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Abstract: Gastric cancer (GC) is a leading cause of cancer-related death worldwide and the pathogenesis of GC 
remains largely unknown. Here, we demonstrate a novel mechanism by which P300/CBP associating factor (PCAF) 
acts as a tumor suppressor in GC cells. We showed that both PCAF mRNA and protein were downregulated in GC 
cells, and that this downregulation correlated with poor survival. Meanwhile, the interaction between human anion 
exchanger 1 (AE1) and p16 is a key event in GC development. We found that PCAF inhibited GC growth by interacting 
with AE1 and p16 to promote ubiquitin-mediated degradation of AE1 and p16 upregulation and translocation into 
the nucleus. Binding of nuclear p16 to CDK4 prevented the CDK4-Cyclin D1 interaction to inhibit GC proliferation. 
Furthermore, reduced PCAF levels in GC cells were associated with intracellular alkalinization and decreased im-
munity. Together these results suggest that PCAF acts as a GC suppressor through a novel PCAF-p16-CDK4 axis. 
The downregulation of PCAF expression in GC cells that follows intracellular alkalinization and decreased immune 
response, indicates that GC therapies should focus on restoring PCAF levels.
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Introduction

Gastric cancer (GC) is the second leading cause 
of cancer mortality worldwide [1]. Although 
remarkable progress has been made in surgi-
cal and clinical therapies for GC, including tar-
geted therapy [2-4] and immunotherapy [5], the 
prognosis of GC, especially poorly differentiat-
ed gastric cancer (PGC), remains poor. More- 
over, excess cell proliferation in GC patients 
makes this type of cancer challenging to treat. 
Whether genetic and epigenetic mechanisms 
are involved in GC progression is unclear, and 
thus the molecular mechanisms responsible 
for GC cell proliferation require further cha- 
racterization.

P300/CBP associating factor (PCAF) is a his-
tone acetyltransferase (HAT) that acetylates 
mainly H3 histones and has a strong link with 
tumor initiation and progression [6-8]. PCAF is 
also involved multiple biological and pathogen-
ic processes such as proliferation, differentia-

tion, and apoptosis [9-11], because of its abili- 
ty to acetylate non-histone proteins including 
Smad [12], c-myc [13], and p53 [14]. Increasing 
evidence indicates that PCAF is not only a HAT, 
but also acts as an ubiquitination factor through 
its intrinsic E3 ligase activity, which promotes 
ubiquitin-dependent protein degradation [15, 
16]. Intriguingly, several studies reported that 
the dual functionality of PCAF is important in 
different types of cancer. Indeed, PCAF has 
cancer-promoting activity in lung adenocarci-
noma [17] and brain cancer [18], but appears to 
have an antitumor function in hepatocellular 
cancer [19].

Numerous studies have shown that p16 is a 
negative regulator of cell cycle progression [20, 
21]. p16 inhibition of CDK4 and CDK6 regulates 
the transition between the G1- to S-phases of 
the cell cycle and eventually suppresses cell 
proliferation [22, 23]. In different tumor types in 
humans, the p16 gene shows homozygous 
deletion, mutations, or methylation that inhibits 
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its transcription [24]. Notably, p16 shows cyto-
plasmic expression in GC [25, 26] and oropha-
ryngeal cancer [27], and this localization can 
serve as a prognostic marker. In humans the 
underlying mechanism by which p16 mislocal-
izes to the cytoplasm involves human anion 
exchanger 1 (AE1) [28]. AE1 expression is nor-
mally restricted to red blood cell (RBC) mem-
branes where it mediates Cl-/HCO3- exchange 
across the plasma membrane to regulate intra-
cellular pH (pHi) [29]. However, in GC cells AE1 
showed an unexpected cytoplasmic localiza-
tion indicating that it failed to traffic to the plas-
ma membrane. This cytoplasmic localization 
allows p16 and AE1 to interact, resulting in the 
sequestration of p16 in the cytoplasm. This 
interaction is associated with intracellular alka-
linization and cell cycle promotion, suggesting 
that AE1 can act as an onco-protein in GC cells.

Here we found that PCAF expression was aber-
rantly downregulated in GC tissues. Further- 
more, both in vitro and in vivo assays showed 
that PCAF inhibited GC growth by promoting 
ubiquitin-mediated degradation of AE1. Toge- 
ther these results indicate a potential regulato-
ry axis composed of PCAF-p16-CDK4, and that 
acidic stimuli or IFN-γ treatment could have 
beneficial effects in GC.

Materials and methods

GC tissue microarray

GC tissue microarrays (TMAs) including 210 GC 
specimens were prepared in our lab. For TMA 
construction, duplicate 1.0 mm diameter cores 
of tissue from each sample were punched from 
paraffin tumor blocks and corresponding non-
tumor tissues in the training cohort or from 
cores of primary tumor biopsies in the valida-
tion cohorts. As a tissue control, the biopsies of 
normal gastric epithelium tissues were insert-
ed in the four corners and the center of each 
slide.

Cell culture, reagents and transfections

The WGC cell line MKN28, PGC cell lines SG- 
C7901, AGS and MKN45 and human gastric 
mucosal epithelial cell line GES-1 were cultured 
in RPMI-1640 (Hyclone, Logan, UT, USA) con-
taining 10% fetal bovine serum (FBS, Hyclone) 
and 1% penicillin/streptomycin (Invitrogen, Ca- 
rlsbad, CA, USA) in an atmosphere of 5% CO2 at 
37°C. In some experiments the proteasome 

inhibitors cycloheximide (CHX, Sigma-Aldrich, 
St. Louis, MO, USA, 25 μg/ml) or MG132 (10 
mM, Merck KgaA Darmstadt, Germany) were 
added to the culture medium.

Antibody information

Antibodies used for western blot or IP experi-
ments were: anti-PCAF (Cell Signaling Technol- 
ogy (CST)), anti-p16 (BD Pharmingen, Le Pont 
de Claix, France), anti-GFP (Santa Cruz), anti-HA 
(Santa Cruz), anti-β-actin (Sigma-Aldrich), anti-
AE1 (Abcam, MA, USA), anti-Vinculin (Abcam, 
MA, USA), anti-Lamin B (Santa Cruz), anti-Flag 
(Sigma-Aldrich) and anti-CDK4 (CST). Transfe- 
ction of GC cells was performed with Lipofec- 
tamine 2000 (Invitrogen, CA, USA) or X-treme 
(Roche) according to the manufacturer’s ins- 
tructions.

Immunohistochemistry

Immunohistochemistry was performed on 4 μm 
sections of formalin fixed, paraffin embedded 
tumors, which were cut and placed on clean 
microscopic slides. The sections were dewaxed 
in xylene, rehydrated in graded alcohol, and 
rinsed in water. Antigen retrieval of the tissues 
was then performed at 100°C for 20 min with 
10 mM citrate buffer, pH 6. A peroxidase block 
reagent was applied on the specimen accord-
ing to the tissue size and incubated for 5-10 
min at room temperature. Primary PCAF anti-
body (Santa Cruz) was applied at 1:100 dilution 
and p16 antibody was applied at 1:200 dilu-
tion. Staining development was achieved by 
incubation with DAB (MaiXin, China). The slides 
were then viewed and analyzed under a light 
microscope.

Clinical data set analysis

For survival analyses, overall survival stratified 
by expression of the gene of interest was pre-
sented as Kaplan-Meier plots and tested for 
significance using log-rank tests. The analysis 
was performed according to the manufactur-
er’s instructions (http://kmplot.com/analysis/
index.php?p) [30].

Western blot and immunoprecipitation

For western blot, cells were lysed at 4°C for 10 
min in lysis buffer (100 mM Tris-HCl (pH 7.0), 
4% SDS, 20% glycerol, 200 mM DTT) with a 1% 
protease inhibitor cocktail and 1 mM phenyl-
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methylsulfonyl fluoride (PMSF, Roche Science). 
After boiling for 5 min at 95°C three times, the 
lysates were centrifuged at 12,000 rpm for 15 
min at 4°C. The resulting supernatants were 
resolved by SDS-PAGE and transferred to nitro-
cellulose membranes. To block the membra- 
nes, 10% skim milk in TBST was used to reduce 
nonspecific background. Then, the membranes 
were incubated overnight at 4°C with primary 
antibodies. After washing with TBST three 
times, the membranes were incubated for 1 h 
at room temperature with HRP-conjugated sec-
ondary antibodies (Jackson), and then washed. 
Bound antibodies were detected by chemilumi-
nescence (Pierce, Rockford, IL, USA).

For immunoprecipitation (IP), 3 × 107 cells were 
lysed with lysis buffer containing 50 mM Tris-
HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40 
(NP-40), 1 mM EDTA and protease inhibitor for 
60 min at 4°C. Lysates were pre-cleared with 
protein A/G agarose beads. The supernatants 
were immunoprecipitated with specific antibod-
ies overnight at 4°C. Then, protein A/G agarose 
beads were added and samples were incubat-
ed for 45 min at 4°C. After three washes with 
RIPA buffer, immunocomplexes were analyzed 
by immunoblotting. The IP was done with PCAF 
(CST), Flag M2 affinity Gel (Sigma), p16 (BD 
Pharmingen) and GFP (Santa Cruz).

Quantitative real-time PCR analysis

Total RNA in GC cells was extracted using TRIzol 
(Invitrogen) after the cells were cultured at pH 
6.0, 6.5 and 7.0 for 24 and 48 hours, respec-
tively. The cDNA was reverse-transcribed from 
1 mg total RNA using a reverse transcriptase kit 
(Toyobo). Q-PCR was performed using a 7500 
Real-Time PCR System (Applied Biosystems) 
and SYBR Green PCR Master Mix (BioRad). 
GAPDH was used for normalization. Primer se- 
quences used were: AE1 5’-CCGCTTCATCTCC- 
CGCTAT-3’; 5’-TTGGGCACCATCAACACG-3’; GAP- 
DH 5’- CTCCTCCTGTTCGACAGTCAGC-3’; 5’-CC- 
CAATACGACCAAATCCGTT-3’; PCAF 5’-AACGC- 
AGGGAGCAGCAGT-3’; 5’-CAGGGTCCGTGATGG- 
TAG-3’.

Cell proliferation assays and cell cycle analysis

GC cells were transfected with empty vector or 
PCAF constructs and then counted and seeded 
in 6 well-plates. For cell proliferation, the num-
ber of cells was quantified at different times 

after transfection. For cell cycle analysis, GC 
cells were harvested, washed in PBS, and then 
fixed with 70% cold ethanol. Finally, cells were 
incubated with 50 μg/mL propidium iodide (PI) 
solution and 200 mg/ml RNase for 30 min at 
room temperature. DNA contents were ana-
lyzed using flow cytometry.

Cell fractionation

For nuclear and cytoplasmic fractionations, 1 × 
107 cells were washed twice with cold phos-
phate-buffered saline (PBS), then incubated in 
1 ml lysis buffer (10 mM HEPES, 1.5 mM MgCl2, 
10 mM KCl, 0.5 mM DTT, pH 7.9) on ice for 10 
min. After adding NP-40 to a final concentration 
of 0.2%, lysates were vortexed and centrifuged 
at 12,000 rpm for 20 min to collect the super-
natants (post-nuclear fraction) as “cytoplasmic 
protein”. The pellets containing the nuclear 
fraction were washed with lysis buffer without 
NP-40 and resuspended in 150 μL extraction 
buffer, and incubated for 20 min on ice. SDS 
lysis buffer (150 μL) was added to the nuclear 
proteins.

Immunofluorescence analysis

SGC7901 cells were transfected with empty 
vectors or PCAF constructs and grown on cov-
erslips. After 48 hours, the cells were fixed in 
4% paraformaldehyde for 15 min at room tem-
perature. The cells were washed in PBS three 
times and then incubated with anti-PCAF and 
anti-p16 antibodies overnight at 4°C. Alexa 
Fluor 488-conjugated goat anti-rabbit antibody 
and Alexa Fluor 594-conjugated goat anti-
mouse antibody (Invitrogen) were used as the 
secondary antibodies. The coverslips were pho-
tographed under a confocal microscope.

Ubiquitination assay

SGC7901 cells were transfected with empty 
vector or PCAF, HA-tagged ubiquitin, or Flag-
tagged AE1 constructs for 24 hours, and then 
treated with 10 μM MG132 for an additional 6 
hours. Cell extracts were incubated with Flag 
M2 affinity gel for 5 hours at 4°C. The proteins 
were separated from the beads and resolved 
by 10% SDS-PAGE gels, then analyzed by west-
ern blot with anti-HA antibody.

Statistical analysis

All data represent at least three independent 
experiments and are expressed as means and 
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standard errors of the mean. Determination of 
the significance of differences among groups 
was assessed using the Student’s t-test. P< 
0.05 was considered statistically significant. 
The log-rank test was used to generate p val-
ues of Kaplan-Meier survival analyses. Demo- 
graphic information of patients from the low 
PCAF and high PCAF groups was compared by 
χ2 test.

Results

Loss of PCAF function is associated with poor 
prognosis of GC patients

To explore the role of PCAF in GC development, 
PCAF expression in 210 tissue samples, 4 GC 
cell lines, and 1 human gastric mucosal epithe-
lial cell line was detected by immunohistochem-
istry (IHC) or western blot. Lower PCAF expres-
sion levels correlated with poor differentiation 
(Figure 1A; Supplementary Table 1) and higher 

GC grade (Figure 1B). These results were con-
sistent with those found in GC cell lines (Figure 
1C). Notably, GC patients with lower PCAF ex- 
pression levels had markedly reduced survival 
times relative to patients with high PCAF expr- 
ession levels (Figure 1D). Taken together, these 
findings indicate that impaired PCAF expressi- 
on might be associated with GC development.

PCAF impaired the interaction between AE1 
and p16 by interacting with and promoting 
degradation of AE1

We previously explored the direct interaction of 
AE1 and p16 in the cytoplasm, which is a key 
event in GC progression, and how targeting AE1 
could significantly inhibit GC growth in vitro and 
in vivo [28, 31-34]. We therefore hypothesized 
that PCAF could block AE1 and p16 interac-
tions. To test this possibility, PCAF expression 
constructs were transfected into SGC7901 
cells either alone or with AE1 expression con-

Figure 1. PCAF is downregulated in GC cells and loss of PCAF is correlated with poor differentiation and survival. 
A: Immunohistochemistry (IHC) of PCAF in non-cancer, WGC, and PGC tissues. B: Statistical analysis of the correla-
tion between PCAF expression and clinical stage of GC patients. C: Western blot analysis of PCAF expression in GC 
cells as indicated. D: Kaplan-Meier plots of overall survival of GC patients, stratified by PCAF expression. Data were 
obtained from the Kaplan-Meier plotter public database. The p value was calculated by a log rank test.
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structs and AE1 expression in the cells was 
detected. Western blots showed that overex-
pressed PCAF decreased both endogenous 
and exogenous expression of AE1, whereas 

PCAF knockdown increased expression of en- 
dogenous AE1 (Figure 2A). These results sug-
gested that PCAF affected AE1 expression by 
stabilizing the AE1 protein. To this end, SGC- 

Figure 2. PCAF impaired the interaction of AE1 and p16 by interacting with AE1 and promoting its degradation. 
Western blot showing: A: AE1 expression was downregulated in SGC7901 cells that overexpress PCAF (left) and 
was upregulated in cells transfected with PCAF-targeting siRNAs (right); B: AE1 protein was rapidly degraded in 
SGC7901 cells. Cells with or without PCAF transfection were treated with cycloheximide (CHX, 25 μg/ml) for the 
indicated time; C: AE1 expression in SGC7901 cells either treated or not with MG132 at different concentrations; 
D: Ubiquitination assay wherein AE1 and ubiquitin expression constructs were co-transfected with or without PCAF 
into SGC7901 cells, and AE1 ubiquitination was determined. Immunoprecipitation assay showed that: E: p16 (left) 
and PCAF (right) were pulled down by anti-Flag (AE1) antibody in SGC7901 cells, whereas AE1 was determined by 
anti-Flag antibody. Cells were transfected with AE1 expression constructs for 48 hours; F: Endogenous p16 (left) 
and AE1 (right) were pulled down by anti-PCAF antibody in SGC7901 cells; G: Endogenous PCAF (left) and AE1 (right) 
were pulled down by anti-p16 antibody in SGC7901 cells; H: SGC7901 cells were transfected with or without PCAF 
expression constructs for 48 hours. Whole cell lysates were immunoprecipitated by anti-p16 antibody and AE1 was 
detected by western blot.
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7901 cells were treated with cycloheximide 
(CHX) for different times to inhibit protein syn-
thesis. Compared with the control cells, AE1 
was rapidly degraded in cells transfected with 
PCAF expression constructs following inhibition 
of protein synthesis (Figure 2B).

A study by Patterson and Reithmeier reported 
that ectopically expressed AE1 was degraded 
through the ubiquitin proteasome pathway 
[35]. As such, we hypothesized that PCAF could 
decrease AE1 expression by promoting its ubiq-
uitination and subsequent proteasomal degra-

Figure 3. p16 competes with CDK4 for Cyclin D1 binding. A: PCAF promoted CDK4 translocation into nuclei of 
SGC7901 cells transfected with PCAF expression constructs for 48 hours. The cells were fractionated into nuclear 
and cytoplasmic fractions and CDK4 expression was detected by western blot. B: SGC7901 cells were transfected 
with PCAF expression constructs or empty vectors for 48 hours. Whole cell lysates were immunoprecipitated by anti-
p16 antibody and CDK4 and detected by western blot. C: PCAF does not affect Cyclin D1 expression in SGC7901 
cells transfected with PCAF expression constructs or empty vectors for 48 hours. D: PCAF impaired the interaction 
between Cyclin D1 and p16 in SGC7901 cells transfected with PCAF expression constructs or empty vectors for 48 
hours. Whole cell lysates were immunoprecipitated with anti-p16 antibody and Cyclin D1 was detected by western 
blot. E: PCAF promoted the interaction of p16 and CDK4 by sequestering Cyclin D1 in SGC7901 cells. Cells were 
transfected with or without PCAF expression constructs for 48 hours and whole cell lysates were immunoprecipi-
tated by anti-p16 antibody. PCAF, p16, CDK4 and Cyclin D1 expression was detected by western blot.
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dation. Western blotting of SGC7901 cells 
treated with the proteasome inhibitor MG132 
at different concentrations showed a dose-
dependent accumulation of AE1 (Figure 2C). 
Furthermore, ubiquitin-mediated degradation 
of AE1 was promoted by PCAF (Figure 2D). 

Taken together, these results suggested that 
PCAF-AE1 interactions might promote AE1 deg-
radation by the proteasome, and that the p16-
AE1 interaction could be impaired in the pres-
ence of PCAF. To test this possibility, PCAF, 
Flag-AE1, and p16 expression constructs were 

Figure 4. PCAF up-regulates p16 expression and promotes its nuclear localization. Western blot showing that: A: 
p16 expression was increased in SGC7901 and MKN45 cells with overexpressed PCAF; B: p16 expression was 
decreased in SGC7901 and MKN45 cells transfected with PCAF-targeted siRNAs; C: PCAF up-regulated GFP-p16 
expression in both SGC7901 and MKN45 cells. D: SGC7901 cells were transfected with PCAF and GFP-p16 expres-
sion constructs and the interaction was detected by co-immunoprecipitation. E: PCAF promoted the translocation of 
p16 into the nucleus in both SGC7901 (top) and MKN45 (bottom) cells transfected with PCAF expression constructs 
for 48 hours. The cells were fractionated into nuclear and cytoplasmic fractions and p16 expression was detected 
by western blot. F: PCAF knockdown impaired p16 translocation into the nucleus in both SGC7901 (top) and MKN45 
(bottom) cells transfected with PCAF-targeting siRNAs for 48 hours. The cells were fractionated into nuclear and 
cytoplasmic fractions and p16 expression was detected by western blot. G: Immunofluorescence showing that more 
p16 had a nuclear localization (green) in the presence of PCAF (red): a, p16 staining; b, PCAF staining; c, DAPI stain-
ing; d, merge of a, b and c profiles. White arrows indicate cells transfected with PCAF constructs and yellow arrows 
indicate cells without PCAF transfection; H: PCAF and p16 staining of serial GC tissue sections (left). Statistical 
analysis showing that PCAF levels correlated with nuclear p16 (right). *P<0.05.
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co-transfected into SGC7901 cells for 48 hours 
and the interaction of the three proteins was 
assessed by immunoprecipitation (IP). The 
results indicated that PCAF and p16 could be 
simultaneously pulled down by an anti-Flag 

antibody (Figure 2E). Furthermore, endogenous 
AE1 and p16 could be simultaneously pulled 
down by an anti-PCAF antibody (Figure 2F) or 
anti-p16 antibody (Figure 2G), whereas PCAF 
overexpression impaired the interaction bet- 

Figure 5. PCAF overexpression inhibited GC cell proliferation. (A) SGC7901 (top panel) and MKN45 (bottom panel) 
cells were transfected with PCAF expression constructs or empty vector for the indicated times before cell numbers 
were counted *P<0.05. (B) SGC7901 and MKN45 cells were transfected with PCAF expression constructs or empty 
vector for 48 hours and the cells were then seeded in 6-well plates and cultured for 7 days before the resulting 
colonies (top panel) were counted (bottom panel) and (C) flow cytometry was performed: (i) FACS analysis of cells 
transfected with empty vector (left) or PCAF expression constructs (right); (ii) Statistical analysis for (i); (iii) and (iv) 
The experimental design was the same as for (i) and (ii). *P<0.05. Three independent experiments were performed 
for the above assays.
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ween AE1 and p16 (Figure 2H). These results 
indicate that the activities of PCAF, AE1, and 
p16 are closely correlated.

PCAF promoted an interaction between p16 
and CDK4 and impaired the interaction of 
CDK4 with Cyclin D1

Given that p16 and Cyclin D1 are known to 
competitively interact with CDK4, we next eval-
uated the effect of PCAF on the p16-CDK4 
interaction or the interaction between CDK4 
and Cyclin D1. PCAF overexpression did not 
affect CDK4 expression, but instead facilitated 
its nuclear localization and interaction with p16 
(Figure 3A, 3B). On the other hand, Cyclin D1 
expression was not affected by overexpressed 

PCAF, although the interaction between CDK4 
and Cyclin D1 was impaired (Figure 3C, 3D). 
Furthermore, an anti-p16 antibody pulled down 
PCAF and CDK4 but not Cyclin D1 in cells that 
overexpressed PCAF (Figure 3E).

PCAF upregulated p16 expression and pro-
moted nuclear translocation of p16

We previously found that p16 was ectopically 
expressed in the cytoplasm of GC cells and was 
involved in GC progression. To address whether 
reductions in PCAF levels are associated with 
the cytoplasmic expression of p16, we explored 
the relationship between PCAF and p16. 
Enforced expression of PCAF in SGC7901 and 
MKN45 PGC cells upregulated p16 expression 

Figure 6. p16 knockdown impaired the PCAF-mediated inhibition of GC cell proliferation. (A) SGC7901 (top) and 
MKN45 (bottom) cells were (i) co-transfected with p16-targeting siRNAs and PCAF expression constructs or with 
PCAF transfection or empty vector alone for the indicated times before the cell numbers were counted. *P<0.05; 
(ii) Western blot showing PCAF and p16 expression in the same cells with the indicated transfection conditions; (B)
SGC7901 and MKN45 cells were transfected with PCAF expression constructs or co-transfected with p16-targeting 
siRNAs or empty vector alone for 48 hours before the cells were seeded on 6-well plates and cultured for 7 days. The 
resulting colonies are shown (top panel) and the colony number was counted (bottom panel). *P<0.05. (C) SGC7901 
(top line) or MKN45 (bottom line) cells were transfected with PCAF expression constructs or co-transfected with 
p16-targeting siRNAs or empty vector alone for 48 hours and the cell cycle stage was detected by flow cytometry: 
(i) FACS analysis in cells transfected with empty vector (left), PCAF expression constructs and p16-targeting siRNAs 
(middle) or PCAF expression constructs (right); (ii) Statistical analysis of (i); (iii) and (iv) The experimental design was 
the same as (i) and (ii). *P<0.05. Three independent experiments were performed for each of the above assays.
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(Figure 4A). Conversely, p16 protein levels were 
reduced when PCAF-targeted siRNAs were 
transfected into the same cells (Figure 4B). Fur- 
thermore, when GFP-p16 expression construc- 
ts were co-transfected into SGC7901 and MK- 
N45 cells with PCAF expression constructs, the 
GFP-p16 protein level was upregulated in PCAF-
overexpressing cells relative to cells transfect-
ed with empty vector (Figure 4C). However, the 

p16 mRNA levels were not changed by PCAF 
expression (data not shown). These results 
indicated that PCAF regulates p16 at the pro-
tein level.

Next, we used co-IP to test whether interac-
tions with PCAF stabilize the p16 protein. PCAF 
and p16 could indeed be pulled down by anti-
bodies specific to each protein (Figure 4D). In 

Figure 7. Upregulation of PCAF expression in cells cultured with lower pH or IFN-γ. (A) Western blot showing that 
PCAF expression was upregulated whereas AE1 was downregulated in SGC7901 (top) and MKN45 (bottom) cells 
exposed to low pH. Cells were cultured at the indicated pH for 48 hours; (B) Q-PCR determination of PCAF and AE1 
mRNA levels in SGC7901 and MKN45 cells. Cells were treated the same as in (A); (C) p16 nuclear translocation was 
promoted in SGC7901 (top) and MKN45 (bottom) cells after treatment with lower pH for 48 hours. The cells were 
fractionated into nuclear and cytoplasmic fractions and p16 expression was detected by western blot. (D) GC cell 
proliferation was inhibited under acidic culture conditions. (E) Western blot showing that PCAF and AE1 expression 
levels were upregulated and downregulated, respectively, in SGC7901 (top) and MKN45 (bottom) cells following 
treatment with IFN-γ for 48 hours. (F) Q-PCR detection of PCAF and AE1 mRNA levels in SGC7901 and MKN45 cells. 
Cells were treated the same as in (E). (G) The translocation of p16 into the nucleus was promoted in SGC7901 (top) 
and MKN45 (bottom) cells following treatment with IFN-γ for 48 hours. The cells were fractionated into nuclear and 
cytoplasmic fractions and p16 expression was detected by western blot. (H) GC cell proliferation was inhibited by 
treatment with IFN-γ.
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addition, forced expression of PCAF increased 
p16 expression and enhanced its nuclear tra- 
nslocation (Figure 4E). In contrast, PCAF knock-
down in SGC7901 and MKN45 cells led to PCAF 
downregulation and increased amounts of p16 
in the cytoplasm (Figure 4F). Immunofluores- 
cence experiments further confirmed a higher 
amount of nuclear staining of p16 in cells with 
PCAF overexpression (Figure 4G). IHC of 181 
serial sections from GC specimens showed a 
significant correlation between PCAF expres-
sion and p16 distribution, namely that nuclear 
distribution of p16 was observed in PCAF-
positive tissues, whereas a cytoplasmic distri-
bution of p16 was seen in PCAF-negative tis-
sues (Figure 4H).

PCAF overexpression inhibited proliferation 
and colony formation by PGC cells

The results presented here suggest that a 
novel PCAF-p16-CDK4 axis might be involved in 
inhibiting GC proliferation. To test this possibil-
ity, pCDNA3-PCAF constructs were transfected 
into PGC SGC7901 and MKN45 cells and cell 

ed with PCAF and pSiren-p16 grew faster than 
cells with PCAF transfection alone (Figure 6A, 
6B). Moreover, p16 knockdown increased the 
ratio of cells in the G1/S stage (Figure 6C). 
These results demonstrated that p16 is impor-
tant for PCAF-mediated GC inhibition.

PCAF levels were upregulated by acidic culture 
or IFN-γ treatment

To explore the underlying mechanism of PCAF 
loss in GC cells, we sequenced whole genomic 
DNA, including the PCAF gene, extracted from 
SGC7901 and MKN28 cells and found no muta-
tions (data not shown). Since intracellular alka-
linization appears to occur in GC cells [33], we 
cultured SGC7901 and MKN45 cells in acidic 
(Ph 6.0-7.0) conditions for 48 hours and then 
assessed PCAF expression by western blot. The 
PCAF mRNA and protein expression level of 
PCAF in the two GC cell lines both gradually 
increased with culture at lower pH conditions 
(Figure 7A, 7B). Meanwhile, we also observed 
downregulation of AE1 expression as well as 
upregulation and nuclear translocation of p16 

Figure 8. A proposed working model for PCAF-mediated ubiquitination of AE1 
that connects to the PCAF-p16-CDK4 pathway in GC cells. In the presence 
of lower pH or IFN-γ stimuli, PCAF expression in GC cells is upregulated. This 
elevation in PCAF levels promotes an AE1-PCAF interaction and ubiquitin-
mediated degradation of AE1. Meanwhile, PCAF could also interact with p16 
to upregulate its expression, and promote p16 nuclear translocation. Once 
in the nucleus, p16 can compete with Cyclin D1 for binding to CDK4, which 
leads to cell cycle arrest and inhibition of GC proliferation.

proliferation was determined. 
When both GC cell lines over-
expressed PCAF, cell growth 
and colony formation were 
inhibited compared with the 
control cells (Figure 5A, 5B). 
Furthermore, flow cytometry 
analysis showed that PCAF 
increased the percentage of 
GC cells in the G1/S stage of 
the cell cycle (Figure 5C). Ta- 
ken together, these results 
indicated that PCAF inhibits 
GC proliferation by inducing 
cell cycle arrest.

Knockdown of p16 blocked 
PCAF-mediated inhibition of 
GC proliferation

In light of the correlation bet- 
ween PCAF and p16, we as- 
ked whether p16 is crucially 
involved in PCAF-mediated GC 
suppression. We co-transfect-
ed pCDNA3-PCAF and pSiren-
p16 into SGC7901 and MK- 
N45 cells, and then determi- 
ned cell counts and colony 
numbers. Cells co-transfect-
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protein (Figure 7C). The AE1 and p16 mRNA lev-
els remained unchanged (Figure 7B and data 
not shown, respectively). Moreover, in response 
to increased PCAF levels induced following cul-
ture in acidic media, GC cell growth was inhib-
ited (Figure 7D).

We also examined the effect of IFN-γ on PCAF 
levels. As with acidic stimulation, IFN-γ treat-
ment enhanced the expression of PCAF mRNA 
and protein (Figure 7E, 7F), which in turn 
reduced AE1 levels and nuclear translocation 
of p16 (Figure 7G). Similar to acid treatment, 
INF-γ inhibited GC cell proliferation by upregu-
lating PCAF (Figure 7H). Based on these results, 
we propose a novel mechanism by which PCAF 
can mediate GC suppression (Figure 8).

Discussion

Cancers in different organs can have different 
molecular characteristics and the same mole-
cules in different types of tumors may have 
opposite functions. In this study, we provide 
direct evidence and show for the first time that 
the histone deacetylase PCAF is critically 
required for negative regulation of cell cycle 
progression that plays a key role in GC inhibi-
tion. In contrast to PCAF in lung and brain can-
cers, low expression levels of PCAF in GC tis-
sues are correlated with adverse clinicopathol- 
ogic features and strongly suggest that PCAF 
functions as a GC suppressor. Our data pre-
sented here demonstrated that PCAF inhibited 
GC growth by downregulating AE1 levels and 
upregulating p16 via direct interaction. The in- 
teraction between AE1 and p16 was first identi-
fied through yeast two hybridization screening 
and confirmed by pull-down and immunopre-
cipitation assay [28, 36]. Moreover, the role of 
this interaction in GC development was docu-
mented both in vitro and in vivo [32]. First, 
PCAF promotes degradation of AE1 by the ubiq-
uitin proteasome system that in turn interrupts 
the interaction between AE1 and p16 and 
increases the likelihood of p16 binding to PCAF. 
These results are consistent with our previous 
finding that GC patients with high AE1 expres-
sion had poorer overall survival time than those 
with low AE1 expression. Moreover, in animal 
experiments, mice treated with AE1-targeted 
siRNA had tumor incidences that decreased 
significantly from 68%-72% in the untreated 
control group to 15.8% in the siRNA treatment 

group [32, 37]. Second, the PCAF and p16 com-
plex can recruit CDK4 away from interactions 
with Cyclin D1, which subsequently inhibits cell 
proliferation.

Dysregulation of PCAF expression has been 
reported in various solid tumors, including co- 
lon, lung, and hepatocellular cancer, thus indi-
cating a strong link between PCAF tumor initia-
tion and progression [17, 38, 39]. Changes in 
the GC tumor microenvironment could be an 
essential cue to reduce PCAF levels during GC 
progression. Accumulating data confirmed that 
many immune system cytokines, such as CK- 
CL8 [40], IL-8 [41], and IFN-γ [42], were associ-
ated with GC development, while some other 
studies showed that reduced extracellular pH 
together with higher intracellular pH could pro-
mote GC cell invasion and growth [43-45]. Here 
we preliminarily addressed whether intracellu-
lar alkalinization and reduced immunity are 
involved in downregulating PCAF levels in GC 
cells.

Although many genes have been analyzed to 
understand the molecular bases for human GC, 
only a few genes show frequent alterations [46-
48]. Consistently, genetic alterations of PCAF, 
p16, and AE1 were not detectable in GC cells. 
As such, we propose that the aberrant loss of 
PCAF and storage of AE1 is associated with 
intracellular alkalinization and reduced IFN-γ 
secretion. Acidification of GC cells or IFN-γ 
treatment could induce PCAF expression that 
would eliminate the AE1-p16 interaction to re-
connect the PCAF-p16-CDK4 pathway and 
eventually inhibit GC growth and improve GC 
patient prognosis. This possibility is consistent 
with information in public databases showing 
that elevated PCAF expression levels are asso-
ciated with favorable prognosis and prolonged 
overall survival [30]. Hence, PCAF can be con-
sidered as a good marker for GC prognosis and 
may represent a novel treatment target.
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Supplementary Table 1. Lower expression of PCAF was correlated with poor differentiation

Clinicopathological feature Total PCAF Positive 
rate (%)

PCAF Weak positive 
rate (%)

PCAF Negtive 
rate (%) p value

Grade 210 0.000
    G1 97 0.76 0.22 0.02
    G2 88 0.43 0.45 0.11
    G3 25 0.12 0.56 0.32
Gender 204 0.578
    Male 139 0.55 0.37 0.09
    Female 65 0.57 0.31 0.12
Age (year) 195 0.082
    ≤60 114 0.61 0.32 0.08
    >60 81 0.44 0.43 0.12
Lump size 190 0.617
    ≤4 117 0.57 0.34 0.09
    >4 73 0.52 0.41 0.07
Lymph metastasis 211 0.222
    Negtive 69 0.52 0.33 0.14
    Positive 142 0.56 0.37 0.07
Blood vesselsmetastasis 210 0.111
    Negtive 201 0.56 0.35 0.09
    Positive 9 0.22 0.56 0.22
Lauren classification 215 0.007
    Intestinal type 84 0.54 0.31 0.15
    Diffuse type 110 0.57 0.36 0.06
    Mixed type 21 0.33 0.67 0.00
TNM staging 210 0.291
    0 9 0.67 0.22 0.11
    1 36 0.36 0.47 0.17
    2 71 0.58 0.31 0.11
    3 91 0.58 0.36 0.05
    4 3 0.67 0.33 0.00
Depth of invasion 201 0.292
    T1 15 0.47 0.40 0.13
    T2 40 0.45 0.40 0.15
    T3 97 0.57 0.33 0.10
    T4 49 0.59 0.39 0.02


