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Epigenetic mechanisms play a key role in gastrointestinal cancer (GIC) development and progression, and most
studies have been focused on aberrant DNA methylation and histone modifying enzymes. However, the histone
H3–H4 chaperone ASF1A is an important factor regulating chromatin assembling and gene transcription, while it
is currently unclear whether ASF1A is involved in cancer pathogenesis. The present study is thus designed to ad-
dress this issue. Here we showed that ASF1A expression was widespread in GIC-derived cell lines and up-regu-
lated in primary GIC. Higher levels of ASF1A expression predicted significantly shorter patient overall survival in
colorectal cancer (P = 0.0012). The further analyses of the GEO dataset validate higher ASF1A expression as a
prognostic factor for CRC patients.Mechanistically, ASF1A interactedwithβ-catenin and promoted the transcrip-
tion of β-catenin target genes including c-MYC, cyclin D1, ZEB1 and LGR5, thereby stimulating proliferation,
stemness and migration/invasion of GIC cells. β-Catenin inhibition abolished these effects of ASF1A. Moreover,
the ASF1A-β-catenin-ZEB1 axis down-regulated E-Cadherin expression, thereby contributing to enhanced mi-
gration/invasion of GIC cells. ASF1A over-expression and depletion facilitated and inhibited in vivo tumor growth
and/or metastasis in mouse xenograft models, respectively. Taken together, ASF1A is aberrantly over-expressed
in GIC tumors and plays key roles in GIC development and progression by stimulating the transcription of β-ca-
tenin target genes. ASF1A may thus be a novel target for GIC therapy and a potential prognostic marker.
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1. Introduction

Gastrointestinal cancer (GIC) is one of the most common malignan-
cies and the leading cause of cancer-related death worldwide. An esti-
mated 1,157,000 new cases of GIC with 798,500 deaths occurred in
China in 2015 (Chen et al., 2016),whereas in theUnited States, although
gastric cancer (GC) incidence is relatively low, colorectal cancer (CRC) is
ranked among the top three, with 132,700 new cases and 49,700 deaths
in 2015 (Schreuders et al., 2015). Early diagnosis and intervention is the
key to patient cure or long-term survival. However, most GIC patients
are diagnosed at an advanced stage, and invasion or distant metastasis
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account for the majority of mortalities due to the limited treatment
choices (Schreuders et al., 2015). Therefore, better defining of GIC path-
ogenesis, elucidating themechanism(s) underlyingmetastasis, identify-
ing reliable diagnostic and prognostic biomarkers and exploring novel
therapeutic targets are urgently demanding tasks.

Recent genomic landscape analyses have identified a spectrumof re-
current somatic alterations driving GIC formation and progression, and
significantly broadened our understanding of the disease (Vogelstein et
al., 2013). However, the pathogenesis of GIC involves not only the accu-
mulation of genetic alterations, but also the disruption of epigenetic
modifications. Especially in CRC, epigenetic aberrations are even much
more frequent than genetic alterations (Okugawa et al., 2015;
Vogelstein et al., 2013). These epigenetic alterations include mutations
or dysregulation of epigenetic modifiers that are responsible for DNA
methylation or post-translational histonemodifications such asmethyl-
ations or acetylations (Okugawa et al., 2015; Vogelstein et al., 2013). The
contribution of aberrant DNAmethylation to GIC development has long
been established (Okugawa et al., 2015), whereas recent studies have
also shed light on the important role of dysregulated histonemodifying
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Oligo sequences used in the present study.

Primers for qRT-PCR
ASF1A

Forward: 5′-CAGATGCAGATGCAGTAGGC-3′
Reverse: 5′-CCTGGGATTAGATGCCAAAA-3′

E-Cadherin
Forward: 5′-TTCCTCCCAATACATCTCCC-3′
Reverse: 5′-TTGATTTTGTAGTCACCCACC-3

ZEB1
Forward: 5′-AGCAGTGAAAGAGAAGGGAATGC-3′
Reverse: 5′-GGTCCTCTTCAGGTGCCTCAG-3′

MYC
Forward: 5′-5′-TACCCTCTCAACGACAGCAGCTCGCCCAACTCCT-3′
Reverse: 5′-TCTTGACATTCTCCTCGGTGTCCGAGGACCT-3′

CCND1
Forward: 5′-GCC GAG AAG CTG TGC ATC T-3′
Reverse: 5′-CTC CTC CGC CTC TGG CAT T-3′

β2-M
Forward: 5′-GAA TTG CTA TGT GTC TGG GT-3′
Reverse: 5′-CAT CTT CAA ACC TCC ATG ATG-3′

Primers for ChIP
ZEB1

Forward: 5′-TGGAAGGGAAGGGAAGGGAGTC-3′
Reverse: 5′-AGGCAGGGCTACCATCAGTC-3′

MYC
Forward: 5′-CAA CTT TGA ACA ATG AGC AC-3′
Reverse: 5′-CCA GAA ACA TGA GTC TTT T-3′

CCND1
Forward: 5′-CGC TCC CAT TCT CTG CCG G-3′
Reverse: 5′-GGG GCT CTT CCT GGG CAG C-3′

GAPDH
Forward: 5′-AAA GGG CCC TGA CAA CTC TT 3′
Reverse: 5′-GGT GGT CCA GGG GTC TTA CT 3′

siRNAs
ASF1A1 (A1): 5′-UGA CUG UAG AUU UGG AUU ACU GCU C-3′
ASF1A1 (A2): 5′-UGA ACA AUG UAG UGG UGC UGG AUA-3′
ZEB1: 5′-GCU GAG AAG CCU GAG UCC UCU GUU U-3′
β-Catenin: 5′-CCA CAG CUC CUU CUC UGA GUG GUA A-3′
Control: 5′-CCU ACA UCC CGA UCG AUG AUG UUG A-3′
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enzymes in GIC biology. For instance, up-regulation of histone
deacetylases while down-regulation of histone acetyltransferases is
widespread in GIC (Kramer, 2009; Ozdag et al., 2006; Song et al.,
2005); the histone demethylase RBP2 is frequently over-expressed in
GC and promotes cancer cell proliferation and invasion (Zeng et al.,
2010). In addition, altered expression and activities of JMJD2B, EZH2
and other histone modifying enzymes have been observed in GIC tu-
mors, too (Crea et al., 2012; Kim and Roberts, 2016; Li et al., 2011; L.
Zhao et al., 2014). Consistent with these alterations, there exist wide-
spread aberrations of histone modification profiles in GIC, which has
been shown to be closely associated with disease prognosis and treat-
ment efficacy (Benard et al., 2015; Goossens-Beumer et al., 2014; Paul
et al., 2015; Saldanha et al., 2014; Tamagawa et al., 2013; Wei et al.,
2016).

Despite extensive studies of histonemodifying enzymes dysregulat-
ed in GIC, little has been known about the role of histone variants and
their chaperones in GIC, while recent studies indicate that they are
emerging as key regulatory molecules in cancer (Vardabasso et al.,
2014; Zuber et al., 2011). ASF1 is the histoneH3–H4chaperone that reg-
ulates chromatin assembly in both replication-dependent and replica-
tion-independent manners, and encompasses the isoforms ASF1A and
1B (Mousson et al., 2007; Richet et al., 2015). Both ASF1A and 1B are in-
volved in nucleosome assembling, DNA replication, DNA damage repair
and gene transcription (Das et al., 2009; Mousson et al., 2007), while
they also have different functions. ASF1A, but not ASF1B, is required
for histone H3-K56 acetylation (Das et al., 2009; Das et al., 2014),
whereas the H3-K56 acetylation state plays a key role in enabling
rapid transcriptional changes. ASF1Bwas previously shown to stimulate
breast cancer proliferation and predict shorter patient survival (Corpet
et al., 2011), however, little is known about the relationship between
ASF1A and oncogenesis. To address this issue, we determined the po-
tential role of ASF1A in GIC tumors. Our present results revealed multi-
ple effects of ASF1A on GIC by stimulating the transcription of β-catenin
target genes, demonstrating its potential value in predicting GIC prog-
nosis and identifying new treatment targets.

2. Materials and Methods

2.1. Cell Culture

Gastric cancer cell lines (AGS, BGC-823 and HGC-27) and colorectal
cancer cell lines (HCT116, SW480, Caco2 and HT29) were cultured in
RPMI-1640 medium (Thermo Fisher Scientific, Waltham, MA) supple-
mented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific),
100 U/ml penicillin, 100 μg/ml streptomycin and 4 mM L-glutamine.

2.2. Patients

Two hundreds and eighty-six of patients with GIC (106 with gastric
cancer, 90with colon cancer and 90with rectal cancer) who underwent
surgical operation at Qilu Hospital and Second Hospital of Shandong
University between 2007 and 2008 were included in the study. The
tumor specimens were collected after surgery and paraffin-embedded.
The study was approved by the Shandong University Second Hospital
ethics committees.

2.3. ASF1A mRNA Expression in Progression and Prognosis of CRC and Cor-
relation With c-MYC, ZEB1 and Cyclin D1 Expression Derived From GEO
Datasets

The value of ASF1AmRNA expression in the prognosis of CRC patient
survival was determined using GEO datasets (http://www.prognoscan.
org/). The data were from GSE17536 and GSE17537 and the cut-offs of
ASF mRNA levels (higher and lower) defined by the database were
0.86 and 0.76, respectively.
The data set for 32 colorectal adenoma and 32 normal mucosa sam-
ples were obtained from GEO (GSE8671) and analyzed online through
GEO2R. The level of ASF1A mRNA was downloaded and the graph was
constructed accordingly. With respect to progressive colorectal dis-
eases, from adenoma (17 samples) to carcinoma (17 samples) and car-
cinomawithmetastasis (11 samples), the datawere obtained fromGEO
(GSE77953) and ASF1A mRNA levels were downloaded and analyzed.
For the correlation analysis of gene expression, the data were obtained
from GEO (GSE75315) including 211 primary CRC samples. GEO2R
was used to analyze the data and mRNA data of ASF1A, c-MYC and
CCND1 in those 211 CRC tumors were downloaded.

2.4. SiRNA Transfection

ASF1A, β-catenin and ZEB1 Stealth Interference RNAs (Thermo Fish-
er Scientific) were transfected into cells with Lipofactamine2000 (Ther-
mo Fisher Scientific) according to the protocol provided. Sequences for
these siRNAs are listed in Table 1.

2.5. Lenti-Viral Infection

HEK293T cells were cultured at 90% cell confluence in 75 cm3 flasks
and transfected with 15 μg viral vector, 10.5 μg psPAX2 vector and 6 μg
pMD2.G plasmid using polyethyleniminemethod. Supernatant was col-
lected 48–72 h post-infection and filtered through 45-mm pore size fil-
ters. The virus was concentrated with PEG-it (System Biosciences, Palo
Alto, CA). 5 ml of viral supernatant were then added to infect 25,000
cells in the presence of 4 μg/ml polybrene. HT29 cells expressing ectopic
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ASF1A were isolated using FACS sorting, while stable ASF1A knocked
down HCT116 cells were selected using 5 μg/ml puromycine.

2.6. RNA Extraction, Reverse Transcription and Quantitative PCR (qPCR)

Total RNA was extracted with Trizol-Reagent (Thermo Fisher Scien-
tific). RNAswere reversely transcribed using the kit from (Thermo Fish-
er Scientific). qPCR was carried out in TaqmMan ABI PRISM 7900 HT
using SYBR Green kit (Thermo Fisher Scientific). Levels of target
mRNA were calculated based on the ΔCT values and normalization of
human β2-M expression. Primers used in this study are in Table 1.

2.7. Clonogenic Assay

Cells with different treatments (1000 cells/well) were seeded in 6-
well plates for 2 week incubation. Cells were then fixed and stained
with Giemsa. Colonies (N50 cells) were counted.

2.8. Mono-Spheroid Formation Assay

Cells (2000/well) were cultured in ultra-low-attachment 96-well
plates (Corning Life Sciences) with 100 μl RPMI-1640/10 mM HEPES
serum-free medium supplemented with cocktails of following growth
factors: 10 ng/ml bFGF (PeproTech Nordic, Stockholm, Sweden) and
20 ng/ml EGF (PeproTech Nordic). Fresh medium was supplemented
every 3 days. Fifteen days later, the spheroid colonies were examined
under light microscopy and counted.

2.9. Flow Cytometry

For cell cycle analyses, cells were fixed with 70% ethanol at +4 °C
overnight and stained with RNAse A (0.5 μg)-containing Propidium Io-
dide (50 μg/ml). Cell cycle distribution was determined using flow cy-
tometry with ModFit (BD Biosciences, Franklin Lakes, NJ). For Lrg5
staining, cells were washed with PBS followed by blocking buffer treat-
ment. Cells were incubated with primary antibodies against LGR5
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany, Cat# 130-100-
856) for 1 h at room temperature, then with secondary antibodies for
half an hour at room temperature, and analyzed.

2.10. Migration and Invasion Assays

Cells (5 × 104 for HGC-27, HCT116 and SW480 cells and 1 × 105 for
HT29 cells) were seeded into the upper chamber. The low chamber
contained RPMI-1640 medium with 20% FBS. Forty-eight hours later,
the migrated cells were stained with crystal violet, counted and
photographed. For invasion assay, 50 μl matrigel (Corning Life Sciences,
Flintshire, UK) was first loaded into the bottom of the upper chamber
followed by the identical method as described above.

2.11. Western Blot

Proteins were extracted from cells with RIPA Lysis Buffer (Thermo
Fisher Scientific). Samples were run on SDS-PAGE and transferred to
the PVDF membrane (Bio-Rad, Hercules, California). The membrane
was blocked with 5% non-fat milk for 2 h at room temperature. Primary
antibodies of ASF1A (Cell Signaling Technology, Danvers, MA, Cat#
2990), β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, Cat# sc-
1615), ZEB1 (Novus Biologicals, USA), β-catenin (Cell Signaling Tech-
nology, Cat# 8480), E-cadherin (Cell Signaling Technology, Cat#
3195 s), c-Myc (Santa Cruz Biotechnology, Cat# sc-789) and cyclin D1
(Cell Signaling Technology, Cat# 92G2) were incubated with the mem-
brane at 4 °C overnight. Secondary antibodies were incubated for 1 h at
room temperature. Antibody binding was detected using chemilumi-
nescence method (Thermo Fisher Scientific).
2.12. Immunoprecipitation (IP)

Pierce™ Crosslink Magnetic IP/Co-IP Kit (Thermo Fisher Scientific)
was used. In brief, IP antibodies (3.0 μg) were incubated with 50 μg pro-
tein extracts overnight at +4 °C, and then bound to Protein A/G
Magnetic Beads and covalently crosslinked to the beads using
disuccinmidyl suberate. The antibody-crosslinked beads were then in-
cubated with cell lysate that contained the protein of interest. Non-
boundmaterials were removed by washing the beads. A low pH elution
buffer was used to remove bound antigen from the antibody-
crosslinked beads followed by neutralization buffer washing to prevent
precipitation of the isolated antigen. The precipitated material was fi-
nally re-suspended in Lane Marker Sample Buffer for SDS-PAGE
analysis.

2.13. Immunofluorescence (IF)

Cells grown on coverslips were washed with PBS and non-specific
antigen binding blocked with blocking buffer. Triton-100 was used to
increase the permeability of cell and nuclear membrane. Primary anti-
bodies of ASF1A (Cell Signaling cyclin D1 (Cell Signaling Technology,
Cat# 2990), F-actin (Thermo Fisher Scientific, Cat# A12381), ZEB1
(Novus Biologicals, Littleton, CO, Cat# NBP1-05987), H3K56Ac (Active
Motif, Carlsbad, CA, Cat# 39281), and E-cadherin (Cell Signaling cyclin
D1 (Cell Signaling Technology, Cat# 3195s) were added to bind the an-
tigens of interest followed by secondary antibody incubation and DAPI
mounting.

2.14. Chromatin Immunoprecipitation (ChIP)

SimpleChIP® Enzymatic Chromatin IP Kit (Magnetic Beads) #9003
(Cell Signaling Technology) was used according to the protocol provid-
ed. In brief, HCT116 cells transfected with ASF1A siRNAwere harvested
at 48 h and then crosslinked with formaldehyde. Chromatin digestion
was performed with Micrococcal Nuclease and analyzed by agarose
gel. DNA concentration was assessed by Nanodrop (Thermo Fisher Sci-
entific). The antibodies against ASF1A (Abcam, Cambridge, UK, Cat#
AB190747) and β-catenin (Cell Signaling Technology, Cat# 8480, nega-
tive (IgG) and positive control (histone H3) antibodies were added into
the digested samples and incubated overnight at 4 °Cwith rotation. Pro-
tein G Magnetic beads were used to precipitate the DNA-antigen-anti-
body complex followed by the elution of chromatin from Antibody/
Protein G Magnetic Beads and reversal of cross-links. Spin columns
were used to purify DNA and the collected DNA was amplified using
PCR with specific primers (Table 1).

2.15. Assessment of TCF/LEF Reporter and E-Cadherin Promoter Activity

TCF/LEF reporter activity assay kit was purchased from QIAGEN
(QIAGEN, Hilden, Germany). HCT116 cells were transfected with β-ca-
tenin and/or ASF1A expression vectors and incubated for 24 h followed
by TCF/LEF reporter transfection. Cells were then harvested and TCF/
LEF-driven Luciferase activitywasdetermined using a dual luciferase re-
porter assay system (Promega,Madison,WI). The target promoter-driv-
en firefly luciferase activity was normalized to the renilla activity
included in the kit.

WT E-cadherin promoter and E-box-mutated (E-boxes 1 and 3) E-
cadherin promoter were purchased from addgene (Middlesex, UK).
HCT116 cells were transfected with ASF1A siRNA and incubated for
48 h followed by co-transfection of E-cadherin promoter constructs and
pRL-TK (reference). Luciferase activity was detected as described above.

2.16. Immunohistochemistry (IHC)

Paraffin embedded slides were deparaffinized and rehydrated
followed by antigen-retrieval using citric acid buffer. Endogenous

https://www.thermofisher.com/order/catalog/product/88802
https://www.thermofisher.com/order/catalog/product/88802
https://www.thermofisher.com/order/catalog/product/21655
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peroxidase was deactivated by H2O2. Slides were blocked using 10%
goat serum and incubated with the corresponding primary
antibodies overnight at 4 °C. After incubationwith secondary antibodies
for 45 mins at room temperature, DAB staining (Thermo Fisher
Scientific) was used to detect the antigen-antibody binding. The
primary antibodies used were: ASF1A (Cell Signaling Technology, Cat#
2990), PCNA (Santa Cruz Biotechnology, Cat# sc-7907), and E-cadherin
(Cell Signaling Technology, Cat# 3195s). The slides were examined by
two of the co-authors (XL and DX) and mean values of ASF1A positive
cells were presented based on the results from two observers. For
each slide, a total of 200 cells in two fields were analyzed.

2.17. Subcutaneous Tumor Formation and Metastasis of CRC Cells in the
Murine Xenograft Model

The study was approved by the Shandong University Second Hospi-
tal ethics committees. Six weeks old male nude mice were bought from
Huafukang Company (Beijing, China). HT29 and HCT116 cells with and
without ASF1A manipulations were injected subcutaneously (2 × 106

cells/mouse, 5 mice/group). The size of tumors was measured each
week. Mice were sacrificed 6 weeks later and tumors were collected
for further analyses including IHC staining.

For metastasis assays, six weeks oldmale NOD-SCIDmice were used
(Huafukang Company, Beijing, China). Control and HT29-ASF1A cells
were injected mice (6 mice/group) via the tail vein (3 × 106 cells/
mouse). After 7 weeks, micewere sacrificed and the lungs were collect-
ed. Half of mouse lungs were stored in formalin to make paraffin-em-
bedded slides and the other half were stored at −80 °C until use for
additional analyses.

2.18. Statistical Analyses

Mann-WhitneyU test or Student's t-testwas used for analyses of dif-
ferences between experiment groups. Overall survival was illustrated
by Kaplan-Meier plots, and significance was calculated by log-rank
test. All the tests were two-tailed and computed using SigmaStat3.1®
software (Systat Software, Inc., Richmond, CA). P values of b0.05 were
considered as statistically significant.

3. Results

3.1. ASF1A Expression in Gastrointestinal Cancer-Derived Cell Lines

Little is known about ASF1A expression in humanmalignancies. We
thus first determined whether GIC cells expressed ASF1A. A panel of
gastric (AGS, BGC-823 and HGC-27) and colorectal cancer (HCT116,
SW480, HT29 and Caco2)-derived cell lines were analyzed using
immuno-blotting. As shown in Fig. 1A, all these cell lines expressed
ASF1A protein at different levels. Of note, ASF1A was most abundant
in poorly differentiated or aggressive cell lines HGC-27 and HCT116
(Fig. 1A).

3.2. Over-Expression of ASF1A as a Predictor of Poor Outcomes in Primary
Gastrointestinal Cancer

We then sought to examine ASF1A expression in primary GIC tu-
mors. IHC staining of ASF1A was performed on both primary tumors
and their adjacent normal tissues derived from a total of 286 GIC pa-
tients (106 gastric and 180 colorectal cancer patients). Most adjacent
non-cancerous gastric tissues in general exhibited negative or weak
ASF1 staining, while their colorectal non-cancerous counterparts had
slightly stronger ASF1A expression (Fig. 1B and C). Compared to those
adjacent non-cancerous tissues, GIC tumors expressed significantly
higher levels of ASF1A, evidenced by the presence of increased percent-
ages of positive cells and much more intensive staining [Fig. 1B and C,
adjacent tissues vs tumors for gastric, colon and rectal (mean ± SD),
4% ± 8% vs 12% ± 18%, P = 0.0013, 18% ± 18% vs 28% ± 26%, P =
0.0015, and 21% ± 16% vs 41% ± 30%, P b 0.0001, respectively, Mann-
Whitney U test]. Interestingly, in gastric sections containing normal,
precancerous neoplasia and cancerous tissues, expression of ASF1A in-
creased progressively (Fig. 2A), indicating that ASF1A over-expression
is associated with acquisition of a malignant phenotype.

ASF1A expression was then examined for its prognostic value in pa-
tients with colorectal cancer from whom survival information was
available. The median percentage of ASF1A-positive tumor cells 35%
was used as a cutoff to define low (b35%) and high (≥35%) expression
of ASF1A. The Kaplan-Meier analysis revealed that a high ASF1A expres-
sion was significantly associated with shorter patient overall survival in
both colon and rectal cancer (Fig. 1E, P = 0.0321 and 0.0124 for colon
and rectal cancer, respectively, and for both patient groups, P =
0.0015) (Fig. 1D).

We further validated the up-regulation of ASF1A in CRC tumors and
its prognostic value by analyzing GEO data (http://www.prognoscan.
org/). ASF1A mRNA expression in adenomas was much higher than
that in normal intestinal mucosa (Fig. 2B left). Moreover, in 17 patients,
the disease evolved from adenoma to carcinoma with or without liver
metastasis and the correlation between higher expression of ASF1A
anddisease progressionwas already observed (Fig. 2B right). Fig. 2C fur-
ther showed that higher levels of ASF1A mRNA expression were signif-
icantly associated with shorter overall survival in two cohorts of CRC
patients.

3.3. ASF1A Stimulation of Cell Cycle Progression, Clonogenicity, Stemness
and Migration of GIC Cells

Given the findings above, we sought to determine functional activi-
ties of ASF1A in GIC cells. HT29 cells, the CRC line expressing a low
level of ASF1A (Fig. 1A), were infected with lenti-viral GFP-ASF1A ex-
pression vectors to generate ASF1A over-expressing sublines (HT29-
ASF1A). Higher ASF1A expression was verified using immunoblotting
and IF staining, and as expected, increased histone H3-K56 acetylation
was observed in those ASF1A over-expressing HT29 cells (Fig. 3A). The
cell cycle analysis revealed that HT29-ASF1A cells exhibited moderate,
but significant declines in G1 phase coupled with increased S phases,
compared to their control cells [Fig. 3B, and HT29 control vs HT29
ASF1A (the mean values ± SD from 4 independent experiments):
G1, 68.4 ± 3.8% vs 63.9 ± 4.0%, P = 0.008; S, 23.9 ± 5.3% vs 27.4 ±
7.1%, P = 0.038; G2/M, 6.2 ± 2.4% vs 7.0 ± 2.7%, P = 0.246, Student's
t-test]. Consistently, ASF1A over-expression significantly stimulated
clonogenic potentials of HT29 cells and N2-fold increase in clones was
observed in HT29-ASF1A cells (Fig. 3C) (clones 21.33 ± 3.51 vs 9.33 ±
4.62, P = 0.023).

We further evaluated the effect of ASF1A over-expression on cellular
stemness and migration/invasion. HT29-ASF1A cells expressed signifi-
cantly higher levels of CRC stem cell marker Lgr5 than did their control
counterparts (35.8 ± 5.7% vs 18.7 ± 3.2% for GFP + vs −, P = 0.011).
In accordance with this, control HT29 cells had low abilities to form
CRC-spheres, while ASF1A over-expression led to the highly increased
number of CRC-spheres (Fig. 3D, spheres in control vs HT29-ASF1A
cells, 20 ± 5 vs 41 ± 10, P = 0.009). Fig. 3E shows the difference in
cellular migration between control and ASF1A over-expressing cells:
HT29-ASF1A cells exhibited a significantly enhanced migration
potential than did their control counterparts (133 ± 23 vs 68 ± 8,
P = 0.009). The invasion potential of these cells could not be
assessed due to their poor ability to pass through Matrigel.

3.4. Diminished Migration and Invasion of GIC Cells Caused by ASF1A
Depletion

To further verify the role of ASF1A in regulating migration/invasion
of GIC cells, we knocked-downASF1A expression in GIC cells expressing
high levels of ASF1A (HGC-27, HCT116 and SW480). The efficient ASF1A

http://www.prognoscan.org/
http://www.prognoscan.org/


Fig. 1. ASF1A over-expression in gastrointestinal cancer (GIC) and its association with patient survival. (A) ASF1A expression in GIC-derived cell lines. Cells were analyzed for ASF1A
protein levels using immunoblotting. Two independent experiments were performed. (B and C) Immunohistochemical (IHC) staining of ASF1A expression in primary GIC tumors and
their adjacent normal tissues (NT). Primary tumors derived from 106 patients with gastric cancer (GC) and 180 patients with colorectal cancer (CRC) [90 colon cancer (CC) and 90
rectal cancer (RC)] were analyzed for ASF1A expression using IHC. (B) shows percentages of ASF1A-positive cells in tumors and adjacent tissues and representative IHC images are
shown in (C). The right panel was enlarged in the rectangle area of the left ones. (D) Higher ASF1A expression as a predictor for shorter overall survival in CRC patients. The median
level of 35% was used as a cut-off to categorize patients into low and high ASF1A groups. Overall survival of patients with colon and rectal cancer either separately or combined
together was analyzed and presented.
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depletion using twodifferent siRNAswas confirmed by immunoblotting
and IF staining (Fig. 4A). In accordance with diminished ASF1A expres-
sion, H3-K56 acetylation was inhibited in these same cells (Fig. 4B).
ASF1A depletion significantly inhibited migration in all three cell lines
(Fig. 4C), which was in sharp contrast to that seen in ASF1A over-ex-
pressing HT29 cells. Moreover, the cells passing through Matrigel
were substantially diminished after ASF1A knocking-down (Fig. 4D),
suggesting highly impaired abilities of cellular invasion.

Because epithelial-mesenchymal transition (EMT) plays a key role in
cancer cellmigration/invasion (Liu et al., 2013; Puisieux et al., 2014),we
further examined morphological changes in ASF1A-depleted cells. As
documented in Fig. 4E, the ASF1A-depleted cells underwent less elon-
gated/spindle-like shapes or grew into cell clusters. F-Actin staining
showed similar changes in cellular morphology and reduced dendrites
or branching (Fig. 4F). A switch of F-actin from a pattern of central stress
fibers to a predominant peripheral rearrangement was also observed in
ASF1A-depleted HGC-27 and SW480 cells (Fig. 4F).

3.5. ASF1A Interaction with β-Catenin to Potentiate the β-Catenin Activity

How ASF1A exerts its oncogenic activities as observed above was
then addressed. Because the aberrant Wnt/β-catenin pathway plays a
key part in the GIC pathogenesis (Basu et al., 2016; C.M. Zhao et al.,
2014; Zhao et al., 2017), we asked whether there are potential links be-
tween ASF1A and β-catenin. Toward this end, we first performed IP to
determine ASF1A interaction with β-catenin. Reciprocal IP experiments
demonstrated a physical association of ASF1A with β-catenin (Fig. 5A).
To evaluate the functional consequence of the observed interaction, we
measured the effect of ASF1A on the TCF/LEF reporter activity, an assay
for the transcription activity of β-catenin (Liu et al., 2013). As expected,



Fig. 2. The progressive upregulation of ASF1A expression in evolution from premalignant lesions to gastrointestinal cancer and its association with patient survival derived from GEO
datasets. (A) Immunohistochemical staining was performed on gastric cancer samples and representatives are shown. In normal areas, ASF1A expression is almost undetectable, and a
positive staining is seen in areas with metaplasia while cancerous tissue areas exhibit highest ASF1A expression. (B) Relative levels of ASF1A mRNA expression in normal intestinal
mucosa (NM), adenoma (AD), colorectal cancer (CRC) tissues and CRC with liver metastasis (CRC-LM). (Derived from GEO database, https://www.ncbi.nlm.nih.gov/geo/.) (C) Higher
ASF1A mRNA expression as a predictor for shorter overall survival in CRC patients. The data were derived from PrognoScan website (http://www.prognoscan.org/). Blue and red
curves: Low and high ASF1A expression, respectively.
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the luciferase activity driven by the TCF/LEF transcriptional response el-
ements increased significantly when HCT116 cells were transfected
with β-catenin expression vectors (Fig. 5B). Furthermore, the TCF/LEF
transactivation mediated by β-catenin was further enhanced in the
presence of ASF1A expression vectors (Fig. 5B). Taken together, ASF1A
interacts with β-catenin, thereby promoting TCF/LEF transactivation.

3.6. ASF1A Stimulation of β-Catenin Target Expression in CRC Cells

Having observed the ASF1A effect on GIC cell growth and invasion,
and its functional interaction with β-catenin, we sought to probe
whether it up-regulated the expression of β-catenin target genes. It
has been well documented that β-catenin targets, critical for cancer
cell proliferation/progression, include LGR5, cyclin D1, c-MYC and
ZEB1 (Basu et al., 2016; He et al., 1998; Sanchez-Tillo et al., 2011;
Tetsu and McCormick, 1999). We thus determined their expression in
HT29 control and HT29-ASF1A cells. The enhanced LGR5 expression in
HT29-ASF1A cells was already documented above (Fig. 3C), and expres-
sion of three other targets was shown in Fig. 5C. HT29-ASF1A cells
expressed significantly higher levels of cyclin D1, c-MYC and ZEB1
mRNA coupled with increased protein abundances compared these of
control cells (cyclin D1: 1.43 ± 0.09 vs 1.0 ± 0.17, P = 0.042; c-MYC:
1.74 ± 0.27 vs 1.10 ± 0.18, P = 0.025; ZEB1: 1.71 ± 0.17 vs 1.07 ±
0.12, P=0.005) (Fig. 4C). We also examined the effect of ASF1A deple-
tion. HCT116 cells exhibited down-regulated expression of c-MYC and
ZEB1 after ASF1A inhibition (Fig. 5E).

To determine whether the correlation between ASF1A expression
and β-catenin targets was also present in primary CRC tumors, we per-
formed the analyses using GEO datasets. As shown in Fig. 5D, ASF1A
mRNA expression was positively correlated with CCND1, MYC and
ZEB1 mRNA levels in tumors derived from 210 patients with CRC.

3.7. ASF1A Association with ZEB1, Cyclin D1 and c-MYC Promoters in CRC
Cells

Given the observations above, we thenwanted to determinewheth-
er ASF1A occupied these β-catenin target promoters. ChIP was per-
formed on HCT116 cells where endogenous ASF1A expression and β-

https://www.ncbi.nlm.nih.gov/geo/
http://www.prognoscan.org/


Fig. 3. Ectopic ASF1A expression promotes proliferation, clonogenic potential, stemness and migration of CRC-derived HT29 cells. Three or more independent experiments were
performed. (A) Ectopic expression of ASF1A in HT29 cells verified using immunoblotting. HT29 cells were infected with control- and ASF1A-lentiviral vectors and over-expression of
ASF1A was revealed by immunoblotting (Left panel). Immuno-fluorescence (IF) staining shows enhanced histone H3-K56 acetylation in HT29 cells expressing ectopic ASF1A (Right
panel). (B) ASF1A over-expression in HT29 cells stimulates cell cycle progression. Cells with and without ASF1A over-expression were stained with Propidium Iodide (PI) and cell
cycle analyses then performed using Flow cytometry. Shown is the result from one representative experiment. (C) Increased clonogenic ability of HT29 cells with ASF1A over-
expression. Cells were seeded into 6-well plates with 1000 cells/well for 2 week incubation and foci then counted. (D) Up-regulation of the CRC stem cell marker LGR5 in HT29 cells
by ASF1A over-expression, as shown by flow cytometry analysis. (E) Augmented formation of spheroid colonies by ASF1A over-expression. HT29 cells with and without ASF1A over-
expression were seeded in ultra-low attachment 96-well plates (2000/well) and incubated in serum-free medium containing bFGF and EGF for 15 days. Spheroid colonies were then
counted. Left panel: The spheroid colony numbers from three independent experiments. Right panel: Shown are representative. (F) ASF1A-mediated enhancement of cellular
migration. Control- and ASF1A-HT29 cells were loaded into the upper chamber at 1 × 105 and migrated cells into the bottom chamber were stained with crystal violet and counted.
Left panel: The migrated cell numbers from three independent experiments. Right panel: Shown are representative.
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catenin activity were high, by using the primers spanning the β-catenin
binding region of each promoter. As shown in Fig. 5F, both ASF1A andβ-
catenin were enriched on the promoters of ZEB1, cyclin D1 and c-MYC,
while control IgG did not give rise to detectable signals.

3.8. Inhibition of E-Cadherin Expression by the ASF1A/β-Catenin-ZEB1 Axis
in GIC Cells

The loss of the epithelial marker E-Cadherin is known as a driving-
force promoting cellular mobility, while ZEB1 inhibits E-Cadherin ex-
pression, thereby facilitating cancer invasion (Gheldof et al., 2012).
We thus asked whether the ASF1A/β-catenin-ZEB1 axis contributes to
invasion of GIC cells by regulating E-Cadherin expression. To this end,
we first determined E-Cadherin expression and its relationship with
ZEB1 in GIC cells where ASF1A expression was manipulated. HCT116
cells were transfected with ASF1A siRNA as above, and then analyzed
for E-Cadherin and ZEB1 expression. ASF1A depletion in HCT116 cells
significantly up-regulated E-Cadherin expression coupled with the di-
minished abundance of ZEB1 at both transcriptional and protein levels
(Fig. 6A). On the other hand, the inhibition of E-Cadherin expression
coupled with enhanced ZEB1 levels were observed in HT29 cells over-
expressing ASF1A (Fig. 6B). To address whether β-catenin is required
for ASF1A-mediated ZEB1 up-regulation, we knocked down β-catenin
in HT29-ASF1A cells and as shown in Fig. 6, this ASF1A effect was totally
abolished by β-catenin inhibition, which was coupled with recovery of
E-Cadherin expression (Fig. 6C). To further ascertain a causal relation-
ship between E-Cadherin and ZEB1 expression, we blocked ZEB1 up-
regulation mediated by ASF1A over-expression in HT29 cells using
ZEB1 siRNA. As documented above, HT-29-ASF1A cells expressed higher
levels of ZEB1 accompanied by decreased E-Cadherin expression, how-
ever, ZEB1 depletion led to the recovery of E-Cadherin expression, com-
parable with that observed in control cells (Fig. 6D).

It is known that ZEB1 binds to the E-boxes in the E-Cadherin core
promoter through which E-Cadherin transcription is inhibited
(Gheldof et al., 2012). We thus further evaluated the E-Cadherin pro-
moter activity in ASF1A-depleted cells. The E-Cadherin promoter activ-
ity was significantly up-regulated upon ASF1A knocking down in
HCT116 cells, which, however, was substantially attenuated by the E-
box mutation (Fig. 6E).

3.9. The ASF1A Effect on In Vivo Growth and Metastasis of CRC Cells in the
Murine Xenograft Model

Finally, we determined whether the in vitro ASF1A effects on GIC, as
observed above, could be recapitulatedunder in vivo conditions. For this
purpose, HT29-ASF1A cells and HCT116 cells with stable ASF1A deple-
tion (HCT116/ASF1A-sh), together with their corresponding control
counterparts, were injected subcutaneously into nude mice, and mice
were killed 6 weeks post-injection. During the 6 week period, tumor
growthwasmonitoredweekly. As shown in Fig. 7A, ASF1Aover-expres-
sion in HT29 cells and depletion in HCT116 cells significantly promoted
and retarded in vivo tumor growth, respectively: Tumors grew much
faster and were significantly bigger in mice receiving HT29-ASF1A
cells than those injected with control HT29 cells (Fig. 7A, left), whereas
ASF1A-depleted HCT116 cells gave rise to tumors significantly smaller
than did their control counterparts (Fig. 7A, right). IHC analyses showed
that ASF1A expression in these tumors was consistent with that in the
injected original cells and negatively correlated with E-Cadherin



Fig. 4. Impairedmigration and invasion ofGIC cells byASF1A inhibition. TwoASF1A-specific siRNAs (A1 andA2)were used to knock down its expression inGIC cell lines includingHGC-27,
HCT116 andSW480 and cells thenanalyzed formigration/invasion,morphological alterations and F-actin re-arrangement. C: Control siRNA. Three ormore independent experimentswere
performed. (A) Efficient ASF1A depletion was verified using two different ASF1A specific siRNAs. (B) IF staining shows diminished histone H3-K56 acetylation, consistent with reduced
ASF1A expression. (C) Migration and (D) invasion inhibition by ASF1A depletion in GIC cells. (E) Diminished elongated/spindle-like cellular shapes or cell cluster formation upon
ASF1A knock-down in GIC cells. (F) F-Actin staining showed reduced dendrites/branching or a switch from a pattern of central stress fibers to a predominant peripheral
rearrangement in ASF1A-depleted cells.
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expression (Fig. 7B). In addition, higher levels of PCNA expression were
observed in HT29-ASF1A tumors, which indicate their enhanced prolif-
eration ability, whileweaker PCNA stainingwas seen inHCT116-ASF1A-
depleted tumors (Fig. 7B).

To assess the in vivo effect of ASF1A on tumormetastasis, we further
injected control HT29 andHT29-ASF1A cells intoNOD-SCIDmice via the
tail vein. Mice were killed 7 weeks post-injection and tumors seeded in
the lungs were counted. Lung metastasis occurred in 2/7 (29%) and 6/8
(75%) mice receiving control and ASF1A-overexpressed HT29 cells, re-
spectively. There were a total of 19 tumors in the lungs from mice
injected with control HT29 cells, and 93 from mice with ASF1A-HT29
cells (P = 0.019). Moreover, bigger tumor colonies were more



Fig. 5.ASF1A interactionwithβ-catenin to promoteβ-catenin target transcription inCRC cells.β-Cat:β-catenin. Three ormore independent experimentswere performed. (A) Thephysical
association between ASF1A andβ-catenin as demonstrated using reciprocal immunoprecipitation (IP). (B) Regulation of TCF/LEF reporter activity byASF1A. HCT116 cellswere transfected
with TCF/LEF reporters togetherwith β-catenin vectors alone orβ-catenin plus ASF1A expression vectors and luciferase activity was assessed 48 h post-transfection. (C) The expression of
β-catenin target genes ZEB1, CCND1 and MYC was up-regulated by ASF1A over-expression in HT29 cells. Right panel: qRT-PCR quantification of ZEB1, CCND1 and MYC mRNA levels in
control and ASF1A-overexpressing HT29 cells. Middle and left panels: Immunoblotting and immunofluorescence analyses of ZEB1, CCND1 and MYC protein expression in those same
sets of cells. (D) The positive correlation of ASF1A mRNA expression with CCND1, MYC and ZEB1 mRNA levels in tumors from patients with colorectal cancer (CRC). The data were
derived from GEO database (https://www.ncbi.nlm.nih.gov/geo/). A total of 211 CRC patients were analyzed. (E) Down-regulated expression of β-catenin target genes by ASF1A-
depletion. HCT116 cells were transfected with control and ASF1A siRNAs, respectively, and protein expression was then determined using immunoblotting. (F) ChIP assay for ASF1A
and β-catenin occupancy on the promoters of β-catenin targets CCND1, ZEB1 and MYC. ChIP was performed with chromatin derived from HCT116 cells as described in Materials and
Methods. Histone H3 antibody was used as a positive control. Left: Schematic expression of β-catenin/TCF sites and ChIP primer positions at the promoters of CCND1, ZEB1 and MYC.
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frequently seen in the latter group (Fig. 7C and D). IHC staining of
thosemetastatic tumors revealed similar ASF1A and E-Cadherin expres-
sion patterns (Fig. 7E), as observed in tumors grown subcutaneously
(Fig. 7B).
4. Discussion

Given the epigenetic aberration as one of the key oncogenic mecha-
nisms in GIC (Vogelstein et al., 2013), and important functions of the

https://www.ncbi.nlm.nih.gov/geo


Fig. 6.E-Cadherin expression regulated by theASF1A-β-catenin-ZEB1 axis in CRC cells. Three ormore independent experimentswere performed. (A)Diminished ZEB1 expression coupled
with E-Cadherin expression in ASF1A-depleted HTC116 cells. Right and left panels: Protein andmRNA expression of ZEB1 and E-Cadherin as determined using immunoblotting and qPCR,
respectively. (B) Down-regulated of E-Cadherin expression mediated by ASF1A. HT29 cells with and without ASF1A over-expression were analyzed for E-Cadherin expression using
immunoblotting. (C) The abolishment of ASF1A-induced ZEB1 up-regulation by β-catenin inhibition. HT29 cells with ASF1A over-expression were transfected with β-catenin siRNA
(Bottom panel) and ZEB1 mRNA levels then determined using qPCR (Top panel). A: ASF1A. (D) The abolishment of ASF1A-induced E-Cadherin down-regulation by ZEB1 inhibition.
HT29 cells with ASF1A over-expression were transfected with ZEB1 siRNA, and ZEB1 and E-Cadherin mRNA and protein levels then determined using qPCT (left) and
immunofluorescence (right), respectively. (E) Significantly attenuated E-Cadherin promoter activity by the mutation of ZEB1 binding sites in ASF1A-depleted HCT116 cells. Left panel:
Schematics of the E-Cadherin promoter (+92 - -670) with wt and mutant E-boxes. Right panel: The wt E-Cadherin promoter reporter and its variant carrying mutant E-boxes (for
ZEB1 binding) were transfected into HCT116 cells with and without ASF1A knocking-down, and luciferase activity was then assessed and expressed as arbitrary units.

113X. Liang et al. / EBioMedicine 21 (2017) 104–116



Fig. 7. ASF1A stimulation of in vivo growth andmetastasis of CRC cells in themurine xenograft model. C: Control cells. Themouse experimentswere performed once. (A) ASF1A-mediated
tumor formation in nudemice (5 mice/group). HT29 cells with andwithout ASF1A over-expression were subcutaneously injected into nudemice. Tumor growthwas monitored weekly,
and mice were killed 6 week latter. The identical experiments were also performed on HCT116 cells with (HCT116-ASF1A sh) and without ASF1A depletion. (B) Immunohistochemical
(IHC) analyses of ASF1A, E-Cadherin and PCNA expression in tumors grown in nude mice. (C–E) Lung metastases of HT29 cells with and without ASF1A over-expression in NOD-SCID
mice (6 mice/group). Cells were injected into mice via the tail vein and mice were killed 7 weeks after injection. Metastatic nodules in the mouse lungs were counted and analyzed for
ASF1A, E-Cadherin and PCNA expression using IHC.
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histone chaperone ASF1A in nucleosome assembling/histone modifica-
tions (Mousson et al., 2007), it is highly reasonable to explore ASF1 ef-
fects in GIC pathogenesis. From the result presented herein, we
uncover crucial oncogenic activities of ASF1A. First, a widespread
over-expression of ASF1Awas observed in GIC cell lines and primary tu-
mors. During evolution from precursor lesions to fully transformed gas-
tric cancer, ASF1A expression increased significantly. Second, ASF1A
interacts with β-catenin and potentiates the transcription of β-catenin
target genes crucial for GIC cell proliferation, migration or invasion
and stemness. Third, ASF1A over-expression and depletion promotes
and inhibits CRC tumor growth and metastasis in mouse xenograft
models. Finally, higher levels of ASF1A expression predict shorter pa-
tient survival in patients with CRC. Taken together, our findings suggest
that ASF1A plays significant roles in GIC pathogenesis and may serve as
prognostic factor and a potentially therapeutic target for GIC.

In a limited number of studies, researchers have shown the dysreg-
ulation of ASF1 in human malignancies (Corpet et al., 2011; Das et al.,
2009; Wang et al., 2015), however, it is largely unclear whether and
how ASF1 contributes to cancer development or progression. Human
ASF1 exists as two isoforms, ASF1A and ASF1B, and they share certain
common functions, but also have different activities (Mousson et al.,
2007). More recently, Gonzalez-Munoz et al. found that ASF1A promot-
ed iPS cell induction by interacting with OCT4 and stimulating the tran-
scription of stem cell factors including NANOG and SOX2 (Gonzalez-
Munoz et al., 2014); and moreover, ASF1A and OCT4 over-expression
was sufficient to convert human normal fibroblasts into pluripotent
stem cells (Gonzalez-Munoz et al., 2014). These findings promoted us
to examine the regulatory effect of ASF1A on gene transcription. Be-
cause the Wnt/β-catenin axis is frequently altered in CRC (Basu et al.,
2016), we sought to determine the relationship between ASF1A and
β-catenin. Indeed, the present results provide convincing evidence
that ASF1A acts as a co-factor for the transcription of β-catenin target
genes. (a) ASF1A and β-catenin interacts with each other; (b) ASF1A
and β-catenin synergistically stimulate the TCF/LEF reporter promoter
activity; (c) ASF1A over-expression up-regulates whereas its inhibition
down-regulates expression of β-catenin target genes including ZEB1,
cyclin D1, c-MYC and LGR5, respectively; (d) ASF1A is associated with
ZEB1, cyclin D1 and c-MYC promoters in the TCF binding regions.
Based on all these findings, we suggest a model for the oncogenic activ-
ity of ASF1A as presented in Fig. 8.

Dysregulation or mutations of β-catenin are widespread in GIC,
and altered β-catenin plays fundamental roles in GIC initiation and
progression (Basu et al., 2016; Oguma et al., 2008; Vogelstein et al.,
2013). By interacting with β-catenin, ASF1A thus exhibits multiple
oncogenic activities, as documented in the present study. It promot-
ed proliferation of CRC cells by stimulating c-MYC and cyclin D1
expression, while inhibiting E-Cadherin expression via up-regula-
tion of ZEB1, thereby augmenting cellular migration or invasion.
Moreover, the CRC stem cell marker LGR5 increased coupled with
the enhanced self-renewal potential in ASF1A-over-expressed CRC
cells, suggesting its requirement for maintaining CRC stem cell
phenotype. Thus, the ASF1A-β-catenin axis is functionally essential
to GIC tumors and disruption of their interactionmay have therapeu-
tic implications.



Fig. 8. The work model for ASF1A-mediated oncogenesis. ASF1A interacts with β-catenin,
thereby acting as a co-factor to stimulate the expression of β-catenin target genes
including cyclin D1, c-MYC, ZEB1 and LGR5. The up-regulated expression of these β-
catenin targets consequently promotes proliferation, stemness, invasion and metastasis
of malignant cells. All these ASF1A effects eventually lead to cancer development and
progression.
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In addition to OCT4 andβ-catenin, ASF1A has been shown to interact
with other transcriptional regulators such as the histone acetyltransfer-
ase Creb-binding protein (CBP)/P300 and the transcription factor Mef2
(Das et al., 2009; Das et al., 2014). Furthermore, ASF1A is required for
histone H3-K56 acetylation, while the H3-K56 acetylation state plays a
key role in enabling rapid transcriptional changes (Das et al., 2009;
Das et al., 2014). These data collectively indicate that ASF1A may be
an important co-factor participating in transcriptional regulation by
interacting and cooperating with transcription factors or their co-fac-
tors, and via modification of H3-K56. Likely, many more genes are tran-
scriptionally controlled by ASF1A, and the elucidation of ASF1A target
genes will gain profound insights into biological and oncogenic activi-
ties of ASF1A.

Corpet et al. previously reported that ASF1Bwas required for prolifer-
ation of breast cancer cells, and higher ASF1B expression predicted poor
patient outcomes, whereas ASF1A expression did not increase and con-
tributed no prognostic information to breast cancer (Corpet et al., 2011).
This observation is in contrast to what we found in GIC tumors. Thus it
is likely that tumors derived fromdifferent tissues/organs utilize different
isoforms of ASF1 for their malignant phenotype maintenance.

The bromodomain and extra terminal domain (BET) family proteins
including BRD3 and BRD4. They are another type of epigenetic modula-
tors that read acetylated lysine residues and transfer cellular signals
through which the transcription of oncogenes is augmented (Zuber et
al., 2011). Small-molecule BET bromodomain inhibitors, for instance
JQ1, have been developed to competitively bind to acetyl–lysine recogni-
tion pockets, and disrupt BET bromodomain protein interaction with
chromatin, and subsequently reduce the expression of oncogenes, there-
by leading to cancer cell growth inhibition and/or apoptosis (Zuber et al.,
2011). Intriguingly, JQ1was recently shown to inhibit H3-K56 acetylation
(Das et al., 2014). H3-K56 acetylation is known to drive chromatin toward
the disassembled state during transcriptional activation whereas loss of
histone H3-K56 acetylation drives the chromatin toward the assembled
state. It is thus necessary to elucidate whether JQ1-mediated blockade
of H3-K56 acetylation is associated with its anti-cancer activity and
whether there exists a cross-talk between BRDs and ASF1A.

In summary, our present results show that ASF1A is over-expressed
in GIC tumors and could serve as a prognostic factor in CRC. Mechanis-
tically, ASF1A interacts with β-catenin and stimulates its target tran-
scription, thereby facilitating proliferation, stemness, and migration/
invasion of GIC cells. Collectively, ASF1A plays an important part in
GIC pathogenesis and progression, and thus targeting ASF1A may be a
novel strategy against GIC.
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