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Background: Histones chaperones have been found to play critical roles in tumor development and progression.
However, the role of histone chaperone CHAF1A in gastric carcinogenesis and its underlyingmechanisms remain
elusive.
Methods: CHAF1A expression in gastric cancer (GC) was analyzed in GEO datasets and clinical specimens.
CHAF1A knockdown and overexpressionwere used to explore its functions in gastric cancer cells. The regulation
and potential molecular mechanism of CHAF1A expression in gastric cancer cells were studied by using cell and
molecular biological methods.
Findings: CHAF1Awas upregulated in GC tissues and its high expression predicted poor prognosis in GC patients.
Overexpression of CHAF1A promoted gastric cancer cell proliferation both in vitro and in vivo, whereas CHAF1A
suppression exhibited the opposite effects. Mechanistically, CHAF1A acted as a co-activator in theWnt pathway.
CHAF1A directly interacted with TCF4 to enhance the expression of c-MYC and CCND1 through binding to their
promoter regions. In addition, the overexpression of CHAF1Awasmodulated by specificity protein 1 (Sp1) in GC.
Sp1 transcriptionally enhanced the expression of CHAF1A in GC. Furthermore, CHAF1A expression induced by
Helicobacter pylori was Sp1 dependent.
Interpretation: CHAF1A is a potential oncogene in GC, and may serve as a novel therapeutic target for GC
treatment.
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1. Introduction

Gastric cancer (GC) is the third leading cause of cancer-related death
worldwide and often results in a poor prognosis due to its late diagnosis
[1]. However, despite significant advances inmodernmedicine over the
past century, there has been little improvement in the treatment of GC.
The majority of GC patients are diagnosed at an advanced stage, which
leads to poor prognosis and 5-year overall survival rate [2,3]. Therefore,
it is necessary to elucidate themolecularmechanisms of GC and explore
the potential diagnostic, prognostic and therapeutic biomarkers for GC
patients.
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The complexity of carcinogenesis is not only caused by genetic al-
terations, but also involves epigenetic modifications. The major epige-
netic features of cancer cells include DNA methylation, histone
modifications and non-coding RNAs, which can alter the expression
of cancer-related gene [4,5]. Recently, it has been reported that epige-
netic alterations, such as promoter CpG methylation and histone mod-
ification enzymes, are involved in the development and progression of
GC [6–8]. Growing evidence has suggested that histone variants and
their chaperones emerged as potential drivers in cancer initiation
and progression [9,10].

Chromatin assembly factor-1 (CAF-1) is a highly conserved histone
chaperone heterotrimer, which consists of p48, p60 and p150
(CHAF1A) subunits. CAF-1 plays an essential role in diverse biological
processes, such as DNA replication during the nucleosome formation
and the chromatin restoration after DNA repair [11–15]. As a core com-
ponent of CAF-1, CHAF1A epigenetically regulates gene expression by
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Growing evidence has suggested that histone chaperones
emerged as potential drivers in cancer initiation and progression.
The histone chaperone CHAF1A has been found to play critical
roles in the development and progression of solid tumors. How-
ever, the effects of CHAF1A on gastric carcinogenesis remain
elusive.

Added value of this study

This study investigated the expression profile, biological function,
downstream regulation, clinical impact of CHAF1A on gastric can-
cer (GC). We found that increased CHAF1A expression predicts
poor clinical outcome in GC patients and promotes GC cell prolifer-
ation. CHAF1Adirectly interactswith TCF4 to enhance the expres-
sion of c-MYC and CCND1 in GC. In addition, our study first
described thatHelicobacter pylori can induce the expression of his-
tone chaperone CHAF1A in specificity protein 1 (Sp1) dependent
manner.

Implications of all the available evidence

These findings suggest that CHAF1Amay serve as a potential tar-
get for the prevention and treatment of GC.
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interacting with heterochromatin protein 1 (HP1) [16,17]. In addition,
CHAF1A participates in a complex with methyl CpG DNA binding
domain protein 1 (MDB1) and histone methyl transferase SETDB1
during initiation of a gene-silencing program by promoting H3K9
trimethylation, heterochromatin formation, and DNA methylation
[18,19]. CHAF1A enhances Gfi1-mediated transcriptional repres-
sion and occupies Gfi1 target gene promoters in transfected cells
[20]. Recently, CHAF1A has been associated with the development
and progression of solid tumors, including breast cancer, prostate
squamous cell carcinoma, hepatocellular carcinoma, glioma and
neuroblastoma [21–27]. However, the role of CHAF1A in GC remains
largely unknown. Therefore, in this study, we aimed to investigate
the expression profile, biological function, downstream regulation,
clinical impact of CHAF1A on GC.

The sustained and uncontrolled cellular growth is one of the hall-
marks of cancer cells [28]. Several signaling pathways, such as Wnt
pathway, can determine the growth of tumor cells [29–31]. Aberrant ac-
tivation of Wnt pathway plays a central role in the oncogenic processes
of GC [32,33]. However, it remains unclearwhether CHAF1A contributes
to the regulation of Wnt pathway. Here, we elucidate the molecular
mechanisms linking CHAF1A and Wnt pathway.
2. Materials and methods

2.1. Cell culture

GCcell lines BGC-823,HGC-27,MGC-803andSGC-7901were cultured
in RPMI-1640 (Gibco, Carlsbad, CA, USA) containing 10% fetal bovine
serum (Gibco, Carlsbad, CA, USA). AGS cells were cultured in F12
(HyClone, USA) containing 10% FBS. BGC-823 cells with stably over-
expression of CHAF1A were selected using 3 μg/mL puromycin (Gibco,
Carlsbad, CA, USA). All cultures were maintained in a humidified 5% CO2

incubator at 37 °C.

2.2. siRNA and plasmids transfection

CHAF1A and Sp1 siRNAs (Sigma-Aldrich, USA)were transfected into
GC cells by lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer's protocol. Flag-tagged CHAF1A (Genechem,
Shanghai, China) and Myc-tagged TCF4 (Genechem, Shanghai, China)
were transfected with Roche Transfection Reagent (Roche,
Switzerland). Sequences for these siRNAs are listed in Table S1.

2.3. Human clinical specimens

Thirty six RNA samples of GC and adjacent non-tumor tissues were
collected from Shandong Tumor Hospital, while 91 RNA samples of
atrophic gastritis (AG) with H. pylori positive or negative were obtained
from Jinan Central Hospital, Shandong, P. R. China. The diagnosis of
H. pylori infection in AG patients was performed by 13C urea breath
test. For protein samples, five pairs of GC and matched adjacent non-
tumor gastric tissueswere frozen and stored in liquid nitrogen until fur-
ther analysis. In addition, FFPE samples of AG (n=39), GC tissues (n=
35) and adjacent non-tumor tissues (n = 35) were collected immedi-
ately after endoscopic biopsy or surgery and then stored in formalin.
Histological examination was used to confirm the diagnosis in all
cases. There was no relation between RNA samples and FFPE samples.
The study protocol was approved by Shandong University Research
Ethics Committee.

2.4. H. pylori cultures

H. pylori strains 26695 and 11637were grown in Brucella broth sup-
plemented with 5% FBS under microaerophilic conditions (5% O2, 10%
CO2, and 85% N2) at 37 °C. The bacteria were harvested by centrifuga-
tion, and immediately transferred to cell cultures at a multiplicity of in-
fection (MOI) of 100.

2.5. Colony formation and cell viability assay

Cells (500 cells/well) were seeded in 6-well plate and incubated for
8–14 days until colonies of cells appeared. The colonies were fixed with
methanol and stained with Giemsa. Short-term cell proliferation was ex-
amined using cell counting kit-8 (CCK-8) assay (MedChemExpress, USA).
In brief, cells were seeded at 1000 cells per well (100 μL) in a 96-well
plate. Afterwards, 10 μL of CCK-8 solution was added into each well and
incubated for 2 h to determine the cell viability. The optical density was
measured using a microplate reader at 450 nm (reference wavelength
630 nm). All experiments were performed in triplicate.

2.6. Immunohistochemistry

FFPE tissue sections acquired from patients were subjected to
deparaffinization and dehydration. After antigen retrieval, H2O2 treat-
ment and non-specific antigens blocking, the slides were incubated
with monoclonal rabbit anti-human CHAF1A (1:100, Abcam,
ab126625) at 4 °C. After overnight incubation, the slideswere incubated
with secondary antibody, followed by colorimetric detection using DAB
staining kit (Vector Laboratories, USA).

2.7. RNA extraction, RT-PCR and real-time PCR

Total RNA was extracted from the cells with different treatments by
Trizol reagent (Invitrogen, Carlsbad, CA, USA) following the manufac-
turers protocol. Subsequently, the extracted RNA was reverse-
transcribed using PrimeScript RT reagent Kit with gDNA Eraser (Takara,



Fig. 1. CHAF1A expression is elevated in GC and associated with poor clinical outcome. a–d GEO RNA sequencing database analysis of the relatively differential expression level of
CHAF1A in human GC and paired adjacent normal tissues. The data were derived from the GSE29272 (a), GSE63089 (b), GSE13195 (c) and GSE2685 (d). e Relative expression levels of
CHAF1A in different gastric cancer cell lines and immortalized gastric cells GES-1. *p b 0.0 5, **p b 0.01, ***p b 0.001 by Student's t-test. f The mRNA levels of CHAF1A in thirty six pairs of GC
and their paired adjacent normal tissues were measured by real-time PCR (n = 36). g The protein levels of CHAF1A in five pairs of GC tissues (T) and adjacent non-tumor tissues
(N)measured bywestern blot. h IHC staining for CHAF1Awas performed on GC and adjacent normal tissues. Scale bars: 200 μm(insets 50 μm). i Kaplan-Meier analysis was performed, higher
expression of CHAF1A correlated with significantly worse overall survival of GC patients (P=1.8e-06; n=876). The data and p-values were obtained from the Kaplan-Meier Plotter database.
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Japan). The cDNAs were then subjected to SYBR Green-based real-time
PCR analysis. The primers used in qRT-PCR assays were listed in Table S1.

2.8. Western blotting

Total protein was extracted with lysis buffer containing protease
inhibitors and subjected to quantitative determination. The proteins
were separated on SDS-PAGE gels and then transferred onto PVDF
membranes (Millipore, Bedford, MA). Subsequently, the membranes
were blocked with 5% nonfat dry milk and incubated with specific
primary antibodies. After overnight incubation at 4 °C, immunoblots
were probed with ECL detection reagent (Millipore) according to
standard protocols. The detailed information of primary antibodies
was shown in Table S2.
2.9. Chromatin immunoprecipitation (ChIP) assay

For ChIP assay, the SimpleChIP® Enzymatic Chromatin IP Kit
(Cell Signaling, Danvers,MA,USA)was used according to themanufactur-
er's protocol. The precipitated DNA samples were detected with PCR
method. The primes used in this experiment were listed in Table S1.
2.10. Immunoprecipitation (IP) assay

The IP/co-IP analysis was performed using a PierceTM Co-
Immunoprecipitation Kit (Thermo-Fisher, Waltham, MA, USA) accord-
ing to the manufacturer's instructions. Protein extracts were incubated
with 5 μg antibody.

ncbi-geo:GSE63089


Fig. 2. CHAF1Apromotes cell proliferation of GC. a Correlation of Ki-67with CHAF1AmRNA expression in 45 pairs of GC and adjacent non-tumor tissues. The datawere derived from the
GEOdatabase (GSE63089). b CHAF1AmRNA levels in indicated cells transfectedwith CHAF1A siRNAor CHAF1Aover-expression plasmid. cRepresentative images (left) and quantification
(right) of Negative Control (NC) – or CHAF1A siRNA-transfectedHGC-27 andMGC-803 cells analyzed in a colony formation assay. d Representative images (left) and quantification (right)
of vector- or CHAF1A plasmid-transfected BGC-823 and SGC-7901 cells analyzed in a colony formation assay. e-f The effect of CHAF1A knockdown on cell viability determined by CCK8
assay in HGC-27 andMGC-803 cells. g-h The effect of CHAF1A overexpression on cell viability determined by CCK8 assay in BGC-823 and SGC-7901 cells. Similar results were repeated in
three independent experiments. i-k The effect ectopic CHAF1A expression on tumor formation ability in nudemice xenograft model (i), tumor growth curve (j) and tumor weight (k) in
each group. *p b 0.0 5, **p b 0.01, ***p b 0.001 by Student's t-test.
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Fig. 3. CHAF1A participates in the regulation of c-MYC and CCND1 in GC. a–c Correlation of CCND1, c-MYC, CDK6 with CHAF1A mRNA expression in 45 pairs of GC and adjacent non-
tumor tissues. The data were derived from the GEO database (GSE63089). d RT–PCR analysis of CCND1, c-MYC, CDK6, CCNE1, CDK2 and CDK4 mRNA expression in BGC-823 cells
transfected with CHAF1A or control plasmid. e Western blot analysis of c-MYC and CCND1 level in BGC-823 cells that transfected with CHAF1A or control plasmid. f–g The mRNA
expression of c-MYC and CCND1 in HGC-27 and MGC-803 cells transfected with CHAF1A siRNA or negative control. h–i The protein expression of c-MYC and CCND1 in HGC-27 and
MGC-803 cells under CHAF1A knockdown. j–k Western blot analysis of the global H3K9me3 levels in HGC-27 and MGC-803 cells transfected with CHAF1A siRNA or negative control. l
Western blot analysis of the global H3K9me3 levels in BGC-823 cells transfected with CHAF1A or control plasmid.
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2.11. Tumor xenograft model

For xenograft model, 3 × 105 BGC-823 cells transfected with
CHAF1A or negative control were subcutaneously injected into
the right or left flank of 5 thymus-null BALB/c nude (Mu Tu Biolog-
ical Technology, Nanjing, China), respectively. Tumor growth was
monitored every 2 days, for a total period of 16 days. All animal
procedures were approved by Shandong University Research
Ethics Committee.
2.12. Luciferase reporter assay

Top-Flash constructs (Addgene plasmids 16558), Fop-Flash con-
structs (Addgene plasmids 16559), CHAF1A promoter wild or bind-
ing site mutant plasmids and the internal control vector pRL-TK
were transfected into GC cells using Roche Transfection Reagent
(Roche, Basel, Switzerland) following the manufacturer's instruc-
tions. After 24 h of incubation, luciferase activity were measured
using a Luciferase Assay System (Promega, Madison, WI, USA)
according to the manufacturer's protocol.
2.13. Statistical analysis

All experiments were repeated at least three times. Data were
presented as mean ± standard deviation. Student t-test or Mann–
Whitney U test was used for comparing means between two
groups. The difference between the two groups in cell growth
curve was determined by repeated measures analysis of variance.
For clinical data, statistical analysis was performed using the SPSS
version 23.0. Correlation analysis of mRNA data was performed
using linear regression. P values of b0.05 were considered statisti-
cally significant.



Fig. 4. CHAF1A interacts with TCF4 and promotes transcription of c-MYC and CCND1. a Endogenous CHAF1A directly interacts with endogenous TCF4 rather than β-catenin. CHAF1A
was immunoprecipitatedwith antibodies against CHAF1A and proteins in input, and IPwere analyzed byWestern blotting using the indicated Abs.b Exogenously expressed Flag-CHAF1A
associates with exogenous Myc-tagged TCF4. Flag-CHAF1Awas immunoprecipitated with an anti-Flag antibody. c Endogenous TCF4 associates with endogenous CHAF1A. d Exogenously
expressedMyc-taggedTCF4 associateswith exogenous Flag-CHAF1A followedby co-immunoprecipitationwith ananti-Myc antibody. eRegulation of TCF/LEF reporter activity by CHAF1A.
BCG-823 cells were transfected with TCF/LEF reporters together with TCF4 vectors alone or TCF4 plus CHAF1A expression vectors and luciferase activity was assessed 48 h post-transfec-
tion. f–g The TCF/LEF transcriptional activity inHGC-27 (f) andMGC-803 (g) cells after CHAF1A knockdown. Relative luciferase activities were normalizedwith the internal control. Quan-
tification are shown here from three independent biological replicates. h–i ChIP assay for CHAF1A occupancy on the promoters of TCF4 targets c-MYC (h) and CCND1 (i). ChIP was
performed with chromatin derived from MGC-803 cells. The final DNA samples were amplified by qPCR with pairs of primers as described in Materials and Methods for the TBS in the
c-MYC and CCND1 promoter. Histone H3 antibody was used as a positive control. IgG antibody was used as a negative control.
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3. Results

3.1. Increased CHAF1A expression predicts poor clinical outcome in GC
patients

Bioinformatic analysis has been used to discover previously un-
known functions of multifarious genes associated with cancer [34,35].
To investigate the potential role of CHAF1A in human GC pathogenesis,
we firstly carried out an analysis of GEO databases (e.g. GSE27342,
GSE63089, GSE13195 and GSE2685). We found that the mRNA expres-
sion of CHAF1A was upregulated in GC tissues compared to adjacent
normal tissues (Fig. 1a–d). CHAF1A was also differentially expressed
in several gastric cell lines, including GES-1, AGS, BGC-823, HGC-27,
MGC-803 and SGC-7901. Of note, the expression of CHAF1A was higher
in poorly differentiated HGC-27 and MGC-803 cell lines compared to
immortalize epithelial GES-1 cells (Fig. 1e, Supplementary Fig. 1). Sub-
sequently, the results from GEO database analysis were validated in 36
GC biopsies and their corresponding adjacent non-tumor tissues. In-
deed, CHAF1AmRNA expressionwas significantly higher in GC biopsies
than in adjacent normal tissues (Fig. 1f). Similarly, CHAF1A protein ex-
pression was higher in five GC samples than in adjacent non-tumor tis-
sues (Fig. 1g). Consistent with the above-mentioned findings,
immunohistochemistry (IHC) staining revealed the overexpression of
CHAF1A in GC patients (Fig. 1h).

In order to determine whether CHAF1A expression is correlated
with GC prognosis, Kaplan Meier plotter database was used to assess
the effects of CHAF1A on the survival of 876 GC patients. The results
showed that CHAF1A overexpression was significantly correlated with
poor overall survival of GC patients (Fig. 1i). Taken together, our data
imply the oncogenic role of CHAF1A in GC.
3.2. CHAF1A promotes GC cell proliferation in vitro and in vivo

In the next step, the effect of CHAF1AonGC cell proliferationwas ex-
plored. CHAF1A expressionwas positively correlatedwith the prolifera-
tion marker Ki67 in 45 pairs of matched GC and normal tissues from
GEO datasets (GEO63089), suggesting the potential role of CHAF1A in
GC cell proliferation (Fig. 2a). To further evaluate these findings,
CHAF1A expression was knocked down in HGC-27 and MGC-803 cells,
and overexpressed in BGC-823 and SGC-7901 cells (Fig. 2b). CHAF1A
knockdown reduced the colony formation in GC cells, while CHAF1A
overexpression exhibited the opposite effects (Fig. 2c–d). Likewise, the
same results were obtained for cell viability (Fig. 2e–h).

ncbi-geo:GSE63089


Fig. 5. CHAF1Awasupregulatedby Sp1 in GC. a Schematic diagram illustrates the Sp1 binding sites on thepromoter region of CHAF1A gene.b–c Thepositive correlation betweenCHAF1A
and Sp1 in the GEO database (GSE63089) (b) and clinical GC samples (c) using Pearson correlation coefficient analysis. d–e The mRNA expression of CHAF1A in AGS and BCG-823 cells
transfected with Sp1 siRNA or negative control. f The protein level of the CHAF1A in AGS and BCG-823 cells under the knockdown of the Sp1. g AGS and BGC-823 cells were transfected
with Sp1 siRNA, alongwithwild-type CHAF1Apromoter reporter plasmid ormutant CHAF1Apromoter reporter plasmid for 24h, and then luciferase assaywasperformed.h Thepromoter
activity of CHAF1A was also performed in BGC-823 cells transfected with Sp1 expression plasmids. i ChIP analysis of Sp1 binds to CHAF1A gene promoter region. Similar results were
acquired in three independent experiments. Every bar represents the mean ± s.e.m. of three independent experiments in (d), (e), (g), (h) and (i). **p b 0.01, ***p b 0.001 by Student's
t-test.
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To confirm these findings in vitro, BGC-823 cells with stable CHAF1A
overexpressionwere constructed and injected into nudemice. Gastric tu-
mors formed in CHAF1A overexpression group were larger than those in
the control group, with regard to size and weight (Fig. 2i–k). Therefore,
our data suggest that CHAF1A can promote gastric cell proliferation
in vitro and tumor growth in vivo, indicating its pro-tumor role in GC.

3.3. CHAF1A upregulates the expression of c-MYC and CCND1 in GC

Further, we sought to investigate the molecular mechanism under-
lying CHAF1A-mediated tumor growth. The expression levels of
CHAF1A and several proliferation-associated genes such as CCND1,
CDK2, CDK4, CDK6, CCNE1 and c-MYC from GEO datasets (GEO63089)
were analyzed. CHAF1A expression was positively correlated with
CCND1, c-MYC and CDK6 expression levels in 45 pairs of matched nor-
mal and GC tissues, with the R (coefficient of correlation) values of
0.738, 0.628, and 0.5987, respectively. However, no significant relation-
ship was found on other proliferation-associated genes (Fig. 3a–c). Fur-
thermore, we confirmed that CHAF1A expression was positively
correlated with c-MYC and CCND1 in the collected 24 GC biopsies and
corresponding adjacent normal gastric tissue (Supplementary Fig. 2).
Similarly, we observed that CHAF1A overexpression significantly in-
creased the mRNA and protein expression levels of c-MYC and CCND1
in BGC-823 cells (Fig. 3d–e), but not CDK2, CDK4, CDK6 and CCNE1
(Fig. 3d). Accordingly, depletion of CHAF1A demonstrated the opposite
effects in HGC-27 and MGC-803 cells (Fig. 3f–i). Collectively, these re-
sults indicate that c-MYC and CCND1 are the target genes of CHAF1A.
In addition, as CHAF1A was responsible for trimethylation of histone
H3 at position lysine 9, we examined the global change of H3K9me3
level. Silencing of CHAF1A significantly reduced the level of global
H3K9me3 in HGC-27 andMGC-803 cells, while CHAF1A overexpression
exhibited the opposite effects (Fig. 3j–l).

3.4. CHAF1A interacts with TCF4 to promote the expression of c-MYC and
CCND1 in GC cells

The molecular mechanisms underlying CHAF1A-mediated upregu-
lation of c-MYC and CCND1 were elucidated. Aberrant Wnt signaling
pathway plays a crucial role during the development of GC tumors
[32,33]. C-MYC and CCND1 are the well-known targets of TCF4/β-
catenin transcription factors complex in the activated Wnt signaling
pathway [36,37]. Therefore we sought to determine the potential role
of CHAF1A in TCF4/β-catenin pathway. First, we examined the effects
of CHAF1A depletion on the expression levels of TCF4 and β-catenin in
HGC-27 and MGC-803 cells. However, CHAF1A did not affect the
mRNA expression of TCF4 and β-catenin in GC cells (Supplementary
Fig. 3A). Likewise, the protein levels of β-catenin were not affected by
CHAF1A (Supplementary Fig. 3B). Next, we evaluated the endogenous
interaction between CHAF1A and Wnt pathway proteins through im-
munoprecipitation (IP). TCF4 was identified as the protein that directly



Fig. 6. CHAF1A expression induced by H. pylori is Sp1 dependent. a CHAF1A mRNA expression in six pairs of H. pylori-infected and H. pylori non-infected gastric tissue. The data were
derived from the GEO database (GSE27411). b IHC staining for CHAF1Awas performed on H. pylori non-infected orH. pylori-infected AG samples. Scale bars: 200 μm(insets 50 μm). c The
mRNA levels of CHAF1A inH. pylori- infectedAG samples (n=18) andH. pylorinon-infected (n=73).d-eRT–PCR analysis of CHAF1AmRNA inH. pylori-infectedAGS (d) and BGC-823 (e)
cells at different time points. f The protein expression of CHAF1A inH. pylori -infected AGS and BGC-823 cells at different time points. g–h CHAF1A and Sp1 changes at RNA level with Sp1
siRNA andH. pylori treatment solely or jointly in AGS (g) and BGC-823 (h) cells cells. iWestern blot analysis of CHAF1A and Sp1 protein level with Sp1 siRNA andH. pylori treatment solely
or jointly in AGS and BGC-823 cells. j Proposed schematic model of oncogenic function of CHAF1A in gastric cancer.
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bound to CHAF1A, whereas no interaction was found between β-
catenin and CHAF1A inGC cells (Fig. 4a). The results of CHAF1A-TCF4 in-
teractionwere further confirmed by co-immunoprecipitation inGC cells
(Fig. 4b). Notably, reciprocal IP and CoIP verified the physical associa-
tion between CHAF1A and TCF4 (Fig. 4c–d). Then, Wnt-response lucif-
erase reporter assay was conducted to examine the effects of CHAF1A/
TCF4 complex on gene expression. The results showed that TCF4 over-
expression increased the luciferase activity mediated by Wnt signaling
(TOP/FOP), whereas co-transfection of TCF4 and CHAF1A further en-
hanced their transcriptional activity (Fig. 4e). Consistently, silencing of
CHAF1A significantly decreased luciferase activity (Fig. 4f–g). Finally,
chromatin immunoprecipitation (ChIP) assays indicated the direct oc-
cupancy of CHAF1A on the promoter regions of c-MYC and CCND1
(Fig. 4h–i). Our results also showed that silencing of CHAF1A reduced
the binding of TCF4 to the c-MYC andCCND1promoter regions (Supple-
mentary Fig. 4). Taken altogether, these results suggest that CHAF1A is
physically interacted with TCF4 to increase the expression of c-MYC
and CCND1 in GC.
3.5. CHAF1A is overexpressed by Sp1 in GC

To elucidate the underlying mechanisms of CHAF1A overexpres-
sion, the transcription factors binding to specific conservative ele-
ments were identified by in silico analysis. The promoter of
CHAF1A containing multiple classical GGGCGG elements was rec-
ognized by transcriptional factor Sp1, as predicted by PROMO 3.0
(Fig. 5a). Also, CHAF1A expression was positively correlated with
Sp1 expression, indicated by GEO dataset (GSE63089) analysis
and 24 paired sets of GC biopsies and adjacent normal gastric tis-
sues (Fig. 5b–c). In addition, Sp1 depletion reduced the mRNA
and protein expression levels of CHAF1A in GC cell lines (Fig. 5d–f).
Knockdown of Sp1 significantly decreased the promoter activity
of CHAF1A in GC cells, while Sp1 overexpression exhibited the op-
posite effects (Fig. 5g–h). Furthermore, ChIP analysis revealed that
CHAF1A promoter region was occupied by Sp1 (Fig. 5g). These re-
sults highlight that Sp1 is responsible for the overexpression of
CHAF1A in GC.

ncbi-geo:GSE63089
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3.6. CHAF1A expression induced by H. pylori in Sp1 dependent manner

Helicobacter pylori (H. pylori) infection has been associated with an
increased risk of gastric adenocarcinoma [38]. We aimed to determine
whether H. pylori infection can affect the expression of CHAF1A. The
analysis of microarray expression data from GEO dataset (GSE27411)
showed that CHAF1A expression was significantly increased in
H. pylori-infected gastritis tissues compared to non-infected tissues
(Fig. 6a). These findings were validated in the collected H. pylori-
positive gastric tissue samples at both mRNA and protein levels
(Fig. 6b–c).H. pylori infection significantly increased themRNA and pro-
tein expression levels of CHAF1A in GC cells (Fig. 6d–f). It has been re-
ported that Sp1 can be activated by H. pylori infection [39] and
CHAF1A expression was regulated by Sp1 (see the previous data).
CHAF1A expression was also positively correlated with Sp1 expression
in AG patients (Supplementary Fig. 5). Therefore, we proposed
that Sp1may be associatedwithH. pylori-mediated CHAF1A expression.
To test the hypothesis, Sp1 was depleted in GC cells followed by
H. pylori-induced infection. As a consequence, we found that Sp1 deple-
tion abrogated the induction of CHAF1A in H. pylori-infected GC cells
(Fig. 6g–i). Collectively, these results indicate that Sp1 may involve in
the overexpression of CHAF1A triggered by H. pylori infection.

4. Discussion

Increasing evidence has suggested the role of histone chaperones in
contributing to tumor progression. For instance, the Anti-Silencing
Function 1A (ASF1A) is upregulated in primary gastrointestinal cancer
and predicts shorter overall survival in patients with colorectal cancer
[40]. The expression of Aprataxin PNK-like factor (APLF) is also en-
hanced in breast cancer and can regulate metastasis-associated EMT in
invasive breast cancer [41]. Moreover, high levels of Facilitates Chroma-
tin Transcription (FACT) complex have been associated with the tumor
progression and the poorly differentiated carcinomas [42]. In addition,
histone cell cycle regulator (HIRA) has been reported to enhance
β-catenin expression by recruiting histone-lysine N-methyltransferase
Setd1A [43]. In this study, we focused on CHAF1A and revealed its onco-
genic roles in GC development and progression. CHAF1A was
overexpressed in GC cell lines and primary tumors. Increased expres-
sion of CHAF1A can predict a poor prognosis in patients with GC.

CHAF1A promoted gastric carcinogenesis by upregulating c-MYC
and CCND1. To our surprise, we found a direct interaction between
TCF4 and CHAF1A, which may account for the enhanced expression of
c-MYC and CCND1. However, whether the interaction between TCF4
and CHAF1A is due to the histone chaperone function remains unclear.
Therefore, more complex functional studies are warranted in the future
to clarify the histone chaperone independent function of CHAF1A. Apart
from the Wnt pathway, there are many other pathways, such as NF-kB
and PI3K/AKT pathways, that have been implicated in gastric carcino-
genesis [44]. Thus, it is essential to investigate the relationship of
CHAF1Awith these pathways, and to determine their potential involve-
ment in human carcinogenesis.

Indeed, the high expression of CHAF1A was observed in GC. How-
ever, the molecular mechanisms of CHAF1A overexpression remain
largely unknown. In this study, we investigated the molecular mecha-
nisms underlying CHAF1A upregulation in GC. Interestingly, Sp1 was
identified as the factor corresponding to the enhanced transcription of
CHAF1A. Transcription factors such as E2F, AP-1 and p53, also serve as
promising potential regulators. Other possible factors underlying
CHAF1A overexpression may include epigenetic regulation. For in-
stance, DNAmethylation, histone modification and microRNA dysregu-
lation can lead to the overexpression of CHAF1A in GC.

InfectionwithH. pylori is a well-known risk factor for gastric neopla-
sia [45]. To the best of our knowledge, this is the first study describing
that H. pylori can induce the expression of histone chaperone CHAF1A.
Even though we discovered that Sp1 can modulate the induction of
CHAF1A triggered by H. pylori, the exact mechanisms during the patho-
genic processes of GC remained elusive.More studies are needed to elu-
cidate the potential molecular mechanisms, which will help us to
understand the immunopathogenesis of gastric disease associated
with H. pylori infection.

CHAF1A has also been shown to modulate DNA methylation by
forming a complex withMBD1 and SETDB1 [18]. Furthermore, previous
studies demonstrated that CHAF1A regulated the H3K9me3 epigenetic
marker of heterochromatin domains in pluripotent embryonic cells
[46]. In this study, we found similar role of CHAF1A in regulating the
global H3K9me3 in GC cells.

In summary, this study identified a novel oncogenic role of CHAF1A
in GC. The upregulation of CHAF1A can promote GC cell growth and pre-
dict poor prognosis in GC patients. Hence, CHAF1A may serve as a po-
tential target for the prevention and treatment of GC.
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