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Abstract

High-mobility group protein A2 (HMGAZ2) is highly expressed in hepatocellular car-
cinoma (HCC) cells and contributes to tumor metastasis and poor patient survival.
However, the molecular mechanism through which HMGAZ2 is transcriptionally reg-
ulated in HCC cells remains largely unclear. Here, we showed that the expression
HMGAZ2 was upregulated in HCC, and that elevated HMGA2 could promote tumor
metastasis. Incubation of HCC cells with epidermal growth factor (EGF) could pro-
mote the expression of HMGA2 mRNA and protein. Mechanistic studies suggested
that EGF can phosphorylate p300 at Ser1834 residue through the PI3K/Akt signal-
ing pathway in HCC cells. Knockdown of p300 can reverse EGF-induced HMGA2
expression and histone H3-K9 acetylation, whereas a phosphorylation-mimic p300
S$1834D mutant can stimulate HMGA2 expression as well as H3-K9 acetylation in
HCC cells. Furthermore, we identified that p300-mediated H3-K9 acetylation par-
ticipates in EGF-induced HMGA2 expression in HCC. In addition, the levels of H3-K9
acetylation positively correlated with the expression levels of HMGAZ2 in a chemically

induced HCC model in rats and human HCC specimens.
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1 | INTRODUCTION

Hepatocellular carcinoma is one of the malignant tumors with poor
prognosis, and ranked as the second leading cause of cancer-related
deaths worldwide.! The most important cause of death in HCC pa-
tients is the high metastatic capacity of HCC cell.?® Therefore, ex-
ploring the mechanisms of HCC metastasis will be helpful for the
prevention and treatment of HCC.

HMGAZ2 is a kind of non-histone chromatin protein that is widely
found in eukaryotes.* It contains three special at-hook structures,
which can bind to at-sequence-enriched regions on DNA, promote
or inhibit the expression of related target genes, and thus affect the
development of embryos.® Generally, HMGA2 is only highly ex-
pressed at the early stage of fetal development, and the expression
of HMGAZ2 can hardly be detected in normal adult tissues.®” A large
number of studies have shown that HMGA?2 is highly expressed in
most malignant tumors, and its expression level is closely related to
the degree of malignancy and metastasis, including breast, mela-
noma, colorectal and bladder cancer.®? More importantly, accumu-
lating evidence has shown that HMGAZ2 is highly expressed in HCC,
and that elevated HMGAZ2 predicts a high incidence of metastasis
and poor patient survival in HCC.1%2 For example, overexpression
of HMGAZ2 is an important contributor to the invasion of HCC cells,
while HMGA2 knockdown impaired the migratory capacity of tumor
cells in HCC.'**® However, the specific molecular mechanism of
HMGAZ2 transcriptional regulation in HCC cells is still unclear.

Acetylation of histone H3 is one of the most frequent epi-
genetic modifications that affects chromatin structure and gene
expression.***° It has been shown that histone deacetylase inhibi-
tion results in decreased HMGA2 transcription level and reduced
HMGA2 promoter binding to acetylated histone H3 in Hela cells.?®
This raised the possibility that histone H3 acetylation may be in-
volved in regulating HMGAZ2 transcription in HCC.

Epidermal growth factor receptor is a transmembrane tyrosine
kinase and frequently overexpressed in HCC.'”'® Persistent ac-
tivation of the EGFR signaling system has been implicated in liver
responses to injury and carcinogenesis.lc"20 Several studies have
shown that histone H3 acetylation in response to the activation of
EGFR was associated with gene transcription and tumorigenesis.?*2?
However, it remains unclear whether EGFR-mediated H3 acetylation
is involved in the transcription of HGMAZ2 in HCC. Here, our study
demonstrated that EGFR activation induces p300 phosphorylation
at Ser1834 via PIBK/Akt signaling pathway, then p300 can acetylate
histone H3 at residue K9, leading to high expression of HMGA2 in
HCC.

2 | MATERIALS AND METHODS
2.1 | Reagents and antibodies

The inhibitors used in this study were purchased from Cell

Signaling Technology. Rabbit polyclonal anti-HMGA2 antibody

(ab97276), rabbit polyclonal anti-Histone H3 antibody (ab1791),
rabbit polyclonal anti-Histone H3 (acetyl K9) antibody (ab10812),
rabbit polyclonal anti-Lamin B1 antibody (ab65986), HRP-
conjugated goat anti-rabbit 1gG (ab6721) and goat anti-mouse
1gG (ab205719) were all purchased from Abcam. Rabbit mono-
clonal anti-Akt antibody (#4691) and rabbit monoclonal anti-Akt
(phosphor Ser473) antibody were purchased from Cell Signaling
Technology. Rabbit polyclonal anti-p300 (phosphor Ser1834)
antibody (PA5-64531) was purchased from Thermo Fisher
Scientific, and all antibodies were diluted in accordance with
1:1000. Besides, Recombinant Human EGF Protein (236-EG) was
purchased from R&D systems.

2.2 | Celllines and cell culture

SNU-368, SNU-739, Huh-7 and HepG2 cells were obtained from the
Cell Bank of the Chinese Academy of Science. Cells were cultured in
DMEM supplemented with 10% FBS (HyClone) at 37°C in a humidi-
fied incubator containing 5% CO,.

2.3 | Plasmid construction, mutagenesis and
transfection
Histone H3-depleted cells were generated as previously described.?®
Briefly, pGIPZ Histone H3 shRNA was generated with CCT ATG AAA
GGA TGC AATA. The pGIPZ control was generated with control oli-
gonucleotide GCT TCT AAC ACC GGA GGT CTT. Then, SNU-368
cells were plated at a density of 4 x 10°/60-mm dish 18 hours prior
to transfection. Transfection was carried out using HyFect reagents
according to the vendor’s instructions. Two days after infection,
Histone H3-depleted cell populations were selected with 2 pug/mL
puromycin (Sigma-Aldrich) for 14 days.

pcDNA 3.1/hygro (+)-Histone H3 K9R was made by using the
QuikChange site-directed mutagenesis kit (Stratagene). Cells were
then transfected with WT Histone H3 or Histone H3 K9R mutant.
Twenty-four hours after transfection, these cells were incubated in
the presence or absence of EGF (100 ng/mL) for 12 hours.

2.4 | Western blot analysis

Cells or liver tissue were extracted using ice-chilled RIPA lysis
buffer containing 50 mmol/L Tris-HCI (pH 8.0), 150 mmol/L NaCl,
0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40, 5 mmol/L EDTA,
0.25 mmol/L PMSF and protease inhibitor cocktail. The concentra-
tion of protein was determined using the BCA kit (Pierce). Protein
samples were denatured and separated by SDS-PAGE. When the
protein is completely separated, it is transferred to a methanol-
activated PVDF membrane. The membrane was then blocked in
5% skim milk powder or 3% BSA for 1 hour at room temperature.
After blocking, the PVDF membrane was then incubated with the
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corresponding primary and HRP-conjugated secondary antibod-
ies. Finally, ECL plus reagent was used in the FluorChem E (Protein
Simple) imager to detect blotting.

2.5 | Real-time PCR

RNA from cancer cells and rat liver tissues was extracted using
TRIzol reagent (Invitrogen). Complementary DNA was synthesized
by using random hexamers and MMLYV reverse transcriptase accord-
ing to the manufacturer’s instructions (Takara). Real-time PCR was
carried out using 2x SYBR Green PCR Master Mix (Promega) on an
ABI7500 sequence detection system (Applied Biosystems). The set-
ting procedures were as follows: 95°C, predenaturation for 5 min-
utes, 95°C for 15 seconds, 60°C for 1 minute, a total of 40 cycles.
GAPDH was used as an internal control. The relative expression
level of HMGA2 was calculated by the 2724t method. The primer
sequences used were as follows: human HMGA2, 5'-TCC CTC TAA
AGC AGC TCA AAA-3' (sense) and 5-ACT TGT TGT GGC CAT TTC
CT-3' (antisense); human GAPDH, 5-GAC CCC TTC ATT GAC CTC
AAC-3' (sense) and 5'-CTT CTC CAT GGT GGT GAA GA-3' (anti-
sense); rat HMGA2, 5'-ATC CCG TCT CCC GAA AGGT-3’ (sense) and
5'-CTC GGT TGG ACA CTC GGGA-3' (antisense); rat GAPDH, 5'-
GAC AAC TTT GGC ATC GTG GA-3' (sense) and 5-ATG CAG GGA
TGA TGT TCT GG-3' (antisense).

2.6 | Chromatin immunoprecipitation

A ChIP assay was carried out using the SimpleChlIP Plus Enzymatic
Chromatin IP Kit (Agarose Beads) (#9004S; Cell Signaling Technology)
according to the manufacturer’s protocols. DNA was eluted and pu-
rified from the complexes and then amplified by PCR using prim-
ers specific for the HMGA2 promoters. The following primers were
used for real-time quantitative PCR after ChIP assay: region 1 (-288
to -164), 5'-GCA CGATTG GCA GTT AGG AA-3' (sense) and 5'-GAG
GGA GGG GTC TAA CAG GA-3' (antisense); region 2 (-936 to -838),
5-AGG CAG AAG GTT AAA TCG-3' (sense) and 5"-ATG TTC CCA
GGG TAA AGG-3' (antisense); region 3 (-1380 to -1252), 5'-GAG
GCG GAG TAC GGC TGT CA-3' (sense) and 5'-TCT ACC GTG CCG
AGC CAA CA-3' (antisense). Three replicates for each experimental
point were carried out. Results were normalized using the internal

control 1gG.

2.7 | Animals and experimental design

Male Sprague-Dawley rats (6-week-old) and male athymic
BALB/c nu/nu mice (5-week-old) were purchased from Beijing
Weitong Lihua Animal Co. All animal procedures were carried
out in accordance with the guidelines of the Institutional Animal
Care and Use Committee of Henan University. During the ex-

periment, all animals were housed at 20-24°C with a relative
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humidity of 50 + 10% and a light/dark cycle of 12 hours. The ani-
mals were fed with sufficient water and food every day. Before
experimental procedures, all animals were allowed to adapt to
the environment for a week.

Rat model of HCC was induced by DEN. Briefly, the rats were
intraperitoneally injected with 50 mg/kg DEN once a week for
16 weeks. Rats in the control group were intraperitoneally in-
jected with normal saline. At the end of the experiment, all
animals were killed and their livers were removed. Some livers
were fixed with 4% paraformaldehyde and used for immunohis-
tochemistry. The rest was stored at -80°C for western blot and
real-time PCR.

In the lung metastasis experiment, we randomly divided BALB/c
mice into five groups with 10 mice in each group: H22/sh-vector,
H22/HMGA2-KD1 (KD, knockdown), H22/HMGA2-KD2, H22/vec-
tor, H22/HMGA2-OE (HMGA2 overexpression). Then 1 x 10° cells
transfected with the plasmids of vector, HMGA2 shRNA or HMGA2
overexpression were injected into the lateral caudal vein of each
mouse. To ensure that the mice had prominent nodules in their lungs,
pulmonary metastasis was allowed to develop for 6 weeks. Then the
mice were killed and their lungs were removed. After 1 day of fixa-
tion with 4% paraformaldehyde, the number of nodules on the lung

surface of the mice in each group was counted.

2.8 | Human tissue specimens

Between 2014 and 2018, we obtained matched pairs of HCC and
adjacent non-tumor tissues from 39 patients from the First Affiliated
Hospital of Henan University. Use of patient tissues was approved
by the hospital research ethics committee, and informed consent
was obtained from all enrolled patients.

2.9 | Immunohistochemical staining

Tissues were dehydrated and embedded in paraffin after fixa-
tion with paraformaldehyde. The paraffin-embedded tissues were
then cut into pieces (4 pm) and placed on polylysine-coated slides.
IHC was incubated overnight with HGMA2 antibody (1:100) or
acetyl-histone H3 antibody (1:100) at 4°C overnight. Then the
slides were washed 3 times with PBS and streptavidin-bound
HRP antibody was incubated for 1 hour at room temperature.
Subsequently, DAB was used as chromogen and DAB was devel-
oped. Immunoreactivity was examined under a light microscope.
Two independent pathologists analyzed the expression of the
target protein by visualizing the brown-stained section. Staining
intensity was scored on a scale of 0-3:0 (negative), 1 (weak), 2
(moderate), or 3 (strong). Staining extent was scored as follows:
0, if no tumor sections were stained; 1, if <1% of sections were
stained; 2, if 2%-10% of sections were stained; 3, if 11%-30% of
sections were stained; 4, if 31%-70% of sections were stained; 5,

if 71%-100% of sections were stained. The staining intensity and
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staining extent scores were then added to calculate the final stain
score (0-8) for each tissue.

2.10 | Statistical analysis

Statistical analyses were carried out using GraphPad Prism 5.0
(GraphPad Software, Inc.). All data are presented as means + SEM.
Statistical significance of the difference between the two groups
was tested by an unpaired, two-tailed Student’s t test. One-way
analysis of variance (ANOVA) followed by Tukey or Dunnett’s post-
tests was used to compare means of multiple experimental groups.

P < .05 was considered to be significant.

3 | RESULTS

3.1 | HMGAZ2 is overexpressed and promotes tumor
metastasis in HCC

Before exploring the molecular mechanism of HMGAZ2 transcrip-
tional regulation in HCC cells, we first collected 39 matched HCC
tissues and adjacent non-tumor tissues and examined the expression
of HMGAZ2. As the results of IHC shown in Figure 1A, the expres-
sion of HMGAZ2 in human HCC tumor tissues was higher than that
in adjacent tissues. Moreover, we then established a HCC model by
injecting DEN into rats and detected the expression of HMGAZ2.
Through real-time PCR and western blotting, we found that mRNA
and protein expression of HMGAZ2 in the livers of DEN-treated rats
were significantly upregulated (Figure 1B, C). The results of IHC fur-
ther showed overexpression of HMGAZ2 protein in the livers of DEN-
treated rats (Figure 1D). In order to explore the role of HMGA2 in
the metastasis of HCC, we established HMGA2-overexpressing and
HMGA2-knockdown H22 cells (Figure 1E). These cells were then in-
oculated into the lateral tail vein of BALB/c mice. After 6 weeks, we
counted the lung metastases nodules. As the results showed, over-
expression of HMGAZ2 increased the number of tumor metastatic
nodules, while knockdown of HMGAZ2 significantly reduced the
number of lung metastasis (Figure 1F, G). Obviously, these results
suggested that overexpression of HMGA?2 in HCC can promote the
metastasis of HCC.

3.2 | EGF promotes HMGAZ2 transcription in HCC
through the PIBK/AKT signaling pathways

Next, we investigated whether EGF promoted the expression of
HMGA2. We stimulated SNU-368, SNU-739, Huh-7 and HepG2
cells with EGF, and detected the protein level of HMGA2. We found
that the mRNA and protein expression levels of HMGAZ2 in HCC cells
were significantly upregulated after treatment with 100 ng/mL EGF
(Figure 2A,B). To determine whether EGF-induced HMGA?2 overex-
pression is dependent on EGFR activation, we pretreated SNU-368
cells with 20 umol/L AG1478 (an inhibitor of EGFR tyrosine kinase)
30 minutes prior to coincubation with 100 ng/mL EGF for 12 hours.
Through real-time PCR and western blot, we found AG1478 could
reverse the upregulation of HMGA2 mRNA and protein levels in-
duced by EGF (Figure 2C, D).

EGFR carries out its biological functions through activation of
the Src-JAK-STAT3, Ras-Raf-MEK-ERK, and PI3K-Akt-mTOR path-
ways.17’24 To explore the pathways by which EGF induces HMGA?2
expression in HCC cells, we examined the effects of AG490
(20 umol/L, a JAK inhibitor), PD98059 (20 umol/L, a MEK inhibitor),
and MK2206 (10 umol/L, an Akt inhibitor) on EGF-induced HMGA2
mRNA and protein expression in HCC cells. As the results showed,
pretreatment with MK2206 can reverse EGF-induced HMGA2
mRNA and protein expression in SNU-368 cells (Figure 2C, D) after
coincubation with 100 ng/mL EGF for 12 hours, while AG490 and
PD98059 had no significant effect on EGF-induced HMGA2 mRNA
and protein expression (Figure 2E, F). These results clearly demon-
strate that EGF promoted HMGA2 expression through PI3K/Akt
pathways.

3.3 | Akt-dependent p300 phosphorylation
mediates the EGF-induced increase in HMGA2
transcription in HCC

Previous literature has shown that EGFR phosphorylates the p300
Ser1834 residue through the PISK/AKT pathway, thereby promoting
the expression of the relevant gene.25 Therefore, we then investi-
gated whether Akt-dependent phosphorylation of p300 is involved
in EGF-induced HMGAZ2 transcriptional expression. First, we incu-
bated SNU-368 cells using EGF and detected the phosphorylation

FIGURE 1 High-mobility group protein A2 (HMGAZ?2) is upregulated and promotes tumor metastasis in hepatocellular carcinoma (HCC).
A, IHC suggests that HMGAZ2 expression was increased in tumor tissues compared to adjacent non-tumor tissues, **P < .01, two-tailed
unpaired t test, n = 39 per group. Scale bar, 100 um. B, Real-time PCR assay shows that mRNA expression of HMGA2 was upregulated

in the livers of diethylnitrosamine (DEN)-treated rats. ***P < .001 compared to normal rats, two-tailed unpaired t test, n = 8 per group.

C, Western blot analysis shows that the protein expression of HMGA2 was upregulated in the livers of DEN-treated rats. ***P < .001

compared to normal rats, two-tailed unpaired t test, n = 6 per group. Lamin B1 was used as an internal control. D, IHC suggests that HMGA2
expression in the livers of DEN-rats was enhanced compared to normal rats, ***P < .001, two-tailed unpaired t test, n = 8 per group. Scale
bar, 100 um. E, Western blot analysis of HMGAZ2 protein level in HMGA2-overexpressing and HMGA2-knockdown H22 cells. Vec, vector;
OE, overexpression; KD, knockdown; **P < .01, ***P < .001, one-way ANOVA, n = 5 independent experiments per group. Lamin B1 was
used as an internal control. F, Overexpression of HMGAZ2 increased the number of tumor metastatic nodules in tumor-bearing mice. Left,
representative photos of metastatic lung nodules; right, quantification of the lung nodules. ***P < .001, two-tailed unpaired t test, n = 10 per
group. G, Knockdown of HMGAZ2 reduced the number of lung metastases in tumor-bearing mice. Left, representative photos of metastatic
lung nodules; right, quantification of the lung nodules. **P < .01, ***P < .001, one-way ANOVA, n = 10 per group
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FIGURE 2 Epidermal growth factor (EGF) promotes high-mobility group protein A2 (HMGA2) expression through the PI3BK/AKT
signaling pathway in hepatocellular carcinoma (HCC). EGF induced a significant increase in HMGA2 mRNA (A) and protein expression (B) in
SNU-368, SNU-739, Huh-7 and HepG 2 cells. *P < .05, **P < .01, ***P < .001 compared to control group, one-way ANOVA, n = 6 per group.
Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor AG1478 (20 umol/L) could reverse EGF-mediated upregulation of HMGA2
mRNA (C) and protein (D) expression in SNU-368 cells. ***P < .001 compared to control group, one-way ANOVA, n = 6 per group. EGF-
induced upregulation of HMGA2 mRNA (E) and protein (F) can be blocked by Akt inhibitor MK2206 (10 umol/L) in SNU-368 cells, whereas

JAK inhibitor AG490 (20 umol/L) and MEK inhibitor PD98059 (20 umol/L) have no effects on EGF-induced HMGA2 mRNA and protein

expression. **P < .01, ***P < .001, one-way ANOVA, n = 6 per group

p300 Ser1834 residues were evaluated in SNU-368 cells, respec-
tively. The results showed that when SNU-368 cells were pretreated
with AG1478 or MK2206 for 30 minutes followed by coincubation
with 100 ng/mL EGF for 2 hours, EGF-induced increase in the phos-
phorylation of p300 Ser1834 could be reversed by both of these
two inhibitors (Figure 3C). These data indicate that EGF phosphoryl-
ates p300 at S1834 site by the PI3K/Akt signaling pathway in HCC.
Subsequently, we examined whether p300 participates in EGF-
induced upregulation of HMGA2 expression in HCC. As the results
showed, knockdown of P300 with shRNA could reverse EGF-
enhanced HMGA2 mRNA and protein in SNU-368 cells (Figure 3D,
E). To verify that p300 phosphorylation at the Ser1834 siteisinvolved
in EGF-induced expression of HMGA2 protein and mRNA levels, we
constructed a Flag-tagged WT p300, a phosphorylation-defective
p300 S1834A mutant and a phosphorylation-mimic p300 S1834D
mutant was then transfected into SNU-368 cells. After transfection

for 24 hours, we detected the expression of HMGA2 mRNA and

protein. Results showed that only a phosphorylation-mimic p300
S$1834D mutant can stimulate HMGA2 mRNA and protein expres-
sion in SNU-368 cells (Figure 3F, G). To gain insight into the mech-
anism underlying HGMAZ2 transcription, we then designed 3 paired
primers covering the 1.5 kb promoter region and carried out gPCR to
examine whether p300 binds to HGMA2 promoter. Through chro-
matin immunoprecipitation assay, we found that EGF stimulation re-
sulted in p300 enrichment at the HMGA2 promoter region 1 (-288
to -164) and region 2 (-936 to -838) in SNU-368 cells (Figure 3H).

3.4 | P300-dependent acetylation of histone H3 K9
is required for EGFR-mediated HMGAZ2 transcription
in HCC

Acetylation of histone H3 K9 in response to EGFR activation

was associated with gene expression and tumorigenesis.22 As an
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FIGURE 3 Akt-dependent p300 phosphorylation mediates epidermal growth factor (EGF)-induced increase in high-mobility group
protein A2 (HMGAZ2) transcription in SNU-368 cells. Western blot analysis suggests that EGF induced an increase in the level of Akt Ser473
(A) and p300 Ser1834 (B) phosphorylation in SNU-368 cells. *P < .05, **P < .01, ***P < .001, one-way ANOVA, n = 6 per group. C, EGF-
induced increased phosphorylation levels of p300 at Ser1834 was attenuated by 20 umol/L AG1478 (an EGFR tyrosine kinase inhibitor) and
MK2206 (an Akt inhibitor) after 2 h coincubation in SNU-368 cells. Gefi, Gefitinib; MK, MK2206. **P < .01, ***P < .001, one-way ANOVA,

n = 5 per group. Knockdown of p300 with two specific ShRNAs could reverse EGF-induced HMGA2 mRNA (D) and protein (E) expression in
SNU-368 cells, ***P < .001, one-way ANOVA, n = 6 per group. Expression of a phosphorylation-mimic p300 $1834D mutant could induce
HMGA2 mRNA (F) and protein (G) in SNU-368 cells. ***P < .001, one-way ANOVA, n = 6 per group. H, ChIP analysis shows the amounts of
p300 recruited to the HMGA2 promoter regions in SNU-368 cells treated with or without 100 ng/mL EGF for 12 h. *P < .05, **P < .01, two-

tailed unpaired t test, n = 5 per group
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acetyltransferase, p300 can enhance the acetylation of histones H3
K9, leading to activation of target gene expression.?®?” Therefore,
we supposed that p300-dependent acetylation of histone H3 K9
is required for EGFR-mediated HMGAZ2 transcription in HCC. To
test this hypothesis, we first stimulated SNU-368 cells with EGF to
see if it could induce the acetylation of histone H3 K9. As shown
in Figure 4A, the acetylation level at the K9 site was significantly
upregulated when EGF was applied to SNU-368 cells. Then, we
knocked down p300 using shRNA and examined the level of H3 K9
acetylation induced by EGF treatment. As expected, knockdown of
p300 can attenuate the EGF-induced increased level of H3 K9 acet-
ylation in SNU-368 cells (Figure 4B). Moreover, we also transfected
a Flag-tagged WT p300, a phosphorylation-defective p300 S1834A
mutant and a phosphorylation-mimic p300 S1834D mutant into

(A) EGF (100 ng/ml) (B)

SNU-368 cells and examined the level of histones H3 K9 acetylation.
As the results showed in Figure 4C, only a phosphorylation-mimic
p300 S$1834D mutant can stimulate histones H3 K9 acetylation in
SNU-368 cells. Together, these results suggested that histones H3
K9 acetylation depends on EGF-mediated p300 phosphorylation at
the 51834 site.

To explore the significance of histone H3-K9 acetylation in
EGF-induced HMGA?2 expression, we replaced histone K9 site with
arginine to construct the H3 K9R mutant and expressed it into en-
dogenous H3-depleted SNU-368 cells to detect the role of H3-K9
acetylation in EGF-induced HMGAZ2 expression. As the results
showed, mutation of K9 of histone H3 into arginine abrogated EGF-
induced mRNA and protein expression of HMGA2 (Figure 4D, E).
Meanwhile, chromatin immunoprecipitation results also showed
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FIGURE 4 p300-Dependent acetylation of histone H3 is required for epidermal growth factor receptor (EGFR)-mediated high-mobility
group protein A2 (HMGAZ2) transcription in SUN-368 cells. A, Epidermal growth factor (EGF) treatment induced a significant increase in
H3-K9 acetylation in SNU-368 cells, ***P < .001, one-way ANOVA, n = 6 per group. B, Knockdown of p300 reversed EGF-induced H3-K9
acetylation in SNU-368 cells. C, control; E, EGF; #q, shp300#1; #2, shp300#2. **P <.01, ***P < .001, one-way ANOVA, n = 5 per group.

C, Expression of the phosphorylation-mimic p300 S1834D mutant induced a higher expression of H3-K9 acetylation in SNU-368 cells.

***P < .001, one-way ANOVA, n = 5 per group. Reconstituted expression of RNAi-resistant histone H3-K9R abrogated EGF-induced mRNA
(D) and protein (E) expression of HMGAZ2 in endogenous H3-depleted SNU-368 cells. ***P < .001, one-way ANOVA, n = 5 per group. F, ChIP
analysis shows that EGF treatment resulted in enhanced H3-K9 acetylation at the HMGA2 promoter region 1 and region 2 in SNU-368 cells.

***P < .01, two-tailed unpaired t test, n = 5 per group
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that EGF stimulation can lead to increased acetylation of H3 K9 at
HMGA2 promoter in SNU-368 cells (Figure 4F). In in vivo experi-
ments, we detected the acetylation level of histone H3 K9 in DEN-
induced rat liver tissues using western blot and IHC. Through these
two methods, we observed an enhanced acetylation level of histone
H3 K9 in the livers of DEN-treated rats (Figure 5A, B). Subsequently,
to explore whether HMGA?2 expression correlates with H3K9Ac
level in the rat model of HCC, we carried out immunohistochemistry
analyses of the livers of DEN-treated rats with antibodies against
H3-K9 acetylation and HMGAZ2. As expected, the expression of
HMGAZ2 was significantly positively correlated with H3-K9 acetyla-
tion (Figure 5C, D). To define the clinical relevance of our finding that
H3-K9 acetylation regulates HMGAZ2 transcription, we also carried
out immunohistochemistry analyses of 39 human HCC tumor spec-
imens. As the results showed, the levels of H3-K9 acetylation were

also positively correlated with the expression levels of HMGA2,
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quantification of the staining showed that these correlations were
significant (Figure 5E, F). Taken together, these results suggest that
p300-dependent acetylation of histone H3 K9 is necessary for EGF-
induced HMGAZ2 expression in HCC.

4 | DISCUSSION

Overexpression of HMGAZ2 is present in many epithelial malignan-
cies, such as pancreatic cancer, breast cancer, ovarian cancer, oral
squamous cell carcinoma and lung cancer.2 Accumulating evidence
has suggested HMGA2 functions as a tumor promoter, which can
promote tumor metastasis and enhance the formation of EMT.*228
For example, HMGAZ2 can induce enhanced transcription of Twist1
and Snail by directly binding to the critical element of endogenous
target promoters, resulting in EMT:?%%° the silencing of HMGA2
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FIGURE 5 Histone H3 K9 acetylation is positively correlated with high-mobility group protein A2 (HMGA?2) expression in hepatocellular
carcinoma (HCC). A, Western blot analysis shows that acetyl-H3 K9 expression was upregulated in the livers of diethylnitrosamine (DEN)-
treated rats. **P < .01 compared to normal rats, two-tailed unpaired t test, n = 8 per group. B, Immunohistochemistry (IHC) suggested

that acetyl-H3 expression in the livers of DEN-rats was enhanced compared to normal rats, **P < .01, two-tailed unpaired t test, n = 8 per
group. Scale bar, 100 um. C, Representative photos of IHC of DEN-treated rat livers with anti-acetyl-H3-K9 and HMGA2 antibodies. Scale
bar, 100 um. D, Level of H3-K9 acetylation correlated with the expression levels of HMGAZ2 in DEN-treated rats; Pearson product moment
correlation test. E, Representative photos of IHC of 39 HCC specimens with anti-acetyl-H3-K9 and HMGAZ2 antibodies. Scale bar, 100 um.
F, Level of H3-K9 acetylation correlated with the expression levels of HMGAZ2. Pearson product moment correlation test; note that some of
the dots on the graphs represent more than one specimen (ie, some scores overlapped)
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HMGA2 Expression

FIGURE 6 Schematic representation of epidermal growth factor (EGF)-mediated high-mobility group protein A2 (HMGAZ2) transcription
in hepatocellular carcinoma (HCC) cells. EGF can induce p300 phosphorylation at the Ser1834 site through activation of the PISBK/AKT
signaling pathway in HCC; p300 subsequently catalyzes histone H3 acetylation at K9 residues, leading to HMGA?2 transcription in HCC.

EGFR, epidermal growth factor receptor

expression inhibited glioblastoma invasion by repression of the tran-
scription of the MMP2 gene.31 Similarly, highly expressed HMGA?2
was also observed in HCC cells, and the elevated expression of
HMGA?2 could promote HCC cell migration and invasion.*®*? In sup-
port of these studies, we also observed an abnormal expression of
HMGAZ2 in the livers of DEN-treated rats; overexpression of HMGA2
increased the numbers of tumor metastatic nodules in a mouse model
of lung metastasis.

Recently, several lines of reports focused on the regulation of
HMGA expression have emerged. For example, long non-coding
RNA VPS9D1 antisense RNA 1 (VPS9D1-AS1) promotes HMGA2
expression by sponging miR-532-3p in NSCLC cells.®? Oxidized
low-density lipoprotein receptor 1 (OLR1) increased HMGAZ2 tran-
scription by upregulating c-Myc expression in pancreatic cancer
cells.®® However, the mechanism underlying which regulates the
transcriptional expression of HMGA2 in HCC cells remains largely
unclear. Here, our findings suggested EGF stimulation can promote
HMGAZ2 expression at the transcriptional level via activation of PI3K/
Akt signaling pathways in HCC cells. In support of our results, Voon
et al found that exposure of murine gastric epithelial (GIF-14) cells to
EGF led to increased HMGA2 transcription.®* Certainly, we cannot
rule out other mechanisms involved in the regulation of HMGA2 ex-
pression in HCC. In fact, several IncRNAs, such as HULC, LSINCTS5,
LINC00473, SNHG16 and EGOT, have been found to promote

HMGA2 expression in HCC.1%5-38 | addition, a series of microRNAs
(miRs or miRNAs) including miR-663a, miR-107, microRNA-337 and
microRNA-9 could inhibit HCC progression through suppression of
HMGA2 expression.374

Abnormal expression of p300 has been identified in esopha-
geal squamous carcinoma, NSCLC cells and HCC.*?*4 Numerous
studies have demonstrated p300 was associated with enhanced
EMT and correlates with poor prognosis in these cancers.*?4*
Overexpression of p300 promotes cell proliferation, migration,
and invasion in NSCLC cells:*® knockdown of p300inhibited EMT,
invasion and other malignant events of HCC cells.** However,
we must note that p300 may act as a suppressor of tumor metas-
tasis in some cancers. For example, Wang et al*® have reported
that p300 can acetylate JHDM1A to inhibit the growth and me-
tastasis of osteosarcoma. Acting as a transcriptional coactiva-
tor, p300 performs these functions through altering chromatin
structure to stimulate tumor-related gene transcription.***” In
detail, p300 controls this gene expression by transferring an
acetyl group to lysine residues on histones and non-histone pro-
teins.*® Consistent with these reports, we demonstrated that
p300 could acetylate histone H3 at K9 and promote HMGA2
transcription in HCC. To the best of our knowledge, we disclosed
for the first time that p300 can stimulate HMGAZ2 expression at

the transcriptional level. As an acetyltransferase, the catalytic



LIANG ET AL.

activity of p300 can be regulated by post-translational modifica-
tion including methylation, acetylation as well as phosphoryla-
tion at some critical sites.*® For instance, a wide array of protein
kinases, such as PKA, PKB, PKC, and mitogen-activated protein
kinases can catalyze p300 phosphorylation at specific sites, re-
sulting in activation or repression of target gene expression.“&49
Here, we also demonstrated that Akt could phosphorylate p300
at the S1834 site to enhance the activity of p300, which pro-
motes HMGAZ2 transcription in HCC cells. In support of our find-
ings, Srivastava et al also demonstrated that Akt could directly
phosphorylate p300 at S1834 in response to EGF stimulation in
lung cancer cells.?®

Histone H3 acetylation has been shown to participate in the
regulation of transcriptional activity by altering the structure of
chromatin.>® In generally, hyper-acetylation is largely associated
with the activation of gene transcription, while hypo-acetylation
means repression of gene expression. For example, altered levels
of acetylation of H3 at lysine (K) 4, 9, 14, 27 have been correlated
with tumor progression and metastasis in a variety of cancers.>!
Histone H3 acetylation can be achieved by two groups of enzymes
with opposing functions: HAT and HDAC.*® Here, we identified
that p300, one member of the HAT family, can add acetyl moi-
eties to K9 residues upon EGFR activation in HCC, resulting in the
activation of HMGAZ2 transcription. Certainly, we cannot exclude
that other histone H3 lysine residues, including H3K18, H3K27,
and H3K56, participate in p300-induced HMGA2 transcription,
because H3K18, K27, and K56 are also reported as the targets
of p300. In addition, there is another limitation that other HAT or
HDAC are involved in catalyzing H3 K9 acetylation that existed in
the present study, because Yang et al®® suggested that EGF stim-
ulation promotes HDAC3 removal from histone H3 and facilitates
subsequent H3-Lys9 acetylation. Indeed, these limitations need to
be further explored.

In conclusion, we first showed that EGF can induce p300 phos-
phorylation at the Ser1834 site through activation of the PISK/AKT
signaling pathway in HCC; p300 subsequently catalyzes histone H3
acetylation at K9 residues, leading to HMGA2 transcription in HCC
(Figure 6).
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