD of at
least three independent experiments. The data
were analyzed by SPSS 20.0 or GraphPad Prism
6.0. Comparisons of two groups were analyzed
by independent samples t-test, and ANOVA was
performed to analyze significant differences
among more than two groups. Spearman’s rank
correlation test was used to analyze the asso-
ciation between MYCN and HES1 expression,
while the association between MYCN expres-
sion and the clinicopathological characteristics
was explored by x? test. Survival curves were
estimated using the Kaplan-Meier analysis and
log-rank tests. Prognostic factors were evalu-
ated by univariate and multivariate analyses
(Cox proportional hazards model). P < 0.05 was
considered statistically significant.

Results

Reduced expression of MYCN sensitizes small-
cell lung cancer (SCLC) cells to chemotherapy
in vitro

Our previous cDNA microarray analysis showed
a 2.3-fold upregulation of MYCN expression in
HG9AR cells compared with the expression in
the parental H69 cells (Figure 1A); these re-
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sults were confirmed by RT-gPCR and Western
blotting (Figures 1B, S1A). Therefore, we hypo-
thesized that MYCN may play an important role
in the chemoresistance of SCLC cells. First, we
selected nine SCLC cell lines to detect their
MYCN expression levels. Only three cell lines,
H69AR, H69 and H526, had amplified MYCN
expression (Figures 1C, S1B). At the same time,
we confirmed by immunofluorescence that
MYCN is mainly localized in the nucleus (Figure
1D). We chose the above 3 cell lines, as well as
H446 cells that do not express MYCN, for sub-
sequent studies.

We first knocked down MYCN expression with
two independent MYCN siRNAs (siMYCN#1
and siMYCN#2) in the HG9AR and H526 cell
lines (Figures 1E, S1C). Meanwhile, we devel-
oped MYCN-overexpressing sublines, HGOMY-
CN and H446MYCN, by transfecting H69 and
H446 cells with pcDNA3.1-MYCN (Figures 1F,
S1D). CCK-8 assays were performed to evalu-
ate the effect of chemotherapeutic drugs (ADM,
CDDP and VP16) on the viability of the four
SCLC cell lines and their sensitivity to the dr-
ugs 24 h after the treatment. The two siMYCN
clones (H69AR-siMYCN and H526-siMYCN) dis-
played more sensitivity to ADM, CDDP and
VP16 than the siNC clone, as indicated by the
lower IC50 values (Figure 1G, 1H). In addition,
the overexpressing sublines (HGOMYCN and
H446MYCN) showed less sensitivity to ADM,
CDDP and VP16 than the NC clone, as exhibit-
ed by the higher IC50 values (Figure 11, 1)J).
Collectively, these results indicate that MYCN
upregulation or downregulation could signifi-
cantly affect the sensitivity of SCLC cells to ch-
emotherapeutic drugs, suggesting that MYCN
expression may be associated with chemore-
sistance in SCLC.

MYCN enhances tumor growth and chemore-
sistance in vivo

The effect of MYCN on chemoresistance was
further investigated in an in vivo tumor model.
First, we developed H69 and HB9AR cell lines
with stable upregulation and downregulation of
MYCN, respectively, via lentivirus (Figures 2A,
2D, S2A, S2B). Compared with the LV-NC cell-
based tumors, tumors derived from HG9 cells
with MYCN overexpression were increased in
size and showed accelerated growth in mice as
well as exhibited reduced sensitization to CDDP
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Figure 1. Effects of MYCN on the chemoresistance of SCLC in vitro. A. cDNA expression profile showed that MYCN
is differentially expressed between H69AR cells and HE9 cells. B. RT-gPCR and Western blot analysis of MYCN
expression in H69 and HB9AR cells. C. Western blot analysis of MYCN expression in eight SCLC cell lines (H69,
H69AR, H446, H146, H526, H345, H209, and H82). D. The cellular localization of MYCN was confirmed by
immunofluorescence staining of HE9AR cells. E, F. RT-qPCR and Western blot analyses of MYCN expression in
HB9AR and H526 cells transfected with siRNA targeting MYCN or NC siRNA and in H69 and H446 cells transfected
with pcDNA3.1-MYCN or NC plasmids. G-J. CCK-8 assays showed that MYCN knockdown decreased the IC50 values
of the chemotherapeutic agents (ADM, CDDP, and VP-16) in HG9AR and H526 cells, whereas MYCN overexpression
increased the IC50 values of these compounds in H69 and H446 cells. Error bars indicate the mean * SD from
three independent experiments. *, P < 0.05; ***, P < 0.001.

and VP16 (Figure 2B, 2C). The proliferative in- tance to VP16- and CDDP- based chemo-
dicator Ki-67 was highly expressed in MYCN- therapy.

overexpressing cells (Figure 2G, 2H). Conver-

sely, we observed that compared with the MYCN affects chemoresistance in SCLC by
LV-shNC clones, the HB9AR cells with MYCN regulating drug-induced apoptosis

knockdown had smaller mean volumes and a

slower rate of subcutaneous tumor growth in To determine the possible mechanisms of MY-
mice and showed significant sensitivity to CD- CN on chemoresistance, an apoptosis assay
DP and VP16 (Figure 2E, 2F). Furthermore, was carried out by flow cytometry analysis in
Ki-67 was expressed at lower levels in tumors cells with up- or downregulation of MYCN after
derived from MYCN knockdown cells than in they were exposed to chemotherapeutic drugs
the negative control cells (Figure 2G, 2H). Th- (ADM, CDDP and VP16) for 24 h. The results
ese results provide evidence that MYCN pro- showed that the early apoptotic fractions of
motes tumor growth and enhances drug resis- MYCN-knockdown HG9AR and H526 cells were
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Figure 2. Effects of MYCN on chemoresistance and growth of SCLC in vivo. A, D. RT-gPCR and Western blot analysis
of MYCN expression in HB9 cells transfected with lentiviral-based MYCN overexpression plasmids and in HG9AR
cells transfected with lentiviral-based MYCN knockdown plasmids and their corresponding control vectors. B, E.
Subcutaneous tumor formation experiments were performed in nude mice injected with H69 cells containing vec-
tors with stably upregulated MYCN or control (LV-MYCN or LV-NC, respectively) or with HG9AR cells containing vec-
tors with stably downregulated MYCN or control (LV-shNC or LV-shMYCN, respectively); drugs (CDDP+VP-16) or PBS
were intraperitoneally injected (n = 5 mice for each group). C, F, The growth curve of the tumor volumes of mouse
groups injected with HB9 cells with stable MYCN overexpression or with HG9AR cells with stably MYCN knockdown.
G, H. Histopathological features and representative IHC staining of MYCN, HES1 and Ki67 in tumor tissues from
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mice injected with HB9 cells with stable overexpression of MYCN or with HG9AR cells with stable knockdown of MYCN (maghnification 400x). Scale bars, 100 ym.
Error bars indicate the mean + SD from three independent experiments. **, P < 0.01. ***, P < 0.001.
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significantly higher than those of siNC cells
(Figure 3A, 3E). In contrast, the early apopto-
tic fractions of MYCN-overexpressing H69 and
H446 cells were significantly lower than those
of NC cells (Figure 3B, 3F). In addition, BCL-2
expression was decreased in MYCN-down-
regulated H69AR and H526 cells after treat-
ment with ADM, DDP or VP16, while BAX expr-
ession was increased (Figures 3C, 3G, S3A,
S3C), while MYCN overexpression in H69 and
H446 cells produced the opposite result
(Figures 3D, 3H, S3B, S3D). These results sug-
gest that MYCN influenced the chemoresis-
tance of SCLC by regulating drug-induced ap-
optosis.

MYCN regulates the NOTCH pathway, and
HES1 is a direct transcriptional target of MYCN

To identify the targets of MYCN, we performed
RNA sequencing (RNA-seq) analysis in HG9AR-
siNC cells and H69AR-siMYCN#2 cells, the lat-
ter of which had a higher suppression efficiency
than H69AR-siMYCN#1. A total of 1067 differ-
entially expressed genes were identified (|Fold
Change| = h.00 and FDR < 0.001) (Figure 4A).
Then, we conducted KEGG pathway enrichment
analysis (Figure 4B). The Notch signaling path-
way attracted our attention because this path-
way is associated with tumor resistance, stem-
ness, and proliferation. There are six differen-
tially expressed genes in this pathway (Figure
4C), all of which are downregulated in MYCN-
depleted cells. According to our previous cDNA
microarray (Figure 1A), the gene expression of
HES1 and JAG2 was higher in HG9AR cells than
in the parental H69 cells, so we hypothesized
that these two genes were related to drug resis-
tance. Considering that the other four genes
(HES7, HES5, LFNG, and MFNG) were only sec-
ondary changes caused by MYCN and had no
relationship to drug resistance, we chose to
verify HES1 and JAG2. RT-qPCR showed that
HES1 and JAG2 expression had indeed decrea-
sed with the down regulation of MYCN in HG9AR
cells (Figure 4D). Subsequently, Western blot-
ting analysis confirmed that JAG2 and HES1
were significantly downregulated in MYCN-de-
pleted cells and upregulated in MYCN-over-
expressing cells (Figures 4E, 4F, S4A, S4B).
These findings of HES1 were also confirmed by
immunohistochemistry (IHC) analysis of xeno-
grafts (Figure 2G, 2H). NOTCH1 was a differen-
tially expressed gene in the H69 and H69AR
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cDNA microarray (Figure 1A) but not in the
MYCN-related RNA-seq analysis (Figure 4A).
Considering that NOTCH1 is the hallmark pro-
tein of this pathway and had been proven as
a chemoresistance gene in SCLC [29], we de-
tected NOTCH1 expression by Western blot.
Intere-stingly, NOTCH1 was positively correlat-
ed with MYCN expression at the protein level
(Figures 4E, 4F, S4A, S4B). All these data show
that MYCN could regulate the NOTCH pathway.

To substantiate a putative interaction between
the HES1 promoter and MYCN, we performed
ChIP followed by gPCR (ChIP-qgPCR) to probe
for genomic occupancy of MYCN at the HES1
promoter sequence. Three qPCR probe sets
(HES1-P1, HES1-P2, and HES1-P3) were de-
signed based on the NCBI and UCSC databas-
es and previous studies [36] (Figure 4G). The
gPCR analysis of the chromatin pulled down by
anti-MYCN antibodies implicated a preferential
enrichment of MYCN occupancy at the HES1-P1
sequence (Figure 4H), supporting the notion
that MYCN directly targets HES1. To verify
whether MYCN binds to the promoter region of
JAG2, we also designed two primers [36, 37]
(Figure 4G) and attempted ChlIP-gPCR detec-
tion, but no evidence of direct binding was fo-
und (Figure 4K).

To further confirm that MYCN binds to the HE-
S1 promoter and affects transcriptional activi-
ty, we cloned the HES1-P1 sequence into a
luciferase reporter plasmid. The MYCN plasmid
(pcDNA 3.1 MYCN) was then cotransfected with
a luciferase reporter (pGL3-HES1-P1) and a
Renilla reporter plasmid into 293T cells, and
the relative luciferase activity demonstrated
that a positive response was induced by MYCN
(Figure 4l). We transfected the luciferase and
Renilla reporter plasmids into HG9AR-LV-shNC
and HB9AR-LV-shMYCN cells and the relative
luciferase activity in H69AR-LV-shMYCN cells
was significantly lower than that in H69AR-LV-
shNC cells (Figure 4J). Taken together, these
data confirm that MYCN positively regulates
HES1 transcription.

HES1 contributes to MYCN-induced chemore-
sistance in SCLC

Next, we further investigated whether HES1
contributes to MYCN-mediated chemoresistan-
ce in SCLC and found that the HES1 mRNA and
protein levels were significantly higher in che-
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HES1-P1, HES1-P2 and HES1-P3 regions in HG9AR cells. I. Dual-luciferase assay indicating that the activity of the
cotransfected HES1-P1 promoter reporter and the pcDNA3.1-MYCN plasmid is stronger than that of the NC promoter
reporter and pcDNA3.1-MYCN plasmid group in 293T cells. J. Dual-luciferase assay showing that the activity of the
HES1-P1 promoter reporter is weaker in HG9AR-LV-shMYCN cells than in LV-shNC cells. K. ChIP-gPCR for MYCN or
immunoglobulin G (IgG) at the JAG2-P1 and JAG2-P2 regions in HEG9AR cells. Error bars indicate the mean + SD from

three independent experiments; ***P < 0.05.

moresistant H69AR cells than in H69 cells
(Figures 5A, SHA). We also detected HES1
expression levels in nine SCLC cell lines
(Figures 5B, S5A). All cell lines expressed HE-
S1 to varying degrees, and the cell lines with
relatively high MYCN expression, for example,
H69 and HB69AR cells, also had higher HES1
expression. Cells with relatively low or no ex-
pression of MYCN, such as H526 and H446
cells, had lower expression of HES1. It was also
found by immunofluorescence that HES1 is
mainly localized in the nucleus, followed by
localization at the cell membrane (Figure 5C).
We knocked down HES1 expression in HGOAR
and H526 cells by siRNA (Figures 5D, S5B),
and HES1 downregulation resulted in markedly
increased IC50 values (Figure 5E, 5F), indi-
cating that HES1 positively regulates SCLC
chemoresistance.

FLI-06 is an inhibitior of the Notch pathway
[38]. We added FLI-06 to H69 cells at doses
ranging from 10 umol/L to 30 umol/L for 24 h.
Western blotting analysis revealed that FLI-06
inhibited HES1 expression in a dose-depen-
dent manner (Figures 5G, S5C). Based on the-
se data, we chose 20 pmol/L for subsequent
rescue experiments. The Western blotting re-
sults demonstrated that MYCN overexpression
increased HES1; however, the increased HES1
expression was diminished by FLI-O6 (Figures
5H, S5D). The CCK-8 assay was conducted by
adding FLI-06 to MYCN-overexpressing H69-
LV-MYCN cells to inhibit HES1. The results sh-
owed that the IC50 values significantly incre-
ased in the H69-LV-MYCN cells compared with
those in the empty-vector control cells, and the
inhibition of HES1 by FLI-06 in MYCN-over-
expressing cells abated the increase in the
IC50 values mediated by MYCN upregulation
(Figure 5I). In addition, to determine whether
FLI-06 modulates chemoresistance in vivo, we
used subcutaneous xenograft models of H69-
AR cells. The results showed that the tumor
growth and volumes could be significantly in-
hibited by the combination of FLI-06 and che-
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motherapy (Figure 5J, 5K). Additionally, a sm-
aller tumor volume and slower growth was
found in mice administered either treatment
(FLI-O6 or chemotherapy) alone compared wi-
th the PBS mice (Figure 5J, 5K). These results
indicate that MYCN mediates the chemoresis-
tance of SCLC through HES1.

Elevated MYCN expression correlates with
poor survival and chemotherapy response in
SCLC patients

To further evaluate the clinical significance of
MYCN expression in SCLC and the correlati-
on between MYCN and HES1, we analyzed the
GSE60052 dataset (https://www.ncbi.nim.nih.
gov/geo/query/acc.cgi?acc=GSE60052) and 42
SCLC samples from patients at our hospital by
IHC. GSE60052 contained the RNA sequencing
data of 79 SCLC specimens and 7 paracancer-
ous specimens. The mRNA expression of MYCN
was higher in SCLC tissues than in paracancer-
ous lung tissues, and MYCN levels were posi-
tively correlated with HES1 expression in the
dataset (Figure 6A, 6B). The IHC results of the
42 SCLC patient samples showed that the sam-
ples from chemorefractory patients had a high-
er frequency of MYCN expression (55%) than
the samples from chemosensitive patients
(10%) (Figure 6C, 6D; Table 1). Similarly, the
rate of HES1 positivity was much higher in the
SCLC specimens from chemorefractory patien-
ts (66.7%) than those from drug-sensitive
patients (39.1%) (Figure 6C, 6D). Moreover, we
found that the MYCN levels were positively cor-
related with HES1 expression in the SCLC
patient samples (Figure 6E). Kaplan-Meier
analysis revealed that high MYCN levels were
associated with poor overall survival (P =
0.000) (Figure 6F). Finally, as shown in Table 1,
IHC analysis indicated that MYCN protein ex-
pression was higher in extensive-stage patients
than in limited-stage patients (P = 0.003). The
univariate and multivariate analyses showed
that the stage, drug sensitivity, and MYCN ex-
pression were independent prognostic factors
(P =10.000, P=0.000, and P = 0.000, respec-
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Figure 5. MYCN promotes the chemoresistance of SCLC through HES1. A. RT-qPCR and Western blot analysis of
HES1 expression in H69 and HB9AR cells. B. Western blot analysis of HES1 expression in eight SCLC cell lines
(H69, H69AR, H446, H146, H526, H345, H209, and H82). C. The cellular localization of HES1 was confirmed by
immunofluorescence staining of HG69AR cells. D. RT-qPCR and Western blot analysis of MYCN in HG9AR and H526
cells transfected with siRNA against HES1. E, F. CCK-8 assays showed that HES1 knockdown decreased the IC50
values of chemotherapeutic agents (ADM, CDDP, and VP-16) in H69AR and H526 cells. G. Western blotting analysis
revealed that 24 h of FLI-06 treatment inhibited HES1 expression in a dose-dependent manner. H. Western blot-
ting showed that MYCN overexpression increased HES1 expression; however, the increased HES1 expression was
diminished by FLI-06. I. A CCK-8 assay showed that the IC50 values were significantly increased in H69-LV-MYCN
cells compared with those in the control cells, and the inhibition of HES1 by FLI-06 in MYCN-overexpressing cells
could abate the increase in the IC50 values mediated by MYCN upregulation. J. Effect of FLI-06 with or without
chemotherapy drugs (CDDP+VP16) on subcutaneous tumor growth injected with H69AR cells (n = 4 per group). K.
Growth curve of tumor volumes of HG9AR cells using FLI-06 with or without drugs (CDDP+VP16). Error bars indicate
the mean + SD from three independent experiments; ***P < 0.05.
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tively; Table 2) in SCLC. Collectively, these
results indicate that high MYCN levels were
correlated with a decreased response to che-
motherapy, poor survival, and advanced clini-
cal stages in SCLC patients.
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Discussion
SCLC is an aggressive neuroendocrine carci-

noma with a high mutational burden [39]. The
amplification of MYC family members is one of
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Table 1. MYCN expression and its relationship
with the clinicopathological characteristics of
42 SCLC patients

Expression of MYCN

Clinic pathological features n

- P
Gender 0.395
Male 33 8 25
Female 9 1 8
Age 0.862
<56 13 3 10
>56 29 6 23
Clinical stage 0.003
Limited disease 27 2 25
Extensive disease 15 7 8
Chemotherapy response 0.002
Sensitive group 31 3 28
Refractory group 11 6 5

-, negative; +, positive for MYCN. The P-value was calculated
by Pearson x*test.

the common molecular genetic alterations in
this malignancy, occurring in 18-31% of SCLCs
[17]. Thus, determining the mechanism how
MYCN amplification alters responses to chemo-
therapy in SCLC may have significant therapeu-
tic implications. Emerging evidence has dem-
onstrated that MYCN is involved in chemoresis-
tance in neuroblastoma [14, 15] and in tongue
cancer [40]. However, the role of MYCN in the
chemoresistance of SCLC remains unclear. In
our study, we initially identified that MYCN was
significantly upregulated in SCLC chemoresis-
tant cells (Figures 1B, S1A) and clinical sam-
ples (Figure 6C, 6D). Downregulation or overex-
pression of MYCN could potentiate or weaken
cell chemosensitivity in vitro and in vivo (Figures
1G-J, 2B, 2C, 2E, 2F), respectively, by regulat-
ing apoptosis (Figures 3A-H, S3A-D). To the
best of our knowledge, this is the first study to
investigate the function of MYCN in SCLC
chemoresistance.

MYCN has been identified as a key transcrip-
tional regulator involved in tumors biology. Ho-
ssain MS et al. found that NLRR1 is a direct
transcriptional target of oncogenic MYCN and
is important in the regulation of cell proliferati-
on and apoptosis in neuroblastoma cells [10].
Chen L et al. reported that p53 is a direct tran-
scriptional target of MYCN in neuroblastoma
and is likely to be involved in MYCN induced
p53-dependent apoptosis [13]. Inspired by the
study showing that MYCN is involved in chemo-
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resistance by directly regulating the MRP1 pro-
moter in neuroblastoma [14], we hypothesized
that the same regulatory relationship may exist
in SCLC. Unfortunately, we were unable to con-
firm our hypothesis in this study (the data was
not shown). So we performed RNA sequencing
(RNA-seq) analysis (Figure 4A). The preliminary
results revealed that HES1 is a candidate tar-
get gene of MYCN in SCLC (Figure 4C). Through
up- and downregulation of MYCN, HES1 expres-
sion was increased and decreased, respective-
ly (Figures 4D-F, S4A, S4B). Furthermore, us-
ing MYCN ChIP-gPCR and a dual-luciferase
reporter assay, we confirmed that MYCN binds
to the HES1 promoter and affects transcripti-
onal activity (Figure 4G-K). Recently, our study
revealed that the MYCN opposite strand MY-
CNOS is a super-enhancer involved in SCLC
chemoresistance [41]. O'Brien EM et al. con-
firmed that MYCNOS regulates MYCN protein
levels and affects growth of MYCN-amplified
rhabdomyosarcoma and neuroblastoma cells
[42]. We will further confirm whether this regu-
latory relationship exists in SCLC and clarify the
role of MYCN as a super enhancer.

HES1 is a downstream target gene of No-
tch pathway. Previous studies have shown that
HES1 mainly acts as an important regulator of
cell proliferation, differentiation, invasion, can-
cer stem cell properties and tumorigenicity [43-
45], while other reports revealed that HES1
plays an important role in drug resistance in
non- small-cell lung cancer [31, 44], prostate
cancer [46], and colorectal cancer [32]. How-
ever, whether HES1 regulates chemoresistance
in SCLC remains poorly understood. In this
study, we confirmed that repressing HES1 could
overcome chemoresistance in SCLC (Figure 5E,
5F). Down-regulation of HES1 can reverse the
increase in drug resistance caused by MYCN
overexpression (Figure 51). We also verified the
positive correlation between HES1 and MYCN
in both clinical samples (Figure 6B, 6E) and ani-
mal experiments (Figure 2G, 2H). In the future,
we aim to develop cell lines with stable upregu-
lation and downregulation of HES1, and to vali-
date their drug resistance in animal experi-
ments. Goto N etc. reported that HES1 invovled
in the fuction of tumor stem-like cells of the
Intestine [45], so we hypothesize that HES1
may enhance the SCLC chemoresistance by
modulating cancer stem cells. More research is
required to investigate this hypothesis.
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Table 2. Univariate and multivariate analyses of potential prognostic factors associated with the over-

all survival of 42 SCLC patients

Univariate analysis

Multivariate analysis

Variables Hazard ratio 95% ClI P value Hazard ratio 95% ClI P value
Gender 0.730 0.258-2.059 0.551 1.807 0.521-6.275 0.351
Age,y 1.154 0.379-3.517 0.800 1.656 0.485-5.656 0.421
Disease stage 19.574 4.318-88.731  0.000 29.344 3.897-220.936 0.001
Drug-sensitivity 6.858 2.658-17.700  0.000 4.240 1.079-16.657 0.038
MYCN expression 0.104 0.038-0.284 0.000 0.062 0.013-0.282 0.000

Cl, confidence interval; The P-value was calculated by Cox proportional hazards model.

Our recent study revealed that the Notch signal-
ing pathway is enriched in drug-resistant cell
line HG9AR [41]. Interestingly, in this study we
found that the Notch signaling pathway is also
enriched in downstream genes regulated by
MYCN (Figure 4B). There was a JAG2/NOTCH1/
HES1 axis mediated by MYCN in SCLC (Figures
4E, 4F, S4A, S4B). Many novel targeted gene
therapies and therapies that target signal path-
ways are now being actively tested in clinical
trials for SCLC. For example, PARP inhibitors,
EZH2 inhibitors, the inhibitory Notch ligand
DLL3, and Aurora kinase have all undergone
clinical trial testing [3]. In this study, we used
FLI-O6, a novel secretion inhibitor that blocks
the secretion of Notch pre-receptors from the
endoplasmic reticulum (ER), thereby suppress-
ing the Notch signaling pathway. Lu Z et al.
showed that FLI-06 suppresses proliferation,
and induces apoptosis and cell cycle arrest in
esophageal squamous cell carcinoma [47]. In
our study, we found that FLI-O6 could inhibit the
expression of HES1 and diminished MYCN-
induced chemoresistance in SCLC cell lines
(Figures 5G-I, S5C, S5D). In a nude mouse
model, the combination of FLI-06 and antican-
cer drugs significantly reduced the tumor vol-
ume derived from the MYCN amplified cell line
H69AR, which suggests a synergistic effect of
FLI-06 with chemotherapy in MYCN amplified
SCLC cells (Figure 5J, 5K). Our findings could
have potential clinical implications in which
patients with refractory SCLC and high MYCN
expression may benefit from combination che-
motherapy with a notch inhibitor. Notably, addi-
tional mechanistic studies and clinical trials will
be required to pursue this hypothesis.

In summary, our results demonstrate that MY-
CN promotes the chemoresistance of SCLC by
regulating the HES1 promoter. Our study implies
that FLI-60 treatment combined with chemo-

1953

therapy can partially overcome MYCN-mediated
drug resistance in SCLC cells. Therefore, we
conclude that MYCN and HES1 may be poten-
tial targets that block chemoresistance in
SCLC.
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Figure S1. The uncropped Western blots of Figure 1. A. Western blot analysis of MYCN expression in H69 and
HB9AR cells. B. Western blot analysis of MYCN expression in eight SCLC cell lines (H69, HG9AR, H446, H146, H526,
H345, H209, and H82). C. Western blot analyses of MYCN expression in HG9AR and H526 cells transfected with
siRNA targeting MYCN or NC siRNA. D. Western blot analyses of MYCN expression in H69 and H446 cells transfected
with pcDNA3.1-MYCN or NC plasmids.
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Figure S2. The uncropped Western blots of Figure 2. A. Western blot analysis of MYCN expression in HG9 cells trans-
fected with lentiviral-based MYCN overexpression plasmids and their corresponding control vectors. B. Western blot
analysis of MYCN expression in HG9AR cells transfected with lentiviral-based MYCN knockdown plasmids and their
corresponding control vectors.
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Figure S3. The uncropped Western blots of Figure 3. A, C. Apoptosis-related proteins (BCL2 and BAX) were mea-
sured by Western blot in MYCN-downregulated H69AR and H526 SCLC cells after exposure to anticancer drugs for
24 h. B, D. Apoptosis-related proteins (BCL2 and BAX) were measured by Western blot in MYCN-upregulated H69
and H446 SCLC cells after exposure to anticancer drugs for 24 h.
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Figure S4. The uncropped Western blots of Figure 4. A. Western blot analysis of MYCN, HES1, JAG2, and NOTCH1
expression in MYCN-downregulated HG9AR or MYCN-upregulated H69 SCLC cells. B. Western blot analysis of MYCN,
HES1, JAG2, and NOTCH1 expression in MYCN-downregulated H526 or MYCN-upregulated H446 SCLC cells.
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Figure S5. The uncropped Western blots of Figure 5. A. Western blot analysis of HES1 expression in eight SCLC cell
lines (H69, HB9AR, H446, H146, H526, H345, H209, and H82). B. Western blot analysis of MYCN in HG9AR and
H526 cells transfected with siRNA against HES1. C. Western blotting analysis revealed that 24 h of FLI-06 treatment
inhibited HES1 expression in a dose-dependent manner. D. Western blotting showed that MYCN overexpression
increased HES1 expression; however, the increased HES1 expression was diminished by FLI-06.



