EBioMedicine 62 (2020) 103108

Contents lists available at ScienceDirect

EBioMedicine

journal homepage: www.elsevier.com/locate/ebiom

Research paper

ATXN7L3 positively regulates SMAD7 transcription in hepatocellular
carcinoma with growth inhibitory function

Check for
updates

Ning Sun, Xinping Zhong*, Shengli Wang?, Kai Zeng®, Hongmiao Sun®, Ge Sun?, Renlong Zou*,
Wei Liu?, Wensu Liu?, Lin Lin?, Huijuan Song?, Chi Lv*, Chunyu Wang®**, Yue Zhao®"***
2 Department of Cell Biology, Key laboratory of Cell Biology, Ministry of Public Health, and Key laboratory of Medical Cell Biology, Ministry of Education, School of

Life Sciences, China Medical University, Shenyang City, Liaoning Province 110122, China
b Department of Endocrinology and Metabolism, Institute of Endocrinology, The First Affiliated Hospital of China Medical University, Shenyang City, Liaoning Prov-

ince 110001, China

€ Department of General Surgery, the First Affiliated Hospital of China Medical University, Shenyang City, Liaoning Province, 110001, China
d Department of General Surgery, Shengjing Hospital of China Medical University, Shenyang City, Liaoning Province, 110004, China

ARTICLE INFO

ABSTRACT

Article History:

Received 12 December 2019
Revised 11 September 2020
Accepted 20 October 2020
Available online xxx

Keywords:

ATXN7L3

Estrogen receptor
Co-regulator
Deubiquitination modification
Hepatocellular carcinoma

Background: Hepatocellular carcinoma (HCC) is a leading cause of cancer death worldwide, with unmet need
for the pharmacological therapy. The functions of ATXN7L3 in HCC progression are not known.
Methods: RNA sequence, quantitative real-time PCR, and western blot were performed to detect gene expres-
sion. Chromatin immunoprecipitation was performed to detect possible mechanisms. Immunohistochemical
stain was performed to examine the protein expression. Colony formation, cell growth curve and xenograft
tumor experiments were performed to examine cell growth in vitro and in vivo.
Findings: ATXN7L3 functions as a coactivator for ERe-mediated transactivation in HCC cells, thereby contrib-
uting to enhanced SMAD? transcription. ATXN7L3 is recruited to the promoter regions of SMAD7 gene,
thereby regulating histone H2B ubiquitination level, to enhance the transcription of SMAD?. A series of genes
regulated by ATXN7L3 were identified. Moreover, ATXN7L3 participates in suppression of tumor growth. In
addition, ATXN7L3 is lower expressed in HCC samples, and the lower expression of ATXN7L3 positively cor-
relates with poor clinical outcome in patients with HCC.
Interpretation: This study demonstrated that ATXN7L3 is a novel regulator of SMAD?7 transcription, subse-
quently participating in inhibition of tumor growth in HCC, which provides an insight to support a previously
unknown role of ATXN7L3 in HCC progression.
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1. Introduction

emerged, such as the kinase inhibitors lenvatinib [3], cabozantinib
[4] and regorafenib [5], but they produced only limited beneficial

Liver cancer is the fourth leading cause of cancer death world-
wide in 2018 [1]. The most common histological subtype of liver
cancer is referred to hepatocellular carcinoma (HCC), which is
accounting for 75—85% of all liver cancers [1]. There is an unmet
need for the pharmacological therapy for HCC. Sorafenib was the
only first line medical therapy for patients with HCC for quite a long
time [2]. In recent years, even though encouraging studies have
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effects, thus other involved molecular mechanisms are still need to
be further investigated.

Targeted deubiquitylation of histones is linked to transcription
activation, epigenetic regulation and cancer progression [6]. Precise
regulation of gene expression programs is established by transcrip-
tion factors and the recruited coactivators, which are multiprotein
complexes enabling histone modification and nucleosome remodel-
ing. ATXN7L3, acting as an adaptor protein, orchestrates activities of
multiple deubiquitinating enzymes and acts as a global facilitator for
H2B deubiquitination which is closely linked to transcription regula-
tion [7,8].
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Research in context

Evidence before this study

Hepatocellular carcinoma (HCC) is a leading cause of cancer
death worldwide with unmet need for the pharmacological
therapy, thus the involved molecular mechanisms are still need
to be further investigated. ATXN7L3 orchestrates activities of
multiple deubiquitinating enzymes and acts as a global facilita-
tor for H2B deubiquitination, but the functions of ATXN7L3 in
HCC progression are not known.

Added value of this study

This study demonstrated that ATXN7L3 positively regulates the
transcription of SMAD7. ATXN7L3 associates with estrogen
receptor « (ERa), and functions as a coactivator for ERe-medi-
ated transactivation in HCC cells, thereby contributing to
enhancement of SMAD7 transcription. ATXN7L3 is recruited to
the promoter regions of SMAD7 gene, thereby regulating his-
tone H2B ubiquitination level, to enhance SMAD?7 transcription.
We further globally identified a series of genes regulated by
ATXN7L3. Moreover, ATXN7L3 participates in suppression of
tumor growth in vitro and in vivo. In addition, ATXN7L3 is lower
expressed in HCC samples, which is correlated with the expres-
sion of SMAD7 in HCC tissues. And the expression of ATXN7L3
negatively correlates with poor clinical outcome in patients
with HCC.

Implication of all the available evidence

This study demonstrated that ATXN7L3 is a novel regulator of
SMAD?7 transcription, subsequently participating in inhibition
of tumor growth in HCC, which provides an insight to support a
previously unknown role of ATXN7L3 in suppression of HCC
progression.

ATXN7L3 (Sgf11 in yeast) was named based on its homology to
ATXN?7 (Sgf73 in yeast), and was first described as another subunit of
the human Spt—Ada—Gcn5-acetyltransferase (hSAGA) complex
along with ATXN7 [9]. SAGA complex is the first isolated multisubu-
nit complex, which is evolutionarily conserved from yeast to humans
[10]. This complex contains both house histone acetyltransferase
(HAT) activity and deubiquitination activity, which are mediated by
the catalytic activity of GCN5 subunit and deubiquitination module
(DUBm), respectively [11-13]. Yeast SAGA complex contains
the ubiquitin-specific protease yUbp8, which was shown to remove
ubiquitin from monoubiquitinated Lysine 120 of histone H2B
(H2BK120ub1, hereafter abbreviated as H2Bub1)[14' 15]. Similar
enzymatic activity is carried out by ubiquitin-specific protease 22
(USP22) in hSAGA complex [12,16]. ATXN7L3, along with ENY2 and
USP22, form the DUBm of hSAGA. This DUBm of hSAGA can efficiently
remove ubiquitin both from histone H2A and H2B in vitro, whereas is
directed against H2Bub and to a lesser extent H2Aub in vivo [12,13].
ATXN7 anchors the DUB module to the larger SAGA complex [17].
Nevertheless, DUBm can bind to chromatin and regulate transcrip-
tion independently of the SAGA complex [18]. In addition, ATXN7L3
and ENY2, acting as adaptor proteins, also form deubiquitinating
complex on histone H2B with USP27X and USP51, which is indepen-
dently of the SAGA complex [7]. Till now, the functions of ATXN7L3
in HCC progression are not known.

SMAD?7 is the endogenous negative regulator of TGF-8 signal
pathway and acts as a tumor suppressor in HCC [19-22]. SMAD7
expression is down-regulated in HCC [21]. High level of SMAD7
expression is correlation with better clinical outcome in patients

with HCC [20]. In mice, hepatocyte-specific Smad7 deletion acceler-
ates DEN-induced HCC via activation of signal transducer and activa-
tor of transcription factor 3 (STAT3) signaling and TGF-g signaling,
accompanied by reduced p21 and upregulated c-Myc expression in
the tumors [20]. SMAD7 suppresses HCC cell growth by inhibiting
proliferation and G1-S phase transition, as well as inducing apoptosis
through attenuation of NF-«B and TGFf signaling [22]. Further,
down-regulated expression of SMAD?7 is involved in drug resistance
and recurrence of HCC [21]. Previous research reported that KLF4
suppresses oncogenic TGF-8 signaling by activation of SMAD7 tran-
scription, and loss of KLF4 expression may contribute to activation of
oncogenic TGF- signaling and subsequent tumor progression in pri-
mary HCC [23]. But more details involved in regulation of SMAD7
transcription still need to be investigated.

In this study, we found that ATXN7L3 positively regulates the
transcription of SMAD7. Further, ATXN7L3 associates with estrogen
receptor o (ERa) and functions as a coactivator for ERe-mediated
transactivation in HCC cells. ATXN7L3 is recruited to the promoter
regions of SMAD7 gene, thereby regulating histone H2B ubiquitina-
tion level, to be involved in upregulation of SMAD7 transcription. We
further globally identified a series of genes regulated by ATXN7L3.
Moreover, the results showed that ATXN7L3 participates in suppres-
sion of tumor growth in vitro and in vivo. In addition, ATXN7L3 is
lower expressed in HCC samples, which is correlated with the expres-
sion of SMAD7 in HCC tissues. And the expression of ATXN7L3 nega-
tively correlates with clinical outcome in patients with HCC. Our
study provides compelling evidence that ATXN7L3 functions on mod-
ulation of SMAD7 transcription and suppression of HCC progression.
Thus, ATXN7L3 may contribute to potential therapeutic implications
in HCC.

2. Material and methods
2.1. Cell culture

Human HCC cell lines were identified using PCR-STR analysis.
HepG2 cells were cultured in Minimum Essential Media (Gibco,
Cat#415-018), while HCCLM3, Huh7, SMMC7721 and PLC/PRF/5 cells
were cultured in Dulbecco’s modified Eagle medium (Gibco,
Cat#12800-082), and supplemented with 10% (v/v) fetal bovine
serum (FBS) (CLARK, Cat#FB15015). Cells were incubated at 37 °C in
a humidified incubator containing 5% CO2.

2.2. Antibodies

The antibodies used in this study were: anti-ATXN7L3 (Bethyl,
Cat#A302-800A), anti-ERa (Cell Signaling Technology, Cat# 8644),
anti-FLAG (Shanghai Genomics, Cat#GNI4110-FG), anti-SMAD7
(Sigma Aldrich, Cat#SAB4200346), anti-H3K4me3 (Sigma-Aldrich,
Cat#05-745R), anti-Ub-H2B K120 (Cell Signaling Technology,
Cat#5546), anti-SHP1 (ZEN BIO, Cat#501836), annti-phospho-
SMAD?2 (Ser465/Ser467) (Cell Signaling Technology, Cat#18338),
anti-GAPDH (ABclonal, Cat#AC033).

2.3. siRNA and lentiviral production

For RNA interference (RNAi), the chemically synthesized small
interfering RNAs (siRNA) of ATXN7L3 were purchased from Sigma
Aldrich. The sequences of siRNAs targeting ATXN7L3 were: 1# 5’-
GUCUGUGUGCAGAAUCUUA-3’, 2# 5’-GCUACUUCUUCUUGGACGA-3’,
3# 5’-GUCGAGAGCUCCCUGGAUA-3". The sequence of negative con-
trol siRNA (siCtrl) was 5’- UUCUCCGAACGUGUCACGUTT -3'. And
siRNA against ERx were purchased from Dharmacon (Cat#L-003401-
00-0005). For lentivirus-delivered RNAI, lentiviral productions were
purchased from Shanghai GeneChem Company.
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2.4. Immunofluorescence stain

Cells were fixed in 4% paraformaldehyde for 15 min and blocked
in 1% donkey serum albumin for 1 hr at room temperature. Then cells
were incubated with primary antibody overnight at 4 °C and subse-
quently FITC or Cy3-conjugated secondary antibody (Jackson Immu-
noresearch Laboratories Inc, Cat#JAC-711-095-152, JAC-711-165-
152). Nuclei were stained with DAPI (Roche, Cat# 10236276001).
Respective images were taken under confocal microscopy (Nikon).

2.5. Transfections and dual-luciferase reporter assays

Transfections of plasmids and siRNAs were performed according
to manufacturer’s instructions of jetPRIME reagents (Polyplus-trans-
fection, Cat# 22Y0302M7). In dual-luciferase reporter assays, cells
were co-transfected with the listed constructs and then harvested
and lysed in passive lysis buffer after 24 h. Luciferase activities
were analyzed by Promega dual-luciferase reporter assay system
(Cat#E1910) using GloMax Multi Jr detection system. Firefly lucifer-
ase activity was normalized to the activity of Renilla luciferase con-
trol. Data represent the mean =+ SD from three experiments.

2.6. Total RNA extraction, reverse transcription and quantitative real-
time PCR

Total RNA was extracted using TRIzol reagent (Thermo Fisher Sci-
entific, Cat#15596018). cDNA synthesis was carried out with Prime-
Script RT reagent Kit with gDNA Eraser (TaKaRa, Cat#RR047A), and
then analyzed using SYBR Green in Roche LightCycler96 system
according to the manufacturer’s instructions. Sequence of primers
were listed in Supplementary Table S1.

2.7. Co-immunoprecipitation (Co-IP) and Western blot

For Co-IP, the whole cell lysates were extracted and equal protein
amounts were immunoprecipitated with specific antibody or control
IgG. And immune complexes were analyzed by western blot.

2.8. GST pull-down

GST pull-down have been described previously [24]. GST, or GST-
fusion proteins (GST-ERx 29-180 aa and GST-ER« 282-595 aa) cou-
pled with glutathione-Sepharose beads were incubated with in vitro
transcripted and translated FLAG-ATXN7L3. The binding proteins
were detected by western blot and stained by Coomassie Brilliant
Blue dye.

2.9. Chromatin Immunoprecipitation (ChIP)

ChIP experiment was performed as previously described [25].
Briefly, cells were cross-linked with 1% formaldehyde and then were
lysed with lysis buffer and sonicated on ice. Sonicated chromatin sol-
utions were incubated with indicated antibodies at 4 °C overnight
and subsequently incubated with protein A-sepharose for 4 h. Then
immunoprecipitated complex were washed sequentially with low
salt buffer, high salt buffer, LiCl buffer and TE buffer. The protein-
DNA complexes were eluted and the crosslinking was reversed. The
purified DNA was resuspended in TE buffer and then amplified by
real-time PCR. Sequence of primers were listed in Supplementary
Table S2.

2.10. RNA sequencing data and analysis
RNA sequencing was accomplished in Wuhan SeqHealth

Technology Company. Cells with lentivirus-mediated knockdown
of ATXN7L3 (shATXN7L3) and the negative control (shCtrl) were

harvested, and performed to RNA extraction using TRIzol (Invitrogen,
Cat#15596026). Qualified RNAs were subjected to library prepara-
tion, and the library products corresponding to 200—500 bps were
enriched, quantified and finally sequenced on Hiseq X 10 sequencer
(Illumina). All RNA sequencing data have been submitted to GEO
datasets: GSE157110.

2.11. Cell growth analysis and colony formation assay

For cell viability assay, 2 x 103 cells were plated in 96-well plates,
and measured using MTS assay (Promega, Cat#G3580) with the
absorbance at 490 nm at the indicated times in medium with 10%
CSS supplemented with 10~7 M E2 or ethanol vehicle. For growth
curve analysis, cells were plated at a density of 1 x 10* cells per well.
Cells were trypsinized and counted using a hemocytometer every
two day. For colony formation assay, 1 x 10° cells were maintained
in medium for 7 days, then cells were fixed with 4% paraformalde-
hyde and stained with Coomassie brilliant blue dye.

2.12. Xenograft tumor growth

Animal work was carried out under the supervision and guide-
lines of the China Medical University of Animal Care Center in com-
pliance with the ethical regulations approved by the Animal Ethics
Committee of China Medical University. 1.0 x 10° cells were sus-
pended in 1001 medium with half Metrigel (BD Biosciences) and
injected subcutaneously into the 5-week-old male BALB/C-nude
mice. Tumors was measured every two days using an electronic cali-
per and tumor volume was calculated according to the formula
0.5 x width? x length. 12 days after inoculation, mice were sacrificed
following the policy of the humane treatment of tumor bearing ani-
mals. No animals suffered unnecessarily during the experiment.

2.13. Patients and specimens

149 HCC specimens, 28 fresh HCC tissues and the matched adja-
cent noncancerous liver tissues were obtained from patients who
received hepatectomy at the first affiliated hospital China medical
university. The collection of samples was approved by the Medical
Ethics Committee of China Medical University, and the informed con-
sents of the patients were obtained.

2.14. Immunohistochemical (IHC) analysis

IHC experiment was performed as previously described [24]. Tis-
sue sections were dewaxed, rehydrated, removed endogenous perox-
idase, boiled for antigen retrieval, followed by incubation with
indicated antibodies and streptavidin-perosidase-conjugated second
antibodies (Maixin Biotech. Co., Ltd.). The signals were visualized
with diaminobenzidine and the nuclei were counterstained with
hematoxylin.

The stained sections were evaluated by H score method, which
assigned the score based on the percentage of cells stained at differ-
ent intensities. The final H score, which ranged from 0 to 3, was
determined by summing the percentage of positive-staining cells (0-
100%) at each intensity multiplied by the corresponding staining
intensity (0-3).

2.15. Statistics

All data were analyzed using SPSS statistical software program.
For real-time PCR, luciferase assay and cell growth assay, two-sided
Student’s t-test was used to determinate the significant difference.
For THC, chi-square test was used to determinate the significant dif-
ference between immunohistochemical expression of ATXN7L3 and
clinicopathological factors.
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3. Results
3.1. ATXN7L3 positively regulated the transcription of SMAD7

In order to determine whether ATXN7L3 play a role in regulation
of SMAD?7 transcription, we performed a pairwise gene correlation
analysis in TCGA database using the Gene Expression Profiling Inter-
active Analysis (GEPIA) [26]. And a strong positive correlation was
established between the mRNA level of ATXN7L3 and that of SMAD7
in HCC samples (Fig. 1a). To further confirm the correlation between
ATXN7L3 and SMAD?7, siRNAs targeting 3 different sequences of
ATXN7L3 were transfected into HCCLM3 cells, and they led to obvious
reductions of ATXN7L3 mRNA and protein expressions (Fig. 1b and
1c). Accompanied with knockdown of ATXN7L3, the mRNA and pro-
tein levels of SMAD?7 significantly decreased (Fig. 1b and 1c). In addi-
tion, ectopic expression of ATXN7L3 increased SMAD7 expression
(Fig. 1d). In line with previously published data, knockdown of
ATXN7L3 induced a robust increase of H2Bub1 (Fig. 1c), and overex-
pression of ATXN7L3 decreased H2Bub1 levels (Fig. 1d). These data
suggested that ATXN7L3 positively regulated the transcription of
SMAD?.
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3.2. ATXN7L3 associated with estrogen receptor o (ERce) and functioned
as a coactivator for ERo-mediated transactivation in HCC cells

Then, we wanted to elucidate the potential mechanism involved
in ATXN7L3-mediated transactivation of SMAD7. We asked whether
ATXN7L3 could interact with KLF4, which functions in the activation
of SMAD7 transcription in HCC [23], but no visible interaction
between ATXN7L3 and KLF4 was detected (Supplementary Figure
S1). Previous research reported that SMAD?7 is an estrogen-induced
gene in MCF7 cells [27]. It has also been shown that ATXN7L3 can
function as a coactivator for androgen receptor (AR)-mediated trans-
activation [12]. As ER« is another hormone receptor as well as the
major receptor of estrogen, we hypothesized ATXN7L3 may serve as
a co-regulator of ERe. We then examined the endogenous protein
expressions of ATXN7L3 and ERc in five cultured HCC cell lines,
including HCCLM3, Huh7, HepG2, SMMC-7721 and PLC/PRF/5. In
agreement with previous reports [7], the expression levels of
ATXN7L3 are normally limiting in those cells, while HCCLM3 cells
expressed higher level of ATXN7L3 (Supplementary Figure S2).

Further, we analyzed putative interactions between ATXN7L3 and
ERa. By Co-IP, we confirmed the interaction between exogenous
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Fig. 1. ATXN7L3 positively regulates SMAD7 transcription. (a) The mRNA expression of ATXN7L3 is positively correlated with that of SMAD7 in TCGA database. The relative level of
ATXN7L3 was plotted against that of SMAD?. (b) Knockdown of ATXN7L3 downregulated mRNA expression of SMAD7. HCCLM3 cells were transfected with siCtrl or siATXN7L3. After
48 hr, cells were collected for RNA extraction and quantitative real-time PCR were performed. Data represents the mean =+ SD of triplicate real-time PCR. (¢) Knockdown of ATXN7L3
downregulated protein expression of SMAD7. HCCLM3 cells were transfected with siCtrl or siATXN7L3. After 48 hr, cells were collected for protein extraction and subjected to west-
ern blot analysis using indicated antibodies. The results were quantified through Image J software and GAPDH was used as internal control. (d) Ectopic expression of ATXN7L3 upre-
gulated protein expression of SMAD7. HCCLM3 cells were transfected with ATXN7L3-expressing plasmids with different doses or control vector. After 24 hr, cells were collected for
protein extraction and subjected to western blot analysis using indicated antibodies. The results were quantified through Image ] software and GAPDH was used as internal control.
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ATXN7L3 and ERe, both in the absence and presence of estrogen (E2)
(Fig. 2a). And the interaction between endogenous ATXN7L3 and ER«
could be observed in HCCLM3 cells, too (Fig. 2b and 2¢). Moreover, the
results of immunofluorescence experiments showed that exogenous
ATXN7L3 was compartmentalized in the nucleus with ERx (Fig. 2d).
And a direct interaction between ATXN7L3 and ERx 282-585 aa was
confirmed by in vitro GST pull-down (Fig. 2e). In addition, USP22 can
also be detected after an ATXN7L3 immunoprecipitation in HCC cells,
revealing normal incorporation of DUBm subunits in HCCLM3 cells
(Supplementary Figure S3). Taken together, these results indicated
that ATXN7L3 physically associates with ERe in HCC cells.

We next asked whether ATXN7L3 can play a role in ERe-mediated
transcription. We then performed dual-reporter system analysis har-
boring an estrogen response element-luciferase (ERE-luc) reporter
gene to examine ERx-mediated transactivation. As shown in Fig. 2f
and 2g, E2 treatment induced ERx-mediated transactivation, and
ATXN7L3 further enhanced ERw-mediated transactivation signifi-
cantly, in HEK293 cells and HepG2 cells. Furthermore, knockdown of
ATXN7L3 impressed ERo-mediated transactivation significantly in
HCCLM3 cells (Fig. 2h). These results together with the observed
interaction between ATXN7L3 and ERa suggested that ATXN7L3
functions as a coactivator for ERe-mediated transactivation.

3.3. ATXN7L3 coactivates ERx-mediated transactivation of SMAD7

Having established that ATXN7L3 is a coactivator for ERc, we then
analyzed the effects of ATXN7L3 on ERx-dependent gene activation.
Indeed, E2 treatment induced the mRNA expression of two well-
characterized ERx-target genes, SMAD7 and SHP1 (Fig. 3a). Transient
ATXN7L3 knockdown by siRNA significantly attenuated mRNA
expression of SMAD7 both in the absence and presence of ligand,
while the that of SHP1 was non-significantly changed (Fig. 3a). More-
over, knockdown of ATXN7L3 led to obvious reductions of SMAD7
protein levels (Fig. 3b), While overexpression of ATXN7L3 increased
protein expression of SMAD7 (Fig. 3c). In contrast, no obvious effects
on SHP1 or ERx protein expression had been observed after ATXN7L3
knockdown or overexpression (Fig. 3a-3c¢). In addition, knockdown of
ERx attenuated exogenous ATXN7L3-mediated expression of SMAD?7,
indicating the enhancement of SMAD7 expression by ATXN7L3 is
associated with ERw (Fig. 3d).

It was reported that ERo binds on distal enhancers of SMAD7 gene
with JMJD6, which is required for RNA polymerase Il recruitment and
enhancer RNA production, resulting in transcriptional pause release
of SMAD7 in MCF7 cells [27]. We then focused on the proximal region
of SMAD? gene. Bioinformatics analysis identified three putative ERo
binding cis elements (referred to as ERE1, ERE2 and ERE3) in the prox-
imal region of SMAD7 (Fig. 3e). To evaluated the suggesting coopera-
tion between ATXN7L3 and ERc, HCCLM3 cells were treated with or
without E2 and subjected to chromatin immunoprecipitation (ChIP)
to identify recruitment of the two protein on those elements. On ERE1
and ERE2 sites, the enrichment of ATXN7L3 and ERx were limited
(Fig. 3f). The highest recruitments of ERe were observed on ERE3,
where ATXN7L3 was recruited simultaneously, and their recruitments
were significantly increased after E2 addition (Fig. 3g). In addition,
knockdown of ATXN7L3 by lentivirus expressing anti-ATXN7L3 siRNA
(shATXN7L3, the same target sequence as siRNA3¥) resulted in accu-
mulation of H2Bub1 and decreased levels of H3K4me3, which have
both been linked to transcription activation (Fig. 3g). These data sug-
gested that ATXN7L3 co-activates ERx to regulate transactivation of
SMAD? at the proximal region, and ATXN7L3 regulates SMAD7 tran-
scription, at least in part, through interaction with ERa.

3.4. Global identification of target genes regulated by ATXN7L3

We then wanted to identify target genes of ATXN7L3 by global
genome-wide analysis. To this end, RNA-sequencing was performed

with HCCLM3 cells carrying shATXN7L3 and its control cells (shCtrl).
A total of 3831 genes were significantly changed after ATXN7L3
knockdown (P<0.01). There were 1914 ATXN7L3 positive-regulated
differentially expressed genes (DEGs), which were significantly
downregulated in ATXN7L3 knockdown cells. And 1917 gene were
negative-regulated DEGs by ATXN7L3, which were significantly upre-
gulated in ATXN7L3 knockdown cells. In accordance with the co-acti-
vation function of ATXN7L3 on ERa-mediated transactivation, a
portion of the significant DEGs were known ERw target genes [28]
besides SMAD?, including THBS1, IGFBP4, CISD, SIAH2, JAK1, STC2,
CCNG2, NDRG1 and CRABP2.

We then focused on top DEGs using +0.8-log2(fold change) as a
cutoff, which were 246 positive-regulated DEGs and 187 negative-
regulated DEGs (Fig. 4a and 4b, listed in Supplementary Table S3).
Pathway and process enrichment analysis revealed that the identified
genes appeared to involve broad functions and multiple pathways,
including cell-cell adhesion, multicellular organismal homeostasis,
signaling by nuclear receptors, and so on (Fig. 4c). It was noteworthy
that the top 20 results from 246 ATXN7L3 positive-regulated DEGs
included negative regulation of growth, and regulation of growth
was involved in top 20 results from 187 ATXN7L3 negative-regulated
DEGs (Fig. 4c). We further selected a subset of genes, which are obvi-
ously regulated and involved in cell growth regulation (Fig. 4d).
Moreover, real-time PCR experiments were performed to confirm the
analysis results. The mRNA expression of NKX2-2, IGFBP5 and AGT
were decreased after ATXN7L3 knockdown, whereas that of HMGA2,
IL7R, PTSG2, and CISH were increased (Fig. 4e). Together, these data
suggested that ATXN7L3 participates in modulation of a portion of
endogenous target genes.

3.5. ATXN7L3 is involved in suppression of cell growth in HCC cells

Having established that ATXN7L3 regulated the expression of
genes associated with growth control, we next performed a series of
experiments to validate its function on cell growth in HCC cells. We
first investigated the impact of ATXN7L3 on cell growth in the
absence or presence of ligand. In line with previous report that
estrogen exerts protective effects against HCC [29], our results
showed E2 treatment slightly repressed cell growth of HCCLM3 cells
(Fig. 5a). Cell growth with ATXN7L3 knockdown (shATXN7L3) was
faster than that with the control (shCtrl), both in the absence and
presence of ligand (Fig. 5a). Further, we analyzed the overall func-
tion of ATXN7L3 under normal culture condition, and promoted cell
proliferation was observed by ATXN7L3 knockdown with growth
curves analysis (Supplementary Figure S4). Moreover, knockdown
of SMAD7 impaired the growth inhibition by ATXN7L3, indicating
that growth inhibition by ATXN7L3 is associated with SMAD7
(Fig. 5b). Colony formation assays indicated the similar results
(Fig. 5c¢). Finally, we performed in vivo tumor growth analysis in a
mouse xenograft model. In good agreement with our observations
in vitro, the promoted tumor burden upon ATXN7L3 knockdown
was shown, with bigger volumes and faster growth rate (Fig. 5d-5f).
In line with the tumor growth curve, the tumor weights of
shATXN7L3 cells were significantly higher (Fig. 5g). We then exam-
ined the expression and ATXN7L3 and SMAD?7 in those xenograft
tumors. Consistent with the observations in vitro, the mRNA and
protein expressions of SMAD7 were downregulated in the
ShATXN7L3 tumor (Fig. 5h-5k). Since SMAD?7 is an essential regula-
tor of TGFB signaling, we detected the phosphorylation level of
SMAD2 in mouse xenografts, which represents the activation of
TGFp signaling. In line with repressed expression of SMAD7, phos-
phorylation level of SMAD2 were upregulated in the xenografts
derived from shATXN7L3 cells (Fig. 51). Taken together, ATXN7L3
suppresses HCC cell growth both in vitro and in vivo, at least in part
by enhancing SMAD7 transcription.
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Fig. 2. ATXN7L3 associates with ERce and acts as a coactivator of ERa. (@) ATXN7L3 and ER« interacts with each other in HEK293 cells. HEK-293 cells were co-transfected with plas-
mids expressing ATXN7L3 and ERa. After 24 hr, cells were treated by E2 (107 M) or ethanol vehicle for 4 hr. Then cells were harvested and equal amounts of cell lysates were sub-
jected to immunoprecipitation with normal IgG, or anti-ERa antibodies. The immunoprecipitated proteins were subjected to western blot analysis using indicated antibodies. (b-c)
Endogenous ATXN7L3 and ER« interacts with each other in HCCLM3 cells. Upon treatment of 10~7 M E2 or ethanol vehicle for 24 hr, cells were harvested and equal amounts of cell
lysates were subjected to immunoprecipitation with normal IgG, anti-ATXN7L3 or anti-ER« antibodies. The immunoprecipitated proteins were subjected to western blot analysis
using indicated antibodies. (d) Subcellular localizations of the ATXN7L3 and ERor. HCCLM3 cells were co-transfected with plasmids expressing ATXN7L3 and ERc. After 10~ M E2
stimulation or ethanol vehicle for 4 hr, HCCLM3 cells were fixed and stained with antibody against ATXN7L3 (green) or ER« (red). DAPI was used to visualize the nucleus (blue).
Merged images were shown as indicated. Scale bar, 20 xm. (e) Identification of domains in ER« for ATXN7L3 interaction. ATXN7L3 protein was synthesized by transcription and
translation kit in vitro, then was incubated with GST or GST- ER« deletion mutants. Bound proteins were washed and analyzed by western blot. GST and GST- ER« deletion mutants
were stained by Coomassie brilliant blue staining. *, position of GST and GST- ER« deletion mutants. (f-h) ATXN7L3 enhances ERx-mediated transactivation. HEK-293 cells (f),
HepG2 cells (g) or HCCLM3 (h) were co-transfected with ERE-luc, pRL-TK and ERe, together with the indicated expression plasmids or siRNA in the presence of 10~7 M E2 or ethanol
vehicle. After 24 hr, cells were lysed and assayed using the dual-luciferase reporter assay system. The expression of ATXN7L3 was evaluated by western blot in lower panel. Error
bars represent mean + SD of three replicates. The western blot results were quantified through Image ] software and GAPDH was used as internal control.
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Fig. 3. ATXN7L3 knockdown represses the ERo regulated SMAD7 expression and ATXN7L3 is recruited to ERx-binding regions of SMAD?7. (a) Effect of ATXN7L3 knockdown on the
mRNA expression of SMAD7 and SHP1 in HCCLM3 cells. Cells were transfected with siCtrl or siATXN7L3 (3*). After treatment of 10~7 M E2 or ethanol vehicle for 24 hr, cells were col-
lected for RNA extraction and quantitative real-time PCR were performed. (b) Effect of ATXN7L3 knockdown on the protein expression of SMAD7 and SHP1 in HCCLM3 cells.
HCCLM3 cells were transfected with siCtrl or siATXN7L3 (3%). After treatment with 10~7 M E2 or ethanol vehicle for 24 hr, cells were harvested for protein extraction. Western blot
was performed to detect the expression of proteins as indicated. (c) Effect of ATXN7L3 overexpression on the protein expression of SMAD7 and SHP1 in Huh7 cells. Huh7 cells were
transfected with plasmid expressing ectopic ATXN7L3 or control vector. After treatment with 10~7 M E2 or ethanol vehicle for 24 hr, cells were harvested for protein extraction.
Western blot was performed to detect the expression of proteins as indicated. The results were quantified through Image ] software and GAPDH was used as internal control. (d)
The enhancement of SMAD7 expression by ATXN7L3 is associated with ERa. Huh7 cells were transfected with siCtrl or siER. In the next day, cells were transfected with ATXN7L3
expressing plasmid or control. After treatment of 10~/ M E2 or ethanol vehicle for 24 hr, cells were collected for RNA extraction and quantitative real-time PCR were performed. (e)
Diagram represents cis-elements in SMAD?. (f) ATXN7L3 and ER« are recruited to cis-elements in SMAD?. After treatment with 1077 M E2 or ethanol for 4 hr, HCCLM3 cells were
cross-linked and subjected to ChIP experiments by anti-ATXN7L3, anti-ER« or normal IgG. The precipitated DNA were normalized to input DNA signal as a percentage. Data repre-
sents the mean +SD of triplicate real-time PCR. (g) ATXN7L3 knockdown impacts on the epigenetic modification on cis-elements in SMAD?7. In HCCLM3 cells, lentivirus-mediated
knockdown of ATXN7L3 (shATXN7L3) and control cells (shCtrl) were treated with 10~7 M E2 or ethanol for 4 hr, then cells were subjected to ChIP assay with antibodies indicated.
The precipitated DNA was normalized to input DNA signal as a percentage. Data represents the mean =+ SD of triplicate real-time PCR.
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Fig. 5. ATXN7L3 knockdown promotes tumor growth of HCC cells in vitro and in vivo. (a) ATXN7L3 knockdown promotes cell proliferation of HCCLM3 cells. Lentivirus-mediated
knockdown of ATXN7L3 (shATXN7L3) in HCCLMS3 cells and control cells (shCtrl) were treated with 10~7 M E2 or ethanol. After indicated time, MTS reagent was added, then absor-
bance at 490 nm was measured and normalized to plotted. Points, mean of three replicates; bars, SD. (b) ATXN7L3 overexpression represses promotes cell proliferation of HCCLM3
cells, and knockdown of SMAD7 impairs the growth inhibition by ATXN7L3. (c) Effects of ATXN7L3 knockdown on the growth of HCCLM3 cells are shown by colony formation assay.
Statistical analysis of colony formation assay was shown in the right panel. (d) Representative photograph of mice with tumor xenografts. (e) Photograph of all xenograft tumors
from different groups. (f) Tumor volumes of xenografts after injection were shown. Bars represented standard alteration of the mean =+ SD. (g) Tumor weights of xenografts were
shown. (h and i) Total RNA of xenograft tumors were extracted and the mRNA expression of ATXN7L3 and SMAD7 were shown. (j - 1) Expressions of ATXN7L3, SMAD7 and phospho-
SMAD?2 Ser465/467 in xenograft tumors were detected by IHC assays.

3.6. Reduced ATXN7L3 and SMAD? expressions and clinical relevance of

ATXN7L3 in human HCC

Having revealed the involvement of ATXN7L3 in SMAD7 transacti-
vation, we next examined the expression of ATXN7L3 and SMAD7 in

28 pairs of HCC tissues and the matched adjacent noncancerous tis-
sues by western blot. ATXN7L3 expression in 21 HCCs (75%) and
SMAD7 expression in 23 HCCs (82.14%) were significantly reduced,
compared with that in the matched adjacent noncancerous tissues
(Fig. 6a and 6b). As shown in Fig. 6¢, significant correlation between
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Fig. 6. Expression of ATXN7L3 positively correlates with that of SMAD7 in clinical HCC samples. (a) Evaluation of the indicated proteins in clinical HCC tissues the matched adjacent
non-cancerous tissues. Lysates of tissues were subjected to western blot analysis. GAPDH was used as the loading control. N, adjacent non-cancerous tissues; T, tumor tissues. (b)
The expression of ATXN7L3 and SMAD?7 is decreased in clinical HCC tissues, compared with the matched adjacent non-cancerous tissues. Data from (A) were quantified by densi-
tometry, with GAPDH as the reference. Black color indicated the cases in which ATXN7L3 or SMAD7 expression were increased in tumor. (c) The expression level of ATXN7L3 is pos-
itively correlated with SMAD?7. Quantified expression levels of ATXN7L3 and SMAD7 from the 28-pair samples were statistically analyzed. The relative level of ATXN7L3 was plotted
against that of SMAD7. (d) Representative images of ATXN7L3 and phospho-SMAD2 Ser465/467 immunohistochemical staining in HCC cases with different stage of differentiation.
(e) Lower expression of ATXN7L3 positively correlates with poor clinical outcome in patients with HCC. ATXN7L3 expression in 85 HCC specimens with follow-up information were
evaluated by IHC stain. The subjects were divided into two groups based on the median expression score, representing low and high expression. And the overall survival was ana-
lyzed by Kaplan—Meier (KM) method.
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Table 1
Relation between the clinicopathologic variables and ATXN7L3 expression in HCC

ATXN7L3 expression

Variable cases (n=64)  Low High X2 Pvalue®
Age (Year)” 1 0317
<52.1 32 14 18
>52.1 32 18 14
Gender 2.003 0.157
Female 17 11 21
Male 47 6 26
Differentiation 7.819  0.005*
Well-Moderate 51 21 30
Poor 13 11 2
AFP stain 0366  0.545
Negative 14 8 6
Positive 50 24 26

2 :Chi-square test

b :Mean age

the protein expression of ATXN7L3 and that of SMAD7 was observed
(r?=0.5284, P<0.0001). The expression of ATXN7L3 was further
examined immunohistochemically in 64 HCC tissues. The correlation
between immunohistochemical expression of ATXN7L3 and clinico-
pathological factors was shown in Table 1. Although no significant
association between ATXN7L3 expression and age, gender or AFP
expression was observed, higher expression of ATXN7L3 was signifi-
cantly associated with well differentiation (Fig. 6d). Simultaneously,
reduced ATXN7L3 expression was accompanied with increasing
phosphorylated-SMAD?2 (Fig. 6d). In addition, the expression of lower
ATXN7L3 positively correlates with poor clinical outcome in patients
with HCC (Fig. 6e). These results suggested that ATXN7L3 might plays
arole in suppression of clinical human HCC.

4. Discussion

Here we discovered ATXN7L3 serves as a coactivator of ERe and
promotes SMAD?7 transactivation via a mechanism involving histone
deubiquitination. We also demonstrated the tumor suppressive role
of ATXN7L3 and repressed expression of ATXN7L3 in clinical HCC tis-
sues (Fig. 7).

Monoubiquitination of histone H2B at lysine 120 (H2Bubl) is
written predominantly by the RING finger complex RNF20-RNF40. In
previous studies, both tumor suppressor function and tumor promo-
tor function of H2Bub1 were reported [30—33]. While RNF20 knock-
down increases cell migration and promotes cell transformation in
human cancer cells, RNF20 and H2Bub1 were thought as tumor sup-
pressors [30]. Another report indicated that RNF20 and H2Bub1 have
contrasting roles in distinct breast cancer subtypes through differen-
tial regulation of key transcriptional programs, suggesting H2Bub1 is
implicated in promoting carcinogenesis in breast cancer [31]. In
mixed-lineage leukemia (MLL)-fusion leukemia, RNF20 is required
for proliferation, and H2Bub1 is enriched within the body of MLL-

SMAD 71

H2Bub1} H3K4me3 1

!

Suppression
of tumor growth

Fig. 7. Schematic representation of ATXN7L3 functions on SMAD?7 transactivation and
suppression of tumor growth in HCC.

fusion target genes and promotes their expression [32]. By targeting
RNF20 to proteasomal degradation and concomitant loss of H2Bub1,
Smad ubiquitin regulatory factor 2 (Smurf2) exhibits tumor suppres-
sor function with controlling chromatin landscape and genome sta-
bility [33]. Altogether, the exact role of H2Bub1 in cancer is context-
dependent, and depends on particular molecular pathways in the
given cancer. Previously published data shows that ATXN7L3 acts as
a robust controller for H2B deubiquitination throughout the entire
transcribed genome [7,8]. In this study, we also observed a substan-
tial increase in global H2Bub1 levels by ATXN7L3 knockdown
(Fig. 1c), and further demonstrate that ATXN7L3 contributes to inhi-
bition of tumor growth in HCC cells and tumor xenografts in mice
(Fig. 5). We also detected the interaction between ATXN7L3 and
USP22 (Supplementary Figure S3). As USP22 acts as a tumor pro-
moter in HCC [34-36], our data implies ATXN7L3 predominantly
functions with other deubiquitinating enzymes, which may serve as
tumor suppressors in HCC and should be identified in future work.

Canonical estrogen signaling is mediated through ERe, resulting
in transcriptional target gene activation and play a suppressing role
in HCC [29,37—43]. Estrogen has been proven to exert protective
effects against HCC through IL-6 restrictions, STAT3 inactivation and
tumor-associated macrophage inhibition [37-39]. Further, ERe was
identified as a candidate tumor suppressor gene in HCC [40]. ERx
interacts with and alters binding of HNF-4« to the HBV enhancer I,
then prevents activation of HBV transcription [41]. ER« over-expres-
sion mediated apoptosis by binding with SP1 proteins in HCC Hep3B
cells [29]. In addition, repressed ER« function contributes to HCC pro-
gression. MicroRNA-18a prevents ERx expression, promoting prolif-
eration of HCC cells [42]. Elevated expression of Erbin in HCC
promotes tumorigenes by promoting Chip binding and ubiquitination
ERa [43].

In this study, we demonstrated ATXN7L3 interacted and co-acti-
vated ERw in HCC cells (Fig. 2). ATXN7L3 and ERx were recruited at
the proximal region of SMAD7 gene, and ATXN7L3 knockdown
induced accumulation of H2Bub1 at the region (Fig. 3). Besides
SMAD7, ATXN7L3 also impacted a subset of known ER« target genes
(Fig. 4). As reported previously, H2Bub1 is conserved in all eukaryotes
and is centrally involved in gene regulation. Histone H2B ubiquityla-
tion and its deubiquitylation are both involved in gene activation
[8,17,44,45]. During transcription, H2Bub1 seems to be a highly
dynamic process, and the dynamics of H2B ubiquitination and deubi-
quitination at promoters or transcribed regions are differentially reg-
ulated [13,15]. In mammalian cells, H2B ubiquitination is intimately
linked with global transcriptional elongation [17]. In human cells,
deubiquitination activity of hSAGA complex is required for activator-
driven transcription, including AR and c-Myc [12,16]. Another hand,
in breast cancer, estrogen-dependent gene transcription relies upon
H2Bub1 [46], and SUPT6H is required for ERe activity possibly in part
through interaction with RNF40 and regulation of H2Bub1 [47].
Taken together, our findings imply that ATXN7L3, a coactivator of
ERc, was involved in ERo-mediated transactivation and the regula-
tion of a subset of endogenous ERx target genes via modulation of
H2Bub1, which provides a previously unknown mechanism in ERc
activity control in HCC. Therefore, the tumor suppressive role of
ATXN7L3 could in part be attributed to ERa activity control and
SMAD7 transactivation.

Previous studies reported that ER« interacts with E3 ubiquitin
ligases to be degraded with the treatment of E2 [48—-50]. It is unex-
pected that ATXN7L3 protein is reduced by E2 treatment in our data
(Fig. 2 and 3). Although the detailed molecular mechanisms for this
remains unclear, one possible underlying mechanism is that, the
interaction of ATXN7L3 and ERa might influence the E3 ligase
induced degradation of ATXN7L3.

It is reported that only a subset of genes was transcriptionally
affected by H2Bub1, while H2B ubiquitylation is broadly associated
with transcribed genes [30]. In an attempt to define global ATXN7L3
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target genes, we used RNA-sequencing in this study. In addition to its
role in modulating ERx-mediated transcription, ATXN7L3 also regu-
lated a subset of genes involved in a variety of biological functions
(Fig. 4). According the readout gave both ATXN7L3 direct and indirect
target genes. It is need to identify the global binding of ATXN7L3 in
vivo, which will be the subject of further investigation.

Signal-dependent activation by sequence-specific transcription
activators would recruit SAGA complex to remove ubiquitin from his-
tones, then collaborates with other complexes, such as MLL com-
plexes and PRC complex, to maintain gene expression programs via
epigenetic mechanisms [51]. In line with previous report, the results
of ChIP assays from our research (Fig. 3f) showed that ATXN7L3
knockdown decreased H3K4me3 level on cis-element of SMAD7
along with H2Bub1 changes, indicating that other histone modifica-
tion enzymes cooperate with ATXN7L3 in transcriptional regulation.

Taken together, our study demonstrated that ATXN7L3 is a novel
regulator of SMAD7 transcription with growth inhibitory function in
HCC, which provides an insight to support a previously unknown
role of ATXN7L3 in tumor progression and a better understanding of
the key mechanisms responsible for HCC progression.
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