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Introduction

Alterations of histone deacetylases (HDACs) have been found in
various types of cancers [1]. Among HDAC family members, HDACG is
the only HDAC that possesses two functional deacetylase domains and
participates in multiple functions including autophagy, mRNA stability,
co-repression of transcription, etc. [2,3]. HDACG is able to promote
oncogenic transformation [4], and has been also found to increase cell
migration and invasion in liver cancer cells [5,6]. Controversially, in clinic,
HDACG suppresses neoplastic and antiphagocytic behaviors in hepatocellular
carcinoma (HCC) [7] through activation of c-Jun NH2-terminal kinase-
mediated beclin 1-dependent autophagic cell death [5,8]. In general, HDACG6
is mainly localized in the cytoplasm and is regarded as a tubulin-specific
deacetylase [9,10]. HDACG exerts different functions in the nucleus. For
example, HDACG enters the nucleus and interacts with survivin to regulate its
acetylation status and to promote its nuclear exit, thus blocking programmed

Abbreviations: HDACG6, Histone deacetylase 6; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; PCR, Polymerase chain reaction; IE Immunofluorescence;
IB, Immunoblotting; IP  Immunoprecipitation; ~RNP-IP  Ribonucleoprotein
immunoprecipitation; EGFR, Epidermal growth factor receptor; HCC, hepatocellular
carcinoma; HuR, Human antigen R; 3’UTR, 3’ untranslated region.

* Corresponding author at: Aging and Disease Prevention Research Center, Department
of Medical Laboratory Sciences and Biotechnology, Fooyin University, No.151, Jinxue Rd.,
Daliao Dist., Kaohsiung City, 83102, Taiwan.

E-mail address: glycosamine@yahoo.com.tw (Y.-T. Yeh).

Received 8 June 2022; accepted 12 October 2022

© 2022 The Authors. Published by Elsevier Inc.This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
https://doi.org/10.1016/j.ne0.2022.100845

cell death [11]. In contrast, our previous study showed that nuclear HDACG6
directly bound to and deacetylated NF-«B to inhibit the downregulation
of matrix metalloproteinase 2 (MMP2), preventing the invasiveness of lung
cancer cells [12]. The impacts of HDACG on liver cancer as well as related
mechanisms remain mostly unclear and require further investigations.

An RNA-binding protein is a type of post-transcriptional regulatory
protein that can bind to RNA and change the fate and function of the
bound RNAs [13]. Human antigen R (HuR) can bind to the adenine-
uracil-rich elements (ARE) at the 3'UTR of the target mRNA molecule and
further regulates a variety of biological processes [14]. Sharma et al. showed
that HuR can stabilize the egfr transcript [15]. More intriguingly, HDACG6
is reported to regulate the stability of erb62 mRNA, one of the EGFR
members, by interacting with HuR [16]. A ligand-dependent degradation
of EGFR protein also appeared to rely on HDACG6 [17,18], while HDAC6
can associate with the endosomal compartments and further modulate
endocytic trafficking of ligand-bound EGER proteins [19]. Nevertheless, the
mechanism underlying the interplay between HDAC6 and ligand-unbound
EGFR remains undetermined. EGFR overexpression and related signaling
pathway are closely associated with aggressive behaviors [20,21]. Besides,
EGFR is frequently overexpressed in HCC patients [22,23] and related cell
lines [24]. Tyrosine kinase inhibitors (TKIs) is found to be effective in treating
advanced HCC [25]. However, constitutive EGFR activation is remained as
a potential determinant of primary resistance to sorafenib [26] and lenvatinib
[27].

In this study, we investigated the prognostic value of subcellular
localization patterns of HDACG in liver cancer. Furthermore, we provide
evidence that one of the mechanisms underlying the roles of HDACG in
liver cancer might act by stabilizing egfr transcripts and by activating related
downstream signaling. The HDACG6-EGFR axis may represent a rational
therapeutic target in the development of advanced liver cancer.
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Materials and Methods
Liver cancer tissue microarray (TMA)

The use of all tissues was approved by the Kaohsiung Medical
University Hospital, with IRB approval (KMUHIRB-E(I)20160084). One
hundred and twenty-two liver cancer specimens were purchased from
SuperBioChips Laboratories (Seoul, South Korea; TMA catalog number
CS). Clinicopathological information can be obtained from the website
(htep://www.tissue-array.com). The tissue slides stained with hematoxylin
and eosin were made available online by the manufacturers (Superbiochips
Laboratories, Seoul, Korea). The pathologic staging, and histologic findings
were determined according to the American Joint Committee on Cancer

(AJCCQ) criteria [28].
Immunobistochemistry and image processing

The detailed protocol for immunohistochemistry (IHC) was performed
as previously described [29,30]. Briefly, the tissue microarray was dewaxed
and rehydrated. After antigen retrieval and blocking with 3% H,O, and
10% normal goat serum, the slides were then incubated with rabbit
polyclonal antibodies against HDACG6 (H300) diluted 1:100 (sc-11420,
Santa Cruz Biotechnology Inc., CA, USA) at 4 °C for 24 h. UltraVision
Quanto Detection System horseradish peroxidase (HRP) Polymer (Thermo
Fisher Scientific, Waltham, MA, USA), and DAB Quanto (Thermo
Fisher Scientific, Waltham, MA, USA) were applied for staining, and
hematoxylin was used for counterstaining. Images were taken with an
Olympus microscope (Olympus Corporation, Shinjuku City, Tokyo, Japan).
Cytoplasmic and nuclear HDAC6 immunoreactivity were assessed semi-
quantitatively on the basis of the percentage of positive cells. The cutoff
value of 50% was chosen for categorization of the cytoplasmic HDACG6
expression. Nuclear HDACG positivity was defined as moderate-to-strong
nuclear immunoreactivity in at least 40% of cells. Tissue sections underwent
standardized histopathological review by the study pathologist (S-F Yang).

Cell culture and transfection

Human SK-Hep-1 cells derived from the ascitic fluid of liver
adenocarcinoma were purchased from the American Type Culture Collection.
Human Hep-J5, Huh-7, and Mahlavu cells were obtained from Dr. S-
N Wang (KMU, Taiwan). Human Hep-G2 cells and Hep-3B cells were
purchased from the Bioresource Collection and Research Center (BCRC,
Hsinchu, Taiwan). The cells were cultured in the Dulbecco’s modified
Eagle medium (DMEM) (Gibco, Grand Island, NY, USA) containing
10% heat-inactivated fetal bovine serum (FBS, Gibco, Grand Island, NY,
USA) and 100 U/mL penicillin/streptomycin at 37°C in an incubator
with 5% CO;. The cells were transfected with 50 nM of siRNA targeting
HDACG6 (sc-35544, Santa Cruz Biotechnology Inc., CA, USA), HDACG6-
Flag (Addgene plasmid number #13823), dominant-negative HDAC6.DC-
FLAG (Addgene plasmid number #30483), or HDACG6-Nuc [12] using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions.

Cell proliferation assay

The cell proliferation rate was determined using the MTT colorimetric
cell proliferation assay (Sigma-Aldrich, St. Louis, MO, USA). Briefly, the
5 x 10 cells were seeded in 96-well plates and incubated at 37°C to allow cell
growth for 24 h. At the end of treatment, 20 uL of MTT (5 mg/mL, Sigma-
Aldrich, St. Louis, MO, USA) was added to each well and the 96-well plate
was incubated at 37°C in a 5% CO, and 95% air-humidified atmosphere for
3 h. The absorbance of the samples was dissolved with 100 uL of DMSO

and measured with a spectrophotometer (Thermo Fisher Scientific, Inc.) ata
wavelength of 570 nm.

Invasion assay

Cell invasion was performed using the Matrigel-coated film insert (8 um
pore size) fitted into 24-well invasion chambers (#35224; SPL Life Sciences,
Pochun, South Korea). After 24 hours of incubation, the filter inserts were
removed from the wells. The cells were fixed to the lower side of the insert
membrane with 4% paraformaldehyde for 10 mins, followed by staining with
1% crystal violet in 2% ethanol for an additional 20 mins. The insert was
then quickly merged in ddH,O for 3-4 s to remove excess dye, and the cells
on the top surface of the filter were removed using cotton swabs. The insert
was dried completely, and the cell numbers were counted under an Olympus
microscope (Olympus Corporation, Shinjuku City, Tokyo, Japan).

RNA extraction, Real-time PCR, and RT-PCR and RNA stability assay

Total RNA was extracted from the treated cells using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer instructions.
The cDNA was synthesized from the total RNA using a First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA), followed by
PCR reactions containing SYBR” Select Master Mix (Applied Biosystems
Inc, Foster City, CA, USA). The sequences of the primers used were shown
in Table S1. The reverse transcription reaction was performed using 2 ug
of total RNA and reverse transcribed into cDNA, and then, 30 cycles were
amplified using oligonucleotide primers. PCR was carried out at 94°C for 30
s, at 55°C for 30 s, and at 72°C for 30 s for 32 cycles. The PCR products were
subjected to 1% agarose gel electrophoresis. Quantitative data were obtained
using Image] (National Institutes of Health, Bethesda, MD, USA). For the
mRNA stability test, the cells were treated with 10 pg/ml actinomycin D for
2, 4, or 6 hours after transfection. The total RNA was then extracted. After
normalization to B-actin, the group without actinomycin D treatment was
considered as the baseline RNA level.

Immunoblotting analysis

Total lyses of treated cells were extracted using EBC buffer as described
previously [30]. Equal amounts of the samples were separated using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The specific
antibodies used were listed in Table S2.

[mmunoﬂuorfstence

The cells grown on glass slides were rinsed with PBS and fixed in 4%
formaldehyde at room temperature for 20 mins. The cells were washed
three times with PBS and processed for indirect immunofluorescence as
previously described [30]. The slides were incubated with the mouse anti-f-
catenin antibody and rabbit anti-HDACG6 (sc-57535 and sc-11420, 1:400,
Santa Cruz Biotechnology Inc., CA, USA). The cells were then washed and
incubated with FITC-labeled goat anti-rabbit or TR-labeled goat anti-mouse
(1:400, Santa Cruz Biotechnology Inc., CA, USA) antibody. Images were
taken with an Olympus fluorescence microscope (U-LH100HG, Olympus
Corporation, Japan).

Immunoprecipitation assay

Immunoprecipitation assay was performed according to our previous
study [30]. Briefly, cell lyses were prepared in the EBC buffer. The supernatant
was further incubated with mouse monoclonal antibody against HuR (sc-
5261, Santa Cruz Biotechnology Inc., CA, USA). Immune complexes were
precipitated with protein G-sepharose beads, followed by SDS-PAGE and
Western blot assay.
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Ribonucleoprotein-immunoprecipitation (RNP-1P)

The binding sites for RNA-binding proteins in human egfr RNA were
predicted using RBPmap (http://rbpmap.technion.ac.il/index.html). RNP-
IPs were performed as described [31]. Briefly, Cells were then harvested
by trypsinization, and their viability was assessed by trypan blue exclusion
(consistently > 95%). An equal number of cells per condition (1 x 107)
was pelleted and resuspended in approximately two cell-pellet volumes of the
polysome lysis buffer. The cell lysates were then frozen at -80°C for storage.
At the time of use, the cell lysates were thawed and centrifuged. The cell
lysate was immunoprecipitated with anti-HuR (Santa Cruz Biotechnology
Inc., CA, USA). The antibody-coated beads were extracted using phenol-
chlorophorm-isoamylalcohol and precipitation in ethanol. The isolated RNA
was subjected to RT-qPCR analysis, as described above.

Statistical analysis

Statistical analyses were performed using SPSS 26.0 (SPSS, Chicago)
software. Groups of patients with different subcellular HDACG distributions
were correlated with clinicopathological characteristics using the chi-square
method. All statistical tests were two-sided. P < 0.05 was considered
statistically significant. The results are expressed as means + SEM.

Results

Increased levels of HDACG were positively correlated with a poor
prognosis and worse survival in HCC patients

To investigate the clinical role of subcellular expression of HDAC6 in
liver cancer, IHC was first performed on tissue microarrays (n = 122). The
staining results of HDACG in liver cancer tissues are shown in Fig. la.
Both cytoplasmic and nuclear HDACG6 expressions mainly decreased in
HCC tissues (65.6% and 63.9%, respectively). Furthermore, the increased
cytoplasmic HDACG6 staining was positively correlated with recurrence rate
(Table 1; p = 0.002) and with poor patient survival (Fig. 1b; p = 0.038).
No significant correlation between nuclear HDACG staining and any
pathological characteristic was found in our cases. However, an increased
nuclear HDACG frequency was associated with a poor outcome in HCC
patients (Fig. 1b; p = 0.002). Taken together, increased levels of HDACG6
might contribute to poor prognosis and survival of liver cancer and might
promote advanced development through distinct subcellular localization.

HDACG promoted the proliferation and invasion of liver cancer cells

HDACG protein was expressed in Hep-G2, Hep-3B, and SK-Hep-
1 cells, but was not detected in Hep-J5, Huh-7, and Mahlavu cells, as
shown in Fig. 2a. In HDACG6-expressing Hep-G2, Hep-3B, and SK-Hep-
1 cells, HDACG6 was mainly located in the cytoplasm (Fig. 2b). Although
increased cytoplasmic HDACG was positively correlated with recurrence rate
(Table 1) and with poor patient survival (Fig. 1b), the invasion activity
was not in parallel with the expression of HDACG in those liver cancer
cells (Fig. 2¢). To further explore the potential roles of HDACG in liver
cancer, a gain-of-function study was performed first in Hep-J5, Huh-7,
and Mahlavu cells, which have undetectable HDACG proteins. The ectopic
overexpression of HDAC6-Flag enhanced cell proliferation in Hep-J5, Huh-
7, and Mahlavu cells (Fig. 3a). In addition, the invasion rate of cells transiently
transfected with wild-type HDACG-Flag was significantly higher than that of
the control: Hep-J5, Huh-7, and Mahlavu cells (Fig. 3b). Intriguingly, the
ectopic overexpression of HDACG6-Flag increased the activation of AKT in
Hep-J5, Huh-7, and Mahlavu cells (Fig. 3c). Accordingly, the restoration
of HDACG proteins in Hep-J5, Huh-7, and Mahlavu cells promoted the
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Fig. 1. The association between different subcellular localization of HDACG6
and survival in a patient with HCC. (a) The IHC results show the expression
of HDACG in the HCC tissues, original magnification, 400X. (b) HCC
patients with increased nuclear frequency or cytoplasmic intensity of HDACG6
have poor overall survival rates.

entry of B-catenin into the nucleus (Fig. 3d-f). An increased frequency of
nuclear HDACG was associated with a poor outcome in liver cancer patients
(Fig. 1b). It is noted that the increased deacetylation of p53 at lysine K120 is
able to activate apoptosis [32,33]. We found that both HDACG6-Flag and, in
particular, HDAC6-Nuc facilitated the deacetylation of p53 at lysine K120
in Hep-J5, Huh-7, and Mahlavu cells (Fig. 3g). In short, increased levels of
HDACG6 promoted the proliferation and invasion of liver cancer cells through
the deacetylation of tumor suppressor p53 and increased AKT/B-catenin
signaling.

Ectopic overexpression of HDACG restored EGEFR expression

A positive correlation between HDAC6 and EGFR proteins was found
in several liver cancer cell lines (Fig. 2a), and HDACG was able to activate
AKT/B-catenin signaling in liver cancer cells (Fig. 3). Intriguingly, the
restoration of wild-type, HDAC6-Flag or dominant (deacetylase)-negative
mutant, HDACG6.DC-FLAG but not nuclear localized only, HDACG6-Nuc
in Hep-J5, Huh-7, and Mahlavu cells increased the levels of EGFR proteins
(Fig. 4a). The knockdown of HDACG with specific siRNA decreased the
expression of EGFR proteins in Hep-G2, Hep- 3B, and SK-Hep-1 cells
(Fig. 4b). EGFR-specific siRNA slightly decreased the expression of HDAC6
in SK-Hep-1 cells (Fig. 4c), while HDACG6- and EGFR-specific siRNA
decreased both proliferation (Fig. 4d) and invasion (Fig. 4e) in SK-Hep-
1 cells. The HDAC6-restored EGFR expression was abrogated by EGFR-
specific siRNA in HDACG-transfected Hep-J5, Huh-7, and Mahlavu cells
(Fig. 4f). Accordingly, the proliferation and invasive ability of Hep-J5, Huh-
7, and Mahlavu cells induced by HDACG6 were significantly attenuated by
knockdown of EGFR (Fig. 4g-h). These results suggested that the HDAC6-
mediated EGFR expression contributed to both proliferation and invasion
induced by HDACS in liver cancer cells.
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Fig. 2. HDACG is correlated with EGFR overexpression in human liver cell lines and patient specimens. (a) Expressions of HDACG6, EGFR, and ERBB2 in
the liver cell lines Hep-G2, Hep-3B, Hep-J5, Huh-7, SK-Hep-1, and Mahlavu detected using Western blot analysis. (b) Cytoplasmic (C) and nuclear (N)
fractions were subjected to immunoblot analysis with the indicated antibodies. (c) Invasion of Hep-G2, Hep-3B, Hep-J5, Huh-7, SK-Hep-1, and Mahlavu

cells was measured using Trans well assays (mean £ SEM, *p < 0.01).

Table 1

The correlation of HDACG intensity and frequency with clinicopathological characteristics in liver cancer tissues.

Intensity of HDAC6

Frequency of HDAC6

Characteristics N Low High p value Low High p value
(n = 80) (n =42) (n=78) (n = 44)

Years 0.214 0.086
<60 76 (62.3%) 53 23 53 23
> 60 46 (37.7%) 27 19 25 21

Gender 0.405 0.870
Female 35 (28.7%) 14 10 15 9
Male 87 (71.3%) 66 32 63 35

Viral marker 0.904 0.181
HBV (-)/HCV (-) 9 (10.9%) 6 3 5
HBV (+)/HCV (-) 44 (53.0%) 30 14 32 1
HBV (-)/HCV (+) 22 (26.5%) 13 9 10
HBV (+)/HCV (+) 8(9.6%) 5 3 5

Histological grade 0.304 0.341
| 14 (16.9%) 1 3 1 3
Il 57 (68.7%) 34 23 33 24
1} 12 (14.5%) 9 3 8 4

Tumor stage 0.270 0.299
| 30 (25.0%) 20 10 22
Il 58 (48.4%) 39 19 37 21
1} 28 (23.3%) 15 13 14 14
v 4 (3.4%) 4 0 3 1

Recurrence 0.002* 0.088
Absent 50 (60.2%) 39 1 35 16
Present 33 (39.8%) 15 18 17 16

NOTE. Data are determined by Chi-square Tests. Abbreviations: HCV, anti-hepatitis C virus antibody; HBV, hepatitis B surface antigen; (+),

positive or present; (-), negative or absent

HDACEG stabilized egfr mRNA in liver cancer cells

Upon further examining if the HDACG6-induced EGFR expression was
mediated at post-translation levels (i.e., protein stability), the cells were
treated with a reversible proteasome inhibitor MG132 (proteasome inhibitor,
5 uM) for 6 h after transfection for 24 h. The expression of EGFR protein was
not affected by treatment with MG132 in Hep-J5, Huh-7, and Mahlavu cells.
In addition, ectopic HDACG6 overexpression in combination with MG132
did not increase the expression of EGFR in Hep-J5, Huh-7, and Mahlavu
cells (Fig. 5a). The increased levels of mRNA in accordance with the increased
protein levels might be due to the increased mRNA stability or transcription
activity. An intriguing report has showed that decreased levels of HDACG6

result in er662 mRNA destabilization [16]. The UCSC Xena browser (https:
//xenabrowser.net) showed that the expression levels of erb62 mRNA were
indeed positively correlated with those of Adac6 mRNA (Fig. 5b; p < 0.001).
Similarly, the expression levels of egfr mRNA were also positively correlated
with those of hdac6 mRNA (Fig. 5b; p < 0.001). The ligand-independent
expression of EGFR protein and mRNA was dramatically increased upon the
restoration of HDAC6 in Hep-J5, Huh-7, and Mahlavu cells (Fig 5a and
5¢). Furthermore, wild-type HDACG increased the stability of egfr mRNA
compared with the control in Hep-J5, Huh-7, and Mahlavu cells when
treated with actinomycin D (Fig. 5c). These results demonstrated that the
HDAC6-mediated ligand- and deacetylase-independent increase in EGFR
protein was mediated by the enhanced stability of egfr mRNA.
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Fig. 3. HDACG promoted proliferation and invasion of liver cancer cells. Ectopic overexpression of HDACG increased cell (a) proliferation and (b) invasion rate
of Hep-J5, Huh-7, and Mahlavu cells. (c) Ectopic overexpression of HDACG activated AKT signaling in HCC cells. (d-f) Immunofluorescent staining showed
that the ectopic overexpression of HDACG protein (FITC; green) increased the levels of S-catenin protein (Texas- Red) and promoted the trans-localization
of B-catenin protein into the nuclei of Hep-J5, Huh-7, and Mahlavu cells. (g) Cells were transfected as indicated and the levels of the FLAG-tagged proteins,

p53, Ac-p53 (K120), and B-actin were detected by Western blotting.

HDACG bound to the 3 UTR of egfr mRNA in liver cancer cells

Our results showed that HDACG6 immunoprecipitates were indeed
enriched with HuR (Fig. 5d). To determine whether HuR binds directly
to egfr mRNA in liver cancer cells, an RNP-IP assay was performed on
lysates prepared from the Mahlavu cells transfected with or without HDAC6
expression plasmid for 24 h. An RNP-IP with a HuR-specific antibody was
used to isolate total mRNA transcripts associated with HuR, followed by
qPCR to determine the amount of HuR protein-associated 3'UTR of the egfr
mRNA. Ectopic HDACG overexpression significantly increased the specific
HuR binding to the 3"'UTR of egfr mRNA to six times compared with un-
transfected cells (Fig. Se). These results indicated that HDACG enhanced the
aggressive behaviors of liver cancer cells by enhancing the HuR-mediated
mRNA stability of egfr mRNA, leading to increased EGFR expression and
related signaling. In summary, our data indicate that the HDACG6-EGEFR axis
might be involved in the development of advanced liver cancer.

Discussion

Curing HCC is very challenging due to the lack of a full understanding
of HCC recurrence. Even now, the precise molecular mechanisms that
account for this phenomenon remain unclear. HDACG6 has been shown
to contribute to tumorigenesis in several types of human cancers and to
function as a key regulator of many cancer biological processes [34-37].
In this study, our results revealed that cytoplasmic HDACG was positively
correlated with recurrence and poor survival of liver cancer patients. The
ectopic expression of HDACG induced the proliferation and invasion of
liver cancer cells, which might have resulted from the HDACG-associated
improvement in egfr mRNA stability and subsequently activated p-AKT/S-
catenin signaling pathway. Importantly, the HDACG6-EGFR axis might
increase ligand-independent activation of AKT and the accumulation of
nuclear B-catenin, leading to the development of advanced liver cancer.
Indeed, the expression levels of HDACG6 and EGFR proteins were positively
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Fig. 5. Changes in HDACSG levels affect expression of egfr mRNA. (a) MG132 treatment (5 uM, 6 h) did not reverse the expressions of HDAC6 and EGFR

in Hep-J5, Huh-7,

and Mahlavu cells. (b) Correlation between hdac6, egfr, and erbb2 mRNA expression in the TCGA database, identified using UCSC Xena.

(c) Hep-J5, Huh-7, and Mahlavu cells transfected with either HDACG6-Flag or HDAC6.DC-FLAG were treated with actinomycin D for different durations,
and the mRNA levels of egfr were measured by RT-PCR. (d) The interaction between HDAC6 and HuR was analyzed by immunopreciptation using the
antibody against HuR in HDACG6-Flag, HDAC6.DC-FLAG, and HDACG6-Nuc-transfected liver cancer cells. (¢) RNP-IP assays showing increased binding of
egfr mRNA to HuR in response to HDACG expression level. HuR-protein-bound egfr mRNA amounts in Mahlavu cells grown for 24 h, measured by qPCR. .
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correlated in liver cancer cell lines, while their transcripts were also positively
correlated with the liver cancer tissues. Intriguingly, ectopic overexpression of
HDACG6-Flag increased the levels of EGFR proteins in Hep-J5, Huh-7, and
Mabhlavu cells. Additionally, the knockdown of HDACG6 with specific siRNA
decreased the expression of EGFR proteins in Hep-G2, Hep-3B, and SK-
Hep-1 cells. We believed that these effects of HDACG6 on EGFR expression
mainly depended on the function of cytoplasmic HDACG because a nuclear
HDAC6 mutant could not restore EGFR expression in three liver cancer cells.
Importantly, our results showed that the HDACG6-restored EGFR expression
was abrogated by EGFR-specific siRNA in HDACG-transfected Hep-J5,
Huh7, and Mahlavu cells. Accordingly, the proliferation and invasive abilities
of Hep-J5, Huh-7, and Mahlavu cells induced by HDACG6 were significantly
attenuated by the knockdown of EGFR. These results suggest that the
HDACG6-mediated EGFR expression contributed to both proliferation and
invasion induced by HDACG in liver cancer cells. The HDACG6-EGFR axis
could promote the development of advanced liver cancer and might serve as
a druggable target in liver cancer.

Further analysis showed that HDACG6-induced EGFR expression was
mediated through increasing mRNA stability. HDACG played a key role
in promoting EGFR expression by indirectly binding to its 3'UTR at the
post-transcriptional level. In addition, HuR bound to the 3'UTR of egfr
mRNA in a HDACG6-dependent manner. The HDAC6-mediated increase in
mRNA levels was unaffected by treatment with actinomycin D, confirming
that HDACG enhanced the transcript stability of egfr mRNA. HDACG has
been reported to be associated with HuR in an RNA-dependent interaction or
to be tethered by an unknown RNA-binding protein to the 3 UTR [16]. Our
results revealed that HDACG showed an up to 4-8-fold increase in the levels
of ARE bearing egfr mRNA, whereas mutated HDACG6 showed a decreased
effect. Consistently, the knockdown of HDACG is not functionally equivalent
to catalytic inhibition of its deacetylase activity, and a-tubulin acetylation
does not functionally correlate with e7662 mRNA destabilization [16]. In
addition, HuR expression strongly stabilizes HuR-regulated transcripts such
as SOX9, VEGFA, and EGFR [15]. Our findings showed for the first
time that HDAC6 could increase the ligand- and deacetylase-independent
expressions of EGFR proteins in liver cancer cells. This phenomenon
is not the same as those reported in other studies [18,42,43]. The
pharmacologic inhibition of HDACG regulates endocytic trafficking and
the degradation of EGFR proteins through the modulation of tubulin
acetylation [18], while the knockdown of HDACG leads to the deregulation
of microtubule-dependent endocytic vesicle trafficking and accelerates EGFR
degradation [18,42,43].

In this study, the increased nuclear HDACG frequency was associated with
a poor outcome in HCC patients. HDACG has been reported to deacetylate
p53 at K120, which is required for p53-induced apoptosis in tumors [38,39],
implying that the associations between nuclear HDACG6 and poor outcome
might be due to the potential deacetylation of p53 in liver cancer. As shown
in Fig. 3g, both HDACG6-Flag and, in particular, HDAC6-Nuc facilitated the
deacetylation of p53 at lysine K120 in Hep-J5, Huh-7, and Mahlavu cells.
Previous studies from other groups provide in vitro evidence demonstrating
that HDACG plays a role in HCC development through the regulation of
p53 protein stability [5]. Additionally, HDACG is able to bind to the lysine
residue of p53 via its deacetylase domain [40,41]. Notably, the knockdown
of HDACG with specific siRNA decreased the expression of EGFR on Hep-
G2 (p53-wt), Hep-3B (p53-null), and SK-Hep-1 (p53-wt), suggesting that
HDAC6-mediated EGFR expression was a p53-independent manner. Taken
together, increased levels of HDACG6 might contribute to poor prognosis
and the survival of liver cancer cells and might promote the development of
advanced liver cancer through the deacetylation of tumor suppressor p53 (i.e.,
nuclear HDAC6) and increased AKT/B-catenin signaling (i.e., cytoplasmic
HDACG).

Altogether, our findings reveal an important role for different subcellular
locations of HDACG in the control of liver cancer development via

upregulating EGFR-mediated AKT/B-catenin signaling and deacetylated
p53 at K120, suggesting that an alteration in HDACG expression and/or
activity may be an important event in the development of aggressive
liver cancer. HDACG is able to improve egfrf mRNA stability through
its interaction with HuR in ligand-, deacetylase-, and p53-independent
manners. The HDAC6-EGFR axis may be a critical and key player in liver
cancer and may serve as a druggable target in the future.
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