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Abstract: CCAAT/enhancer binding proteins (CEBPs, including CEBPA, CEBPB, CEBPD, CEBPE, CEBPG, and CEBPZ) 
play critical roles in a variety of physiological and pathological processes. However, the molecular characteristics 
and biological significance of CEBPs in esophageal squamous cell carcinoma (ESCC) have rarely been reported. 
Here, we show that most of the CEBPs are upregulated and accompanied with copy number amplifications in ESCC. 
Of note, high CEBPG expression is regulated by the ESCC specific transcription factor TP63 and serves as a prog-
nostic factor for poor survival in ESCC patients. Functionally, CEBPG significantly promotes the proliferation and 
migration of ESCC cells both in vitro and in vivo. Mechanistically, CEBPG activates the PI3K-AKT signaling pathway 
through directly binding to distal enhancers and/or promoters of genes involved in this pathway, including genes 
of CCND1, MYC, CDK2, etc. These findings provide new insights into CEBPs dysregulation in ESCC and elucidate a 
crucial role for CEBPG in the progression of ESCC, highlighting its potential therapeutic value for ESCC treatment.
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Introduction

Esophageal cancer, histologically classified as 
either esophageal squamous cell carcinoma 
(ESCC) or esophageal adenocarcinoma (EAC), 
is the sixth leading cause of cancer mortality 
and the eighth highest in cancer incidence 
worldwide [1]. EAC is common in Western coun-
tries, while ESCC is much more frequently diag-
nosed in East Asia, particularly in China [2]. 
Due to a lack of understanding of the molecular 
bases underlying ESCC and limited effective 
targeted regimens, the clinical outlook for ESCC 
patients remains dismal, with a 5-year survival 
rate of approximately 17% [1]. Therefore, the 
alarming rise in the incidence of ESCC imposes 
an urgent need to further determine its molecu-
lar pathogenesis and establish successful 
treatment strategies.

The CCAAT/enhancer binding proteins (CEBPs, 
including CEBPA, CEBPB, CEBPD, CEBPE, CE- 
BPG, and CEBPZ) are a family of leucine-zipper 

transcription factors that participate in physio-
logical processes such as energy metabolism, 
cell proliferation, and differentiation [3-5]. 
Recently, CEBPs have gained considerable 
attention owing to their potential as molecular 
markers for cancer prognosis [6-11]. For exam-
ple, CEBPA has been extensively studied and 
generally confirmed as a tumor suppressor in 
breast cancer, lung cancer, acute myelogenous 
leukemia, etc [9, 11]. Both CEBPB and CEBPD 
play important roles in mediating cell viability of 
multiple cancer cell lines [12]. In hematopoietic 
diseases, mutations of CEBPE have been found 
in patients with neutrophil-specific granule defi-
ciency [10]; CEBPG deregulation results in dif-
ferentiation arrest in acute myeloid leukemia 
[13, 14]; CEBPZ is imperative for the mainte-
nance of leukemic state [15]. Despite biological 
functions of CEBPs have been revealed in  
several cancer types, their expression patterns 
and molecular changes in ESCC remain 
unresolved.
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Table 1. Primers used for qRT-PCR analyses
Name Sequence (5’-->3’)
CEBPG Forward ACTCCAGGGGTGAACGGAAT
CEBPG Reverse CATGGGCGAACTCTTTTTGCT
TP63 Forward TTCGGACAGTACAAAGAACGG
TP63 Reverse GCATTTCATAAGTCTCACGGC
IRS1 Forward ACAAACGCTTCTTCGTACTGC
IRS1 Reverse AGTCAGCCCGCTTGTTGATG
MYC Forward GGCTCCTGGCAAAAGGTCA
MYC Reverse CTGCGTAGTTGTGCTGATGT
CCND1 Forward GCTGCGAAGTGGAAACCATC
CCND1 Reverse CCTCCTTCTGCACACATTTGAA
CDK2 Forward CCAGGAGTTACTTCTATGCCTGA
CDK2 Reverse TTCATCCAGGGGAGGTACAAC
LAMC1 Forward GGACTCCGCCCGAGGAATA
LAMC1 Reverse ACTTGAGACGCACATAGGTGA
FGF2 Forward AGAAGAGCGACCCTCACATCA
FGF2 Reverse CGGTTAGCACACACTCCTTTG
GAPDH Forward CGACCACTTTGTCAAGCTCA
GAPDH Reverse TTACTCCTTGGAGGCCATGT
Abbreviations: CCND1, cyclin D1.

Here, we firstly applied The Cancer Genome 
Atlas (TCGA) ESCC samples to elucidate the 
expression patterns and molecular charac- 
teristics of CEBPs in ESCC. We found that  
overexpression of CEBPG presents an unfavor-
able prognostic indicator for ESCC patients. 
Importantly, the ESCC specific transcription 
factor, TP63, activates the expression of  
CEBPG by directly binding to its distal enhan- 
cer region. Moreover, CEBPG promotes ES- 
CC cell proliferation and migration by activating 
PI3K-AKT signaling pathway, thus accelerating 
the progression of ESCC. These findings  
suggest that CEBPG could act as a biomarker 
and potential therapeutic target for ESCC 
patients.

Materials and methods

Cell lines and culture

ESCC cell lines were provided by the Medical 
College of Shantou University. The KYSE150, 
KYSE140, KYSE70, TE5, and COLO68N cell 
lines were cultured in RPMI-1640 medium and 
the KYSE450 cell line was in DMEM medium. 
All of the cell lines were supplemented with 
10% FBS, penicillin (100 U/mL), and streptomy-
cin (100 mg/mL), and were maintained at 37°C 
with 5% CO2.

RNA extraction and qRT-PCR analysis 

Total RNA was extracted from cells using 
RNAiso Plus (TaKaRa, Tokyo, Japan) according 
to the manufacturer’s instructions. 1 μg RNA 
was used for high-fidelity cDNA synthesis by the 
PrimeScript RT reagent Kit (TaKaRa, Tokyo, 
Japan). qRT-PCR was performed on an iQ5 real-
time detection system (Bio-Rad Laboratories, 
Hercules, CA, USA) with the SYBR Kit (TaKaRa, 
Tokyo, Japan). Relative expression levels of 
genes among different samples were calculat-
ed using the ΔΔCt method, with GAPDH being 
used as the normalization control. Primer 
sequences are listed in Table 1.

Western blotting

Total protein was extracted from cells by the 
RIPA buffer placed on ice. Protein concentra-
tions of the total lysates were measured using 
the Bradford method. Western blotting was 
performed by using the SDS-PAGE and conven-
tional wet gel transfer systems. PVDF mem-
branes (Millipore, New Bed-ford, MA, USA) were 
incubated with primary antibodies overnight at 
4°C, followed by incubation of secondary anti-
bodies for 1 h at room temperature on the next 
day. At last, the chemiluminescence kit (Thermo 
Fisher Scientific) was used to detect immunore-
active protein bands. Information about anti-
bodies used is as follows: CEBPG (Proteintech, 
No. 12997-1-AP; 1:500), TP63 (Proteintech, No. 
12143-1-AP; 1:1000), IRS1 (Proteintech, No. 
17509-1-AP; 1:1000), CDK2 (CST, No. 2546; 
1:1000), AKT (CST, No. 4691; 1:1000), P-AKT 
(CST, No. 5315; 1:1000), MYC (TRAN, No. 
M21217; 1:1000), CCND1 (CST, No. 2922; 
1:1000), GAPDH (Proteintech, No. 10494-1-AP; 
1:1000), Tubulin (Abiocode, No. R0742-3; 
1:1000).

siRNAs and transfection

Two different siRNAs were used for CEBPG 
knockdown by using the Lipofectamine RNAi- 
MAX (Thermo Fisher Scientific). The target se- 
quences of CEBPG siRNAs are: CEBPG-siRNA1, 
5’-GACCCATTGGAGGCTATTT-3’; CEBPG-siRNA2, 
5’-CTGACCAAGGAATTAAGTGTA-3’. For retroviral 
infection experiments, double-stranded oligo-
nucleotides were firstly inserted into the pL- 
KO.1-TRC (Addgene#10878) vector. Retrovirus 
was then generated in 293T cells by cotrans-
fection of the recombinant vectors with psPAX2 
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China). Under the Institutional Animal  
Care and Use Committee of Sun Yat-Sen 
University, the mice were randomly divided 
into three groups. Then a total of 5×106 
KYSE150 cells transfected with either 
scramble or CEBPG shRNAs were injected 
subcutaneously into the right flank of each 
mouse. When tumor xenografts were pal-
pable, tumor volumes were measured every 
4 days and continuously monitored over 
the next 24 days. Tumor volumes were cal-
culated using the following formula: Volume 
= length×width2/2. Tumor tissues were dis-
sected for further analyses after mice were 
sacrificed. 

Chromatin Immunoprecipitation PCR 
(ChIP-PCR)

Table 2. Primers used for ChIP-PCR analyses
Name Sequence (5’-->3’)
CEBPG enhancer Forward TGCAGAGGTCATCTGTAATAA
CEBPG enhancer Reverse AAACCACTTGAGTCACACAGGAA
CEBPG promoter Forward TCAGAAAATGCTTCCAAAGGCAC
CEBPG promoter Reverse GACGGTTACGAAACCGGCAGCCT
CCND1 promoter Forward TTTGATCTTTGCTTAACAACAGT
CCND1 promoter Reverse CTCGGCTCTCGCTTCTGCT
MYC promoter Forward GCAGAGGGCGTGGGGGAAAAGAA
MYC promoter Reverse TTATACTCAGCGCGATCCCTCCC
MYC enhancer Forward TGACAAGGCTTTGGTGAGAGCCT
MYC enhancer Reverse ATTTAGTGACATAGTTTGTACTG
NC Forward GGGCCAAGGACTCTTACTGT
NC Reverse AGGAATGGGTGGGAAGTCAG
Abbreviations: CCND1, cyclin D1; NC, negative control.

(Addgene#12260) and pMD2.G (Addge- 
ne#12259). Supernatants were collected at 
24, 48, and 72 h post-transfection. To obtain 
stable cell lines, ESCC cells were infected at a 
multiplicity of infection and selected with the 
presence of 2 mg/ml puromycin. The sequenc-
es of CEBPG shRNAs are identical to those of 
the CEBPG siRNAs. The shRNA sequences for 
TP63 are: shTP63-1, 5’-GGACAGCAGCATTGATC- 
AA-3’; shTP63-2, 5’-CCGTTTCGTCAGAACACAC- 
AT-3’. 

Cell growth and migration

For in vitro cell growth assays, a total of 4000 
cells transfected with either scramble or siR-
NAs were seeded into each well of the 96-well 
plates. The cell proliferation rate was deter-
mined by the CCK8 (Cell Counting Kit-8) meth-
od. For cell migration assays, transwell cham-
bers were used to assess cell motility. Briefly, 
transfected cells in serum-free medium were 
plated into the upper chamber, while medium 
containing 10% FBS was added to the lower 
chamber. After incubation for 24 h, migratory 
cells were fixed with 4% formalin, stained with 
0.1% crystal violet, photographed under a 
microscope, and counted in five random fields 
per well. Experiments were repeated indepen-
dently three times.

Animal xenograft experiment

Eighteen 4-week-old BALB/c-nude mice were 
obtained from the Experimental Animal Center 
of the Chinese Academy of Science (Guangzhou, 

For ChIP assays, cells were crosslinked with  
1% formaldehyde for 10 min at room tempera-
ture and quenched by glycine. Cells were then 
subjected to SDS lysis buffer and sheared  
in a Bioruptor Sonicator (Diagenode, USA) to 
achieve genomic fragments of approximately 
500 base pairs. After sonication, cell debris 
was removed, supernatant was incubated  
with indicated antibodies overnight at 4°C. On  
the next day, magnetic beads were added to  
pull down the antibody-chromatin complexes. 
Finally, DNA from the precipitated immune-
complex was extracted and purified. ChIP-PCR 
was used to detect the degree of DNA enrich-
ment in each group. Primer sequences are list-
ed in Table 2. 

RNA-Seq data analysis

The 50 bp single-end clean reads were aligned 
to the hg19 Ensemble (V82) transcriptome 
using the HISAT2 (v2.0.4) [16, 17]. Under their 
default parameter settings, RSEM (v1.2.12) 
and DESeq (v3.4) were used for differential 
gene expression analyses [18, 19]. DAVID data-
base was used for pathway enrichment analy-
ses of identified differentially expressed genes 
(DEGs, Log2 |fold change|>1, P<0.05) [20, 21].

Data and materials availability

The RNA-Seq data of KYSE150 cells with  
the absence and presence of CEBPG generated 
in this study have been deposited into the  
GEO under accession number “GSE156257” 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.
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cgi?acc=GSE156257). Other RNA-Seq data,  
as well as the copy number data and clinical 
data of ESCC were downloaded from the TCGA 
data portal (https://portal.gdc.cancer.gov/). 
The ATAC-Seq data of ESCC were obtained from 
https://gdc.cancer.gov/about-data/publica-
tions/ATACseq-AWG. The ChIP-Seq data of 
H3K27ac, SOX2, and TP63 in ESCC cells and 
CEBPG in HepG2 cells were obtained from GEO 
under accession numbers “GSE106563” and 
“GSE96281” [22, 23].

Statistical analysis

The relations between expressions of CEBPs 
with overall survival of ESCC patients were eval-
uated using the Kaplan-Meier plotter (http://
kmplot.com/analysis/index.php?p=backgro- 
und). Comparisons between two groups we- 
re carried out using the Student’s t-test or the 
Mann-Whitney U test. Statistical analyses  
were performed by the GraphPad Prism 6.0 
(GraphPad Software, Inc., La Jolla, CA, USA). 
Statistically significant P values are indicated 
as *P<0.05, **P<0.01, and ***P<0.001.

Results

Identification of CEBPG as an unfavorable 
prognostic factor for ESCC patients

To illuminate the molecular characteristics of 
CEBPs in ESCC, we firstly applied cBioPortal to 
identify their mutational status in TCGA ESCC 
samples. Among all CEBPs, CEBPZ was the only 
molecule found to have somatic mutations, 
with a frequency of 1% (Figure S1). Since major 
sources of genetic diversity also include copy 
number variations (CNVs), we next analyzed 
CNVs of CEBPs in ESCC. Notably, various 
degrees of copy number gains (defined as log2 
copy number (tumor/normal)>0.5) [24] of 
CEBPs were observed in ESCC. In addition, the 
frequency of CNVs was higher than 10% for 
each CEBP. Specifically, CNVs of CEBPA, CEBPB, 
CEBPD, CEBPE, CEBPG, and CEBPZ were 
detected in 13 (13.54%), 20 (20.83%), 21 
(21.88%), 14 (14.58%), 13 (13.54%), and 11 
(11.46%) of the ESCC samples, respectively 
(Figure 1A).

To determine whether copy number gains affect 
the expressions of CEBPs in ESCC, correlation 
analyses were performed based on gene 
expression and copy number data from TCGA. 

Interestingly, the mRNA expression levels of 
CEBPA, CEBPB, CEBPG, and CEBPZ were posi-
tively correlated with their copy number gains 
(Figure 1B). We further categorized TCGA ESCC 
samples into groups of diploid and copy-num-
ber gain (Gain) based on the gene dosage of 
each CEBP, and found that relative to the dip-
loid groups, the mRNA expressions of CEBPA, 
CEBPB, CEBPG, and CEBPZ were significantly 
up-regulated in their Gain groups (Figure 1C). 
These results suggested that copy number 
gains contribute to high expressions of CEBPA, 
CEBPB, CEBPG, and CEBPZ in ESCC.

After illuminating the genetic features of CEBPs, 
we then analyzed their expression patterns in 
ESCC. Interestingly, compared to normal tis-
sues, the expression levels of most CEBPs, 
including CEBPA, CEBPB, CEBPE, CEBPG, and 
CEBPZ, were up-regulated in ESCC (Figure 1D). 
To further identify their potential prognostic val-
ues, we evaluated the overall survival of ESCC 
patients in relation to each CEBP expression 
using the Kaplan Meier plotter. Notably, the 
overall survival of ESCC patients with higher 
CEBPG expression was significantly poorer 
than that of the patients with lower CEBPG 
expression (Figure 1E), suggesting that CEBPG 
represents a negative prognostic factor for 
ESCC patients. Therefore, CEBPG was priori-
tized for further biological and mechanistic 
studies.

TP63 directly activates CEBPG by binding to its 
distal enhancer

Besides genetic alterations, epigenetic modifi-
cations, such as DNA methylation, also play  
an important role in ESCC progression [25, 26].  
In order to investigate whether DNA methyla-
tion affects CEBPG expression in ESCC, we  
analyzed the methylation status of CEBPG 
using TCGA ESCC DNA methylation data 
(HumanMethylation450). Unfortunately, the 
methylation level of CEBPG promoter region 
showed no difference between tumor and nor-
mal samples (Figure S2).

On the other hand, the expression patterns of 
genes are strictly modulated by the transcrip-
tional regulation process. We therefore 
attempted to elucidate the molecular basis 
underlying CEBPG transcriptional activation in 
ESCC. Importantly, the ATAC-Seq data from 
TCGA showed that three promoter regions and 
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Figure 1. Identification of CEBPG as an unfavorable prognostic factor for ESCC patients. A. The copy number varia-
tions of CEBPs in TCGA ESCC samples. B. Pearson correlations between copy number of each CEBP and their 
respective mRNA expression. C. The mRNA expressions of CEBPs were compared between TCGA ESCC samples, 
which were stratified into groups of Diploid and Gain based on the gene dosage of each CEBP. Mann-Whitney U test. 
*P<0.05; **P<0.01; ***P<0.001; ns, not significant. D. The mRNA expressions of CEBPs in TCGA ESCC samples 
and adjacent normal tissues. Mann-Whitney U test. *P<0.05; **P<0.01; ns, not significant. E. Kaplan-Meier plots 
showing the associations between expressions of CEBPs and the overall survival of ESCC patients. 

two distal regions of CEBPG exhibited high 
chromatin accessibility in ESCC samples (top 4 
red tracks, Figure 2A). Further interrogating the 
ChIP-Seq data of ESCC cell lines, we found that 
two of these regions (one at the promoter 
region and the other at the enhancer region) 
had coincident H3K27ac signals (tracks 5-12, 
Figure 2A), suggesting their potential transcrip-
tional regulatory roles. Since TP63 and SOX2 
are the two best characterized ESCC specific 
transcription factors [22, 27], we reasonably 
suspected whether they could regulate CEBPG 
expression. Accordingly, we individually knock- 
ed down TP63 and SOX2 in two different ESCC 
cell lines (KYSE140 and TE5) and found that 
CEBPG mRNA expression was unaffected upon 
SOX2 knockdown in both cell lines (Figure S3). 
In contrast, both the mRNA and protein levels 
of CEBPG were significantly down-regulated 
when silencing TP63 (Figure 2B, 2C). These 
data demonstrated that the ESCC specific tran-
scription factor TP63 activates CEBPG expres-
sion in ESCC.

We next asked whether the regulation of  
TP63 on CEBPG was mediated by the two  
putative regulatory elements on CEBPG (tracks 
1-12, Figure 2A). As anticipated, ChIP-Seq  
data showed that TP63 had readily discernible 
signals at the CEBPG enhancer region (tracks 
13-16, Figure 2A). However, TP63 binding  
at the CEBPG promoter was hardly detec- 
table (tracks 13-16, Figure 2A). In addition, 
weak ChIP-seq signals of SOX2 were con- 
sistently observed along the whole body of 
CEBPG (bottom 4 tracks, Figure 2A). We  
further performed TP63 ChIP-PCR in KYSE- 
140 and TE5 cells lines for verification. 
Congruent with the ChIP-Seq data, TP63  
was highly enriched at the CEBPG en- 
hancer, while absent at its promoter in both  
cell lines (Figure 2D). Collectively, these data 
demonstrated that the ESCC specific transcrip-
tion factor TP63 directly activates CEBPG 
expression through binding to its distal 
enhancer.

CEBPG promotes ESCC cell proliferation, mi-
gration, and tumor growth 

After elucidating the molecular mechanisms 
underlying CEBPG overexpression in ESCC, we 
were particularly interested in exploring its bio-
logical significance. To address this, we select-
ed 5 ESCC cell lines (KYSE150, KYSE140, 
KYSE450, KYSE70, and COLO68N) with rela-
tively high expression of CEBPG and knocked 
down CEBPG in each of them by using two inde-
pendent siRNAs (Figure S4A). The knockdown 
efficiency of CEBPG was monitored by Western 
blotting (Figure S4B). Importantly, knockdown 
of CEBPG significantly inhibited the prolifera-
tion rates of all 5 ESCC cell lines (Figure 3A). In 
order to investigate the function of CEBPG on 
cell motility, transwell assays were performed. 
Notably, upon silencing CEBPG, cell migration 
abilities of all 5 ESCC cell lines were dramati-
cally attenuated (Figure 3B). Furthermore, a 
subcutaneous xenograft tumor model of ESCC 
in nude mice was established to confirm the 
oncogenic role of CEBPG in vivo. Importantly, 
silencing of CEBPG by shRNAs conspicuously 
inhibited xenograft tumor growth (Figure 3C-E), 
corroborating the in vitro results. Altogether, 
these results strongly suggested that CEBPG is 
an oncogenic factor, contributing to the prolif-
eration and migration of ESCC cells.

CEBPG activates the PI3K-AKT signaling path-
way in ESCC

To reveal possible signaling pathways respon-
sible for CEBPG-promoted ESCC cell prolifera-
tion and migration, RNA-seq analyses were per-
formed on KYSE150 cell line in either the 
absence or presence of CEBPG. Compared to 
the control group, a total of 620 DEGs were 
identified upon CEBPG knockdown, including 
366 downregulated genes and 254 upregulat-
ed genes (Log2 |fold change|>1, P<0.05, 
Figure 4A). We then conducted a functional 
enrichment analysis of all of these DEGs by 
using the KEGG Pathway Database. Of note, 
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Figure 2. TP63 activates CEBPG by directly binding to its distal enhancer. A. The ATAC-Seq and indicated ChIP-Seq signals at CEBPG locus. The ATAC-Seq data of 
ESCC patients were downloaded from the TCGA database. The ChIP-Seq data of H3K27ac, TP63, and SOX2 of ESCC cell lines were obtained from GSE106563. B. 
The relative CEBPG mRNA expression following knockdown of TP63 in KYSE140 and TE5 cell lines. Data were shown as Mean ± SD. Unpaired t test. *, P<0.05; **, 
P<0.01; ns, not significant. C. Western blotting showing the expression changes of CEBPG and TP63 when silencing TP63 in KYSE140 and TE5 cell lines. D. Confir-
mation of the TP63 binding sites at the CEBPG locus by ChIP-qPCR. NC was used as a negative control. Unpaired t test. **, P<0.01; ns, not significant. 



CEBPG promotes esophageal squamous cell carcinoma

3336 Am J Cancer Res 2020;10(10):3328-3344



CEBPG promotes esophageal squamous cell carcinoma

3337 Am J Cancer Res 2020;10(10):3328-3344

Figure 3. CEBPG promotes ESCC cell proliferation, migration and tumor growth in vivo. (A) Proliferation curves and (B) representative images of transwell assay 
results of KYSE150, KYSE140, KYSE450, KYSE70, and COLO68N cell lines with the presence or absence of CEBPG knockdown. Above: the schematic diagram; 
Bottom: a statistical graph. Data were shown as Mean ± SD. Unpaired t test. *, P<0.05; **, P<0.01; *** P<0.001. (C) Growth curves of the xenograft tumors, (D) 
tumor images and (E) tumor weight measured at the end point of the in vivo experiments. N=6. Unpaired t test. *, P<0.05; ***, P<0.001.
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results showed that they were significantly 
enriched in tumor growth-related pathways 
such as the PI3K-AKT signaling (ranking 1st), 
the P53 signaling (ranking 2nd), the FOXO sig- 
naling (ranking 3rd), the JAK-STAT signaling 
(ranking 4th), etc (Figure 4B). These were highly 
congruent with our previous findings that 
CEBPG promoted ESCC cell proliferation as well 
as cell migration (Figure 3).

Being the highest ranking pathway of the 
enrichment analysis result, the PI3K-AKT sig-
naling was selected for in-depth investigation. 
Notably, compared to the control group, 23 
DEGs (8 upregulated and 15 downregulated) 
identified in the siCEBPG group were associat-
ed with the PI3K-AKT signaling pathway, includ-
ing genes of CCND1, CDK2, IRS1, MYC, etc 
(Figure 4C). To further determine the regulation 
of CEBPG on the PI3K-AKT signaling pathway, a 
total of 6 genes (IRS1, MYC, CCND1, CDK2, 
LAMC1, and FGF2) from Figure 4C were ran-
domly selected for qRT-PCR validation. In accor-
dance with the RNA-Seq results, the mRNA lev-
els of all of these 6 genes were downregulated 
in ECSS cell lines when silencing CEBPG (Figure 
4D). Additionally, the protein levels of some of 
these genes (IRS1, MYC, CCND1, and CDK2) 
were consistently reduced after CEBPG knock-
down (Figure 4E). Moreover, reduced levels of 
P-AKT, a key node in the PI3K-AKT signaling 
pathway, in the siCEBPG-treated cells further 
confirmed that targeting CEBPG indeed inhibit-
ed the activation of PI3K-AKT signaling path-
way. These results strongly indicated that 
CEBPG activates the PI3K-AKT signaling path-
way in ESCC.

CEBPG directly binds to regulatory element 
of genes involved in the PI3K-AKT signaling 
pathway

In order to clarify the molecular mechanisms of 
how CEBPG was affecting the PI3K-AKT signal-
ing pathway, we analyzed publicly available 
ChIP-Seq data of CEBPG from the ENCODE 
database and performed ChIP-PCR experi-

ments for further verification. Focusing on the 
PI3K-AKT signaling pathway, we found that 
more than 50% (12/23) of the DEGs identified 
in the RNA-Seq analyses were directly occupied 
by CEBPG (Figure 5A). Amongst them, five 
genes, including CCND1, CCND3, FGF2, IRS1, 
and LAMC1, were bound by CEBPG only at their 
TSS-proximal regions (Figure 5A), while two 
genes (CCND2 and MYB) were bound by CEBPG 
only at their TSS-distal regions (Figure 5A). 
Moreover, binding peaks of CEBPG were 
observed at both the TSS-proximal and TSS-
distal regions of genes of MYC, CDK2, SKG1, 
MCL1, and RAC1 (Figure 5A). Notably, the bind-
ing profiles of CEBPG on representative target 
genes (CCND1 and MYC) have been shown in 
Figure 5B. To further confirm the ChIP-Seq 
results, we also conducted CEBPG ChIP-PCR 
experiments in KYSE150 and KYSE140 cell 
lines. Consistently, we found that CEBPG was 
highly enriched at the TSS-proximal region of 
CCND1, and indeed occupied at both the TSS-
proximal and TSS-distal regions of MYC (Figure 
5C). These results suggested that CEBPG acti-
vates PI3K-AKT signaling pathway through 
directly binding to the distal enhancers and/or 
promoters of genes involved in this pathway.

Discussion

As a major pathological subtype of esophageal 
cancer, ESCC maintains a low 5-year survival 
rate due to its propensity to recur [1]. Therefore, 
the molecular mechanisms underlying ESCC 
progression need to be better understood, so 
as to accelerate the development of more 
effective therapeutic strategies. As a crucial 
class of DNA binding factors, CEBPs have been 
reported to play vital roles in many physiologi-
cal and pathological processes [3-5, 28]. 
However, the molecular features and biological 
significance of CEBPs in ESCC remain unclear. 
Here, we revealed the molecular alterations of 
CEBPs in ESCC and found that most of the 
CEBPs were upregulated and accompanied by 
DNA copy number amplifications in ESCC. We 
also confirmed the biological functions and 

Figure 4. CEBPG activates the PI3K-AKT signaling pathway in ESCC. A. The volcano plot showing that a total of 
620 genes were differentially expressed (366 downregulated v.s. 254 upregulated) upon CEBPG knockdown in 
KYSE150 cell line. B. KEGG pathway analysis of the differentially expressed genes (DEGs, Log2 fold change>1 or 
<-1, P<0.05). C. Heatmap of DEGs that are associated with the PI3K-AKT signaling pathway. D. The mRNA expres-
sion changes of indicated genes following knockdown of CEBPG in KYSE150 and KYSE140 cell lines. Data were 
shown as Mean ± SD. Unpaired t test. *, P<0.05; **, P<0.01. E. Western blotting of indicated proteins in KYSE140 
and TE5 cells following knockdown of CEBPG.
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Figure 5. CEBPG directly binds to the regulatory elements of genes involved in the PI3K-AKT signaling pathway. A. Based on the ChIP-Seq and RNA-Seq data, Venn 
diagrams showing the numbers of overlapped genes associated with the PI3K-AKT signaling pathway. The CEBPG ChIP-Seq data of HepG2 cell line was downloaded 
from GSE96281. TSS-proximal, <1 kb of TSS; TSS-distal, >1 kb of TSS; TSS, Transcription Start Site. B. Various ChIP-Seq profiles of CCND1 and MYC gene loci. 
The H3K27ac ChIP-Seq data of various ESCC cell lines were downloaded from GSE106563. The CEBPG ChIP-Seq data of HepG2 cells line was downloaded from 
GSE96281. C. The ChIP-qPCR for CEBPG at the CCND1 and MYC loci in KYSE150 and KYSE140 cell lines. NC was used as a negative control. Unpaired t test. *, 
P<0.05; **, P<0.01; ns, not significant.
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molecular mechanisms of CEBPG in ESCC and 
identified it as a negative prognostic factor for 
ESCC patients.

Many studies indicated that both genetic and 
epigenetic variations play important roles in 
regulating gene expression. For instance, gene 
suppression could be caused by either DNA 
mutations or hypermethylation, while gene acti-
vation could be induced by DNA copy number 
gains and transcription factors [26, 29, 30]. In 
this study, we identified the recurrent copy 
number gains of CEBPs in ESCC. However, 
somatic mutations on CEBPs occurred rarely in 
ESCC, with the exception of CEBPZ, of which a 
mutation frequency of 1% was found. Moreover, 
significant positive correlations were identified 
between the mRNA expressions and copy num-
ber gains of CEBPA, CEBPB, CEBPG, and CEBPZ 
in ESCC, suggesting that copy number gains 
account for the high expression of these CEBPs. 
Interestingly, among all CEBPs, although CEBPD 
possessed the highest frequency of copy num-
ber gains in ESCC, these copy number gains did 
not result in its mRNA upregulation. The unde-
fined reasons for this phenomenon await fur-
ther investigation.

Recently, a variety of genes that are transcrip-
tionally activated by tissue-specific transcrip-
tion factors have been found to contribute 
greatly to human cancers, including ESCC [22, 
31]. Here, we firstly identified that the ESCC 
specific transcription factor TP63 could directly 
interact with the distal enhancer region of 
CEBPG and upregulate its expression. Me- 
chanistically, we presumed that TP63 might 
remove the Polycomb Repressive Complex 
from CEBPG and then recruit additional tran-
scriptional cofactors to finally activate the tran-
scription of CEBPG. However, the exact molecu-
lar mechanisms need to be investigated 
further.

In the physiological state, CEBPG plays a role in 
the ATF5-regulated vomeronasal sensory neu-
ron differentiation during early postnatal devel-
opment [32]. While in the pathological state, 
CEBPG is a critical regulator involved in cellular 
stress response, DNA repair, and endoplasmic 
reticulum stress response [33-35]. Moreover, 
CEBPG is also associated with heroin addic-
tion, chronic obstructive pulmonary disease, 
senescence, and inflammatory [36-38]. In the 
context of cancers, the functional significance 

of CEBPG has been extensively studied in acute 
myeloid leukemia [8, 14, 39]. For example, 
CEBPG is known to mediate the myeloid differ-
entiation arrest induced by CEBPA deficiency 
[14]. Although several studies have also indi-
cated that CEBPG increases the risk of lung 
cancer [33, 40], its functional contribution to 
ESCC remains hitherto unknown. Here, we first-
ly demonstrated that CEBPG was required for 
ESCC cell proliferation and migration as well as 
xenograft growth in vivo, adding further evi-
dence to confirm that CEBPG manifests onco-
genic activity in solid tumors.

Increasing studies have reported that CEBPG is 
closely related to tumorigenesis via regulation 
of antioxidant and DNA repair genes, such as 
ERCC5 [41, 42]. In the present study, we found 
that CEBPG promoted ESCC tumorigenesis 
through enhancing the PI3K-AKT signaling 
pathway. Mechanistically, acting as a transcrip-
tion factor [43], CEBPG directly occupies  
the TSS-proximal and/or TSS-distal regions  
of downstream target genes associated with 
PI3K-AKT signaling, such as MYC, CDK2, SKG1, 
MCL1, etc.

In summary, we systematically analyzed the 
molecular characteristics of CEBPs in ESCC 
and identified CEBPG as a prognostic factor for 
poor survival of ESCC patients. As a highly 
expressed member of CEBPs in ESCC, CEBPG 
was directly activated by the ESCC specific 
transcription factor TP63. Functionally, CEBPG 
promoted ESCC cell proliferation and migration 
in vitro and accelerated tumor growth in vivo. 
Mechanistically, CEBPG activated the PI3K-AKT 
signaling pathway via directly binding to the  
distal enhancers and/or promoters of tar- 
get genes. Thus, our findings provided novel 
insights into the CEBPs dysregulation in ESCC 
and elucidated a crucial role for CEBPG in pro-
moting ESCC progression.
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Figure S1. Mutational status of CEBPs in ESCC samples. Data were downloaded from the TCGA database (https://www.cbioportal.org/).  
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Figure S2. The DNA methylation level of CEBPG promoter in TCGA ESCC samples. A. The Heatmap showing the meth-
ylation level of CEBPG promoter in normal and tumoral samples. B. Beta values indicating the methylation level of 
CEBPG promoter between normal and tumoral samples. ns, not significant. Data were from downloaded from TCGA 
(dataset ID: TCGA.ESCA.sampleMap/HumanMethylation450). 

Figure S3. SOX2 did not regulate the expression of CEBPG. Relative mRNA expression of CEBPG was measured fol-
lowing knockdown of SOX2 in KYSE140 and TE5 cell lines. Data were shown as Mean ± SD. *, P<0.05; **, P<0.01; 
ns, not significant.

Figure S4. The expression level and knockdown efficiency of CEBPG in different ESCC cell line. A. The CEBPG mRNA 
expression of a total of 10 ESCC cell lines. Values were retrieved from CCLE (https://portals.broadinstitute.org/ccle/
data). Cell lines with RPKM value of CEBPG>20 were selected for loss-of-function assays. B. The CEBPG expression 
was silenced by two different siRNAs and measured by Western Blotting in ESCC cell lines.


