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Abstract: Immunotherapy using antibodies blocking the programmed cell death 1 (PD-1)/programmed cell death-
ligand 1 (PD-L1) pathway has achieved great success in preclinical models and the clinical treatment of esophageal
squamous cell carcinoma (ESCC). The c-Myc proto-oncogene helps prevent immune cells from attacking tumor cells
by inducing PD-L1 expression. However, the underlying mechanisms of c-Myc and PD-L1 in ESCC remain unclear,
and a thorough understanding of this regulation would allow the development of new approaches to enhance
antitumor immunity. In the present study, the positive relationship between c-Myc and PD-L1 was explored in the
Cancer Genome Atlas dataset using the bioinformatics tool GEPIA, and was confirmed in 105 ESCC tissues by im-
munostaining (r=0.516, P<0.001). The patients positive for both proteins had a poorer overall survival (P=0.032).
Furthermore, in ESCC cell lines, c-Myc overexpression, depletion, and inhibition was able to regulate the expression
of PD-L1. Also, the ChIP assays showed that the increase in PD-L1 expression was likely due to the binding of c-Myc
to the PD-L1 promoter. Taken together, c-Myc and PD-L1 levels were significantly correlated, and c-Myc expression
regulated the expression of PD-L1 in ESCC cells. In addition, a small molecule inhibitor of c-Myc effectively regulated
PD-L1 expression. This indicates that synergistic therapy combining a c-Myc inhibitor with PD-L1 immunotherapy
might be a promising new treatment strategy for ESCC.

Keywords: c-Myc, 10058-F4, programmed cell death-ligand 1, esophageal squamous cell carcinoma, immuno-
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Introduction

Esophageal cancer is the seventh leading
cause of cancer-related death worldwide and
the fourth leading cause of cancer-related
death [1]. Esophageal squamous cell carcino-
ma (ESCC) is the dominant esophageal cancer
subtype in China, with a 5-year overall survival
(0S) of 15-25% [2]. There are many challenges
in treating ESCC, and several factors are asso-
ciated with poor OS, including a lack of early
detection, a high risk of relapse after curative
surgery, and poor responses to chemotherapy,
radiation, molecular targeted therapies, and
immunotherapies [3-6].

The programmed cell death 1 (PD-1)/program-
med cell death-ligand 1 (PD-L1) pathway is an
important checkpoint responsible for tumor
immune escape that has emerged as a major
focus of immunotherapy [7]. The use of anti-
bodies to block the pathway has been remark-

ably successful in preclinical models and in the
clinical treatment of multiple cancers [8], inclu-
ding ESCC [9], and its success highlights the
critical role of PD-L1 in tumor immune evasion
[10]. However, the mechanisms underlying PD-
L1 expression in ESCC cells remain unclear,
and a thorough understanding of this regula-
tion would allow the development of new ap-
proaches to enhance antitumor immunity [11].

The proto-oncogene c-Myc is overexpressed in
many human cancers [12-14]. Previous studies
have shown that upon overexpression, c-Myc
binds to the promoter of PD-L1, increasing its
expression in T cell acute lymphoblastic leuke-
mia [15]. Similar results have been observed in
neuroblastoma [16], non-small cell lung cancer
[17], and pancreatic cancer [18]. These studies
not only provided novel insights into the mecha-
nisms through which c-Myc maintains malig-
nancy, but also suggested that therapies sup-
pressing c-Myc expression and activity could
restore the immune response against cancer.
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Figure 1. Relationship between c-Myc and PD-L1 lev-
els in esophageal cancer cases from the TCGA datas-
et. Scatter plot of data points from TCGA esophageal
cancer database, showing c-Myc and PD-L1 expres-
sion was positively correlated with PD-L1 expression
(Pearson’s r=0.29, P<0.001).

In the case of ESCC, c-Myc overexpression is
caused by genomic amplification of 8g24.1,
which occurs in up to 43.2% of ESCC cases
[19]. Moreover, c-Myc overexpression was as-
sociated with poor ESCC prognosis [20]. Never-
theless, it is unclear whether c-Myc regulates
PD-L1 expression in ESCC cells. Therefore, in
this study, we have examined the relationship
between c-Myc and PD-L1 levels in ESCC tis-
sues and cell lines.

Materials and methods

Analysis of c-Myc and PD-L1 expression in pa-
tients with esophageal cancer

The correlation between c-Myc expression and
PD-L1 expression in esophageal cancer data
from The Cancer Genome Atlas (TCGA) was
explored using the open access website GEPIA
(http://gepia.cancer-pku.cn/) [21].

Patient and tissue samples

Human ESCC samples were collected from
patients undergoing esophagectomy at Fujian
Medical University Union Hospital, Fuzhou,
China, from March 2012 to April 2014. All pa-
tients received surgery and had histologically
confirmed ESCC. Patients on neoadjuvant tre-
atment, with a previous history of malignant
disease, or non-squamous cell cancer were
excluded. A total of 105 patients diagnosed
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with ESCC were enrolled in the study. Data col-
lected and evaluated included the age, sex,
tumor size, tumor location, tumor differentia-
tion, neural invasion, vascular invasion, T stage,
N stage, and tumor, node, metastasis (TNM)
stage. The stage of each patient was assess-
ed based on the 8th American Joint Commit-
tee on Cancer/Union for International Cancer
Control TNM staging system. The study was
approved by the Committee for the Ethical
Review of Research, Fujian Medical University
Union Hospital. Formalin-fixed paraffin-.embed-
ded samples were obtained for immunohisto-
chemistry analysis.

Immunohistochemistry (IHC)

Immunohistochemical analysis was performed
as previously described [22]. Anti-PD-L1 (ab21-
3524) and anti-c-Myc (@ab320720) antibodies
were obtained from Abcam (Cambridge, UK).
PD-L1 was detected on the cell membrane
while c-Myc localized to the nucleus. Staining
intensity scores were classified as 1 (weak), 2
(moderate), or 3 (strong). The percentage of
positive cells was scored as 0 (<5%), 1 (6%-
25%), 2 (26%-50%), 3 (51%-75%), or 4 (76%-
100%). The staining intensity and percentage
of positive cells were then multiplied to gener-
ate the immunoreactivity score for each case,
ranging from O to 12. The cutoff value was 4
for both PD-L1 [23] and c-Myc [20]. All speci-
mens were evaluated by two pathologists who
were blinded to the patients’ clinical data.

Cell lines and culture

The human ESCC cell lines KYSE140, KYSE-
510, Ecal09, and Ec9706 were obtained from
the Cell Bank, Chinese Academy of Sciences
(Shanghai, China). All cell lines were genotyped
for identification by the Cell Bank and tested
for mycoplasma contamination. Cells were cul-
tured in Roswell Park Memorial Institute (RPMI)-
1640 medium (HyClone, Logan, UT, USA) con-
taining 10% fetal bovine serum (Gibco-BRL,
Gaithersburg, MD, USA) and 1% penicillin and
streptomycin (100 ug/mL; Invitrogen Life Tech-
nologies, Beijing, China) and incubated at 37°C
in a humidified incubator with 5% CO,,.

Transfection
A full-length c-Myc cDNA was cloned into

pcDNA3.0 to generate pcDNA-c-Myc. A short
interfering (si) RNA targeting c-Myc (si-c-Myc)
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Figure 2. Immunostaining of PD-L1 and c-Myc in ESCC tissues. Low mag-
nification (200x%) and high magnification (400x) images were obtained for
each tissue. Brown staining indicates antibody-antigen binding. The PD-L1
staining was on the cell membrane while the c-Myc staining was on the cell
nucleus. (A) Human tonsil tissue was stained with an anti-PD-L1 antibody as
a positive control. (B) Negative and (C) positive staining with an anti-PD-L1
antibody in human ESCC tissue. (D) Negative and (E) positive staining with
an anti-c-Myc antibody in a human ESCC tissue sample.

and a negative control siRNA (si-NC) were
designed and synthesized by GenePharma
(Shanghai, China). Cells were transfected us-
ing Lipofectamine 3000 (Invitrogen, Carlsbad,
CA, USA), following the manufacturer’s instru-
ctions.

Quantitative reverse transcription polymerase
chain reaction (QRT-PCR)

Total RNA was extracted from human ESCC

cells using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s pro-
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tocol. Then, cDNA was ampli-
fied and quantified by SYBR-
Green in a 7500 Real-Time
PCR System (Applied Biosys-
tems, Foster City, CA, USA).
Relative quantification of gene
expression levels was ana-
lyzed by the 225°T method and
glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was
used for normalization. Each
experiment was repeated at
least three times and in tripli-
cate. The primer sequences
used for qRT-PCR were as fol-
lows: c-Myc: forward, 5-GT-
CAAGAGGCGAACACACAAC-3;
reverse, 5-TTGGACGGACAG-
GATGTATGC-3’; PD-L1: for-
ward, 5-TGGCATTTGCTGAAC-
GCATTT-3’; reverse, 5-TGC-
AGCCAGGTCTAATTGTTTT-3’,
and GAPDH: forward, 5-GG-
AGCGAGATCCCTCCAAAAT-3;
reverse, 5-GGCTGTTGTCATA-
CTTCTCATGG-3..

PD-L1 (+) PD-L1 (-)  PD-L1 (+)

c-Myc (-)

Western blotting

Total proteins were isolated
from cells, and protein con-
centrations were measured
using the BCA protein as-
say kit (Beyotime, Shanghai,
China) according to the manu-
facturer’'s instructions. Total
proteins (30 pg) were sepa-
rated by 10% sodium dode-
cyl sulfate-polyacrylamide gel
electrophoresis, then proteins
were transferred to polyvinyli-
dene difluoride membranes
(Millipore, Bedford, MA, USA). The membranes
were incubated with specific primary antibod-
ies (c-Myc, 1:1000; PD-L1, 1:800; both from
Abcam, Cambridge, UK) at 4°C overnight after
blocking in 5% non-fat milk. Next, the mem-
branes were incubated with horseradish perox-
idase-conjugated anti-rabbit 1gG antibodies
(1:4000) at room temperature for 1 h. Immu-
noreactive proteins were visualized using an
enhanced chemiluminescence detection sys-
tem. A GAPDH antibody (Cell Signaling Techno-
logy, Danvers, MA, USA) was used as an inter-

c-Myc (+)
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Table 1. Correlation between PDL1 and clinicopatho-

logical features in 105 ESCC patients

cells was immunoprecipitated with c-Myc
antibody (Abcam, Cambridge, UK). Immu-

PD-L1 expression

noprecipitated DNAs were recovered and

Variables Negative Positive

analyzed by qRT-PCR for amplification of
the PD-L1 promoter. Immunoglobulin G

(n=58) (n=47) P value

Age (year) <60 31 28 0.558
>60 27 19

Gender Female 19 10 0.272
Male 39 37

Tumor Location Upper 2 4 0.602*
Middle 38 29
Low 18 14

Tumor Size (cm) <4 42 32 0.671
>4 16 15

Tumor Grading Gl 23 12 0.080*
G2 32 27
G3 3 8

Vascular Invasion No 50 39 0.786
Yes 8 8

T Stage Tla 12 8 0.944
T1b 8 7
T2 31 25
T3 7 7

N Stage NO 41 20 0.015*
N1 13 16
N2 3 8
N3 1 3

TNM Stage I 10 7 0.047*
Il 27 13
1] 20 21
1Y 1 6

(IgG) was used as a negative control.
Statistical analysis

Chi-square tests and Fisher's Exact Test
were performed to compare c-Myc or
PD-L1 expression with clinical features.
Pearson correlation analysis was used to
evaluate the association between c-Myc
and PD-L1 levels. Univariate and multivari-
ate analyses were used for survival analy-
sis by the Kaplan-Meier method and Cox
proportional hazards analysis, respective-
ly. All significance tests were two-tailed
and p-values <0.05 were considered sig-
nificant. Statistical analysis was carried
out using SPSS version 23.0 (IBM Corp.,
Armonk, NY, USA) and GraphPad Prism
version 7.0 (San Diego, CA, USA).

Results

Relationship between c-Myc and PD-L1
levels in TCGA esophageal cancer data

We first examined the potential relation-
ship between c-Myc and PD-L1 mRNA ex-
pression in esophageal cancer using data
from TCGA database. As shown in Figure
1, c-Myc expression was positively corre-

*: used Fisher’s Exact Test.

Table 2. Positive correlation between PD-L1 expres-

sion and MYC expression in ESCC

lated with PD-L1 expression (Pearson’s
r=0.29, P<0.001).

Relationship between c-Myc and PD-L1
levels in human ESCC tissues

To confirm the influence of c-Myc on PD-

c-Myc PD-L1 expression Pearson correlation
expression Negative Positive Total R P-value
Negative 37 6 43 0516 <0.001
Positive 21 41 62

Total 58 47 105

L1 expression in human ESCC tissues,
105 ESCC tissues were immunostained
for c-Myc and PD-L1 (Figure 2). The clini-

nal reference. Western blots were quantified
using ImagelJ software.

Chromatin immunoprecipitation assays (ChIP)

ChIP assays were conducted using the Pierce
Agarose ChIP Kit, according to the manufac-
turer’s instructions (Invitrogen). Chromatin from
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copathological characteristics of the pa-

tients are listed in Table 1. Of the 105
samples, 47 (44.8%) were positive for PD-L1,
and this was significantly correlated with the N
stage (P=0.015) and TNM stage (P=0.047).
c-Myc was expressed in 62 patients (59.0%);
however, its expression did not significantly cor-
relate with any clinical and pathological ch-
aracteristics in this cohort. We next examined
the relationship between the two proteins, and

Am J Transl Res 2020;12(2):379-388
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Table 3. Univariate and multivariate Cox regression analysis of factors associated with overall survival

univariate analysis

multivariate analysis

Variables n

HR 95% Cl P value HR 95% Cl P value

Age (year)

<60 59 1 - - -

>60 46 1.553 0.876-2.754 0.132 - - -
Gender

Female 29 1 - - -

Male 76 0.777 0.42-1.436 0.421 - - -
Tumor Location

Upper + Middle 73 1 - - -

Low 32 0.588 0.299-1.157 0.124 - - -
Tumor Size (cm)

<4 74 1 - - -

>4 31 1.397 0.763-2.558 0.278 - - -
Tumor Grading

G1 35 1 - - -

G2 +G3 70 1.271 0.679-2.377 0.453 - - -
Vascular Invasion

No 89 1 1

Yes 16 2.043 1.038-4.02 0.039 1.836 0.928-3.630 0.081
T Stage

T1 35 1 1

T2+T3 70 4.514 1.914-10.642 0.001 4.376 1.85-10.351 0.001
N Stage

NO 61 1 - - -

N1+ N2 + N3 44 1.733 0.977-3.073 0.060 - - -
TNM Stage

[+ 57 1 1

I+ 1v 48 2.613 1.44-4.742 0.002 1.357 0.691-2.665 0.375
c-Myc expression

Negative 43 1 1

Positive 62 2.042 1.077-3.872 0.029 1.600 0.758-3.376 0.217
PD-L1 expression

Negative 58 1 1

Positive a7 1.923 1.077-3.434 0.027 2.009 1.121-3.602 0.019

found that there was a significant positive cor-
relation between c-Myc and PD-L1 levels (P<
0.001, Pearson’s r=0.516; Table 2).

To evaluate the potential effects of the clinical
and pathological characteristics of ESCC on
the 5-year OS, a univariate Cox proportional
hazards analysis was performed. Vascular inva-
sion (P=0.039), T stage (P=0.001), TNM stage
(P=0.002), c-Myc expression (P=0.029), and
PD-L1 expression (P=0.027) were significant-
ly associated with the OS. After multivariate
Cox proportional hazards analysis, T stage
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(P=0.001) and PD-L1 expression (P=0.019)
were the main independent factors affecting
OS (Table 3). In addition, patients with ESCC
who were positive for both PD-L1 and c-Myc
had poorer OS than the other subgroups (P=
0.036; Figure 3).

Relationship between c¢c-Myc and PD-L1 in
ESCC cells

We next investigated the relationship between

the expression of c-Myc and PD-L1 in unstimu-
lated ESCC cell lines using qRT-PCR and west-

Am J Transl Res 2020;12(2):379-388
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Figure 3. OS analysis of 105 patients with ESCC by tumor stage and c-Myc
and PD-L1 expression. Kaplan-Meier survival curves of patients with ESCC
comparing OS of (A) stages T1 to T2-3 (P=0.0001), (B) positive to nega-
tive c-Myc expression (P=0.029), (C) positive to negative PD-L1 expression
(P=0.027), and (D) c-Myc and PD-L1 double positive expression to others
(P=0.032). P-values were calculated by log-rank analysis.
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Figure 4. c-Myc and PD-L1 expression in four ESCC cell lines. Protein and
mRNA levels were evaluated by (A) western blotting and (B) gRT-PCR, respec-
tively. Among the four cell lines tested, KYSE140 and Ec109 showed distinct
c-Myc and PD-L1 expression while KYSE510 and Eca9706 showed faint ex-
pression. GAPDH was used as a loading control for western blot analysis and
for normalization in gRT-PCR using the 22T method (relative quantification).

demonstrate that changes in
PD-L1 expression are at least
partly mediated by c-Myc.

The c-Myc inhibitor 10058-F4
inhibits PD-L1 expression in
ESCC cells

We next investigated the ef-
fect of 10058-F4 on PD-L1
expression in ESCC cells. KY-
SE140 cells were treated with
different concentrations of
10058-F4 (0, 50, and 100
uM) for 72 h. PD-L1 expres-
sion decreased in a dose-de-
pendent manner with 10058-
F4 treatment (Figure 7).

PDL1 expression was regu-
lated by c-Myc in ESCC cells

Given the positive correlation
between c¢-Myc levels and
PD-L1 levels in ESCC tissues,
we further investigated the
molecular mechanisms under-
pinning this link. ChIP assays
were performed to investiga-
te whether the regulation of
PD-L1 by c-Myc was a direct
effect. An isotype-matched
IgG served as a negative con-
trol. The results showed that
the increase in PD-L1 expres-
sion was likely due to the bind-
ing of c-Myc to the PD-L1 pro-
moter, in both the Eca9706
NC and Eca9706 c-Myc cell
lines (Figure 8).

Discussion

ern blotting. Of the four cell lines tested, two
(KYSE140 and Ec109) showed distinct c-Myc
and PD-L1 expression and two (KYSE510 and
Eca9706) showed faint expression (Figure 4).
The expression of PD-L1 was evaluated after
transfection of a c-Myc overexpression plas-
mid into KYSE510 and Eca9706 cells (Figure
5) and a c-Myc siRNA into KYSE140 and Ec109
cells (Figure 6). At both the mRNA and protein
levels, the expression levels of ¢c-Myc and PD-
L1 showed a clear correlation. These results
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The PD1/PD-L1 pathway is one of the most
important signaling pathways mediating tumor
immune escape [24]. Several clinical trials have
reported the promising antitumor effects of
PD-1/PD-L1 inhibition, however, only 12-30%
of patients with esophageal cancer experience
a favorable response and long term efficacy [9,
25]. PD-L1 expression on the tumor cell sur-
face is not only a target for immmune checkpoint
inhibitors but also an important biomarker in-
dicating therapeutic response; hence, there is

Am J Transl Res 2020;12(2):379-388
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Eca9706 cells and KYSE510 cells were transfected with either pcDNA3 (con-
trol) or pcDNA3-c-Myc. Overexpression of c-Myc significantly induced PD-L1
expression in Eca9706 cells (A, B) and KYSE510 cells (C, D). GAPDH was
used as a loading control for western blot analysis and for normalization in
gRT-PCR using the 222°T method (relative quantification).
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Figure 6. c-Myc depletion in Ec109 and KYSE140 ESCC cells. Eca9706 cells
and KYSE510 cells were transfected with c-Myc siRNA. Knockdown of c-Myc
significantly reduced PD-L1 expression in Ec109 cells (A, B) and KYSE140
cells (C, D).

growing interest in the mole-
cules that regulate its expres-
sion [26].

The c-Myc proto-oncogene is
one of the most frequently
activated oncogenes and is
estimated to be involved in
20% of all human cancers,
including ESCC [20], by regu-
lating apoptosis, cell cycle pro-
gression, and other biologi-
cal processes [27]. Targeting
c-Myc for ESCC treatment has
been an intense focus of the
cancer research community
[28, 29]. It has been postulat-
ed that c-Myc overexpression
could induce high expression
of PD-L1, promoting the tumor
cell's escape from immune
surveillance [15, 18]. A recent
study reported that c-Myc in-
duces PD-L1 and CD47 ex-
pression by binding directly
to their promoters [15]. How-
ever, in a study of hepatocel-
lular carcinoma cells, c-Myc
depletion by siRNA increased
PD-L1 expression at both the
MRNA and protein levels. Me-
chanistically, c-Myc inhibition
resulted in elevated expres-
sion of signal transducer and
activator of transcription 1
(STAT1), a critical component
of the interferon (IFN)-y sig-
naling pathway, leading to
increased PD-L1 expression
in hepatocellular carcinoma
cells exposed to IFN-y [30].

The relationship between c-
Myc and PD-L1 expression in
ESCC has remained uncer-
tain. In this study, we found
that c-Myc expression was
positively associated with PD-
L1 expression in esophageal
cancer both in the TCGA data-
set and our patient data. c-
Myc- and PD-L1-positivity we-
re both associated with poor
outcomes in patients with ES-

385 Am J Transl Res 2020;12(2):379-388
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(B) gRT-PCR. PD-L1 expression decreased in a dose-dependent manner with
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Figure 8. c-Myc bind to PD-L1 promoter in ESCC cells.
ChIP assays were conducted on Eca9706-NC and
Eca9706-c-Myc cells, using IgG negative control and
c-Myc antibodies, and primers specific for the PD-
L1 promoter. was showed that c-Myc increased the
expression of PD-L1 when compared with IgG. The
PD-L1 promoter binding was evaluated by qRT-PCR.

CC, and patients positive for both had poorer
OS than the other patient subgroups. Overex-
pression and depletion experiments demon-
strated that PD-L1 expression was regulated
by c-Myc, consistent with previous studies.
Moreover, the ChIP assays showed that c-Myc
directly bound the PD-L1 promoter in ESCC
cells.

The small molecule ¢c-Myc inhibitor 10058-F4
exerts several tumor suppressive functions
[31-33]. However, whether 10058-F4 partici-
pates in immune regulation was unknown. Our
results confirmed that 10058-F4 regulated
PD-L1 expression in ESCC, indicating a role in
tumor immune escape. They also suggest that
therapies suppressing c-Myc expression may
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&

decrease PD-L1 expression in
ESCC cells. Therefore, a com-

El c-Myc

8 PD-L1 bination therapy composed of
a c-Myc inhibitor and PD-1/
PD-L1 pathway immunothera-
py might have synergistic ef-

fects on ESCC.
. This study has some limita-
@Qﬁ\ tions. First, we only recruited a

small number of cases from a
single institute. Second, it was
a retrospective study using
surgical samples of squam-
ous cell cancer. Third, the res-
ponse to immune checkpoint
inhibitors combined with a c-
Myc inhibitor could not be evaluated in vivo. It
will be necessary to examine the possibility of
synergistic inhibition of ESCC using anti-PD-
L1 antibodies and c-Myc inhibitors, which are
constantly being developed. Multi-institutional,
prospective studies combined with the analy-
sis of treatment responses to immune check-
point inhibitors will be needed to evaluate the
potential of this treatment strategy.

Conclusions

In summary, we have analyzed the relationship
between c-Myc and PD-L1 levels in ESCC, and
demonstrate that c-Myc regulates PD-L1 ex-
pression in ESCC cells. A small molecule inhibi-
tor of c-Myc, 10058-F4, could also effectively
regulate PD-L1 expression. This indicates that
a combination therapy composed of a c-Myc
inhibitor and a PD-L1 immunotherapy might be
a promising new treatment strategy for ESCC.
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