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Abstract: YEATS domain containing 4 (YEATS4) is usually amplified and functions as an oncogene in several ma-
lignancies, such as colorectum, ovarian, breast and lung. However, the biological role of YEATS4 in hepatocellular
carcinoma (HCC) has not yet been discussed. Herein, we found that YEATS4 was significantly upregulated in HCC
compared to para-cancerous tissues, and was associated with poor prognosis, large tumor size, poor differentia-
tion and distant metastasis. In addition, YEATS4 promoted HCC cell proliferation and colony formation by binding
to and increasing the transcriptional activity of the TCEA1 promoter. Concurrently, upregulation of TCEA1 increased
the stability of the DDX3 protein, a member of the DEAD box RNA helicase family, and augmented the proliferative
and colony forming ability of HCC cells. Furthermore, YEATS4 accelerated tumor growth in vivo in a xenograft HCC
model. Taken together, our study provides evidence for the first time on the potential role of the YEATS4/TCEA1/
DDX3 axis in regulating HCC progression, and presents YEATS4 as a promising therapeutic target and prognosis

maker for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a malignant
tumor of the liver, and has a high mortality rate
with an annually increasing incidence world-
wide [1]. The poor prognosis of HCC patients is
largely attributed to the difficulty in early diag-
nosis, as well as the high metastasis, invasion
and recurrence of this cancer [2]. Therefore, it
is vital to explore the pathways involved in HCC
initiation, and thereby identify early specific bio-
markers and potential therapeutic targets for
HCC.

YEATS4 was first identified in the nucleolix [3].
High sequence homology to the human MLLT1
and MLLT3 proteins indicated a transcription
factor function [4]. Recently, YEATS4 has been
shown to be involved in the genesis and pro-
gression of various cancers. In the pancreatic
and gastric cancers, it acts as an oncogene via

the Wnt/B-catenin/TCF signaling pathway [5,
6]. YEATS4 is also upregulated in NSCLC and
contributes to cancer cell proliferation and
tumor growth by inhibiting p53 expression [7].
Furthermore, it has been linked with increas-
ed drug resistance in ovarian cancer [8]. Dow-
nregulation of YEATS4 by miR-218 sensitized
colorectal cancer cells to L-OHP-induced cell
apoptosis by weakening cytoprotective auto-
phagy [9]. However, the precise function of
YEATS4 in HCC, and underlying mechanisms
and patient prognosis is unclear.

SOX is an important transcriptional elongation
factor that can directly bind to RNA polymerase
Il, and allow it to read through various transcrip-
tion arrest sites [10, 11]. SOX has 3 distinct iso-
forms: the ubiquitously expressed TCEA1 that
was identified in the network-based protein-
protein interactions (PPI) for meningioma rela-
tive to healthy controls, the testis-specific SOX2


http://www.ajcr.us

YEATS4 promotes cell proliferation

[12], and SOX3 which controls murine embry-
onic stem cell (MESC) fate and maintains its
pluripotency by regulating the Leftyl-Nodal-
Smad?2 pathway [13]. TCEAL is also up-regulat-
ed in HCC [14], although its potential role
TCEAZ1 in liver cancer is not completely clear.

DDX3 (DEAD box protein 3) belongs to the
DEAD box RNA helicase family that are charac-
terized by the presence of a helicase domain
and involved in RNA post-transcriptional pro-
cession. They are also members of the DEAD/
H-box family [15], which are aberrantly expr-
essed in various solid and hematological ma-
lighancies [16-18]. Studies have shown that
high-levels of DDX3 could promote proliferation
and neoplastic transformation of immortalized
human breast cancer epithelial cells [19]. In
addition, studies have hinted to DDX3 growth-
regulatory functions of DDX3 in hepato-carcino-
genesis and progression [20, 21].

In this study, we showed that YEATS4 transcrip-
tionally activated TCEA1 expression TCEA1 by
binding to its promoter, TCEA1 and the latter
upregulated DDX3 levels by increasing protein
stability. These interactions significantly accel-
erated HCC cells proliferation and growth in
vitro and in vivo, thereby indicating that up-reg-
ulation of YEATS4 is associated with poor prog-
nosis in HCC patients.

Materials and methods
Cell culture

Human liver cancer cell lines were purchased
from the cell bank of Shanghai Institute of Cell
Biology and cultured in medium (HyClone) sup-
plemented with 10% fetal calf serum (Gibco),
100 IU/ml penicillin and 100 pg/ml streptomy-
cin (Millipore).

Immunoblotting

Cells were harvested and protein was extracted
using RIPA buffer (Sigma) with 1% v/v protease
inhibitor cocktail (Sigma) and 1% v/v phospha-
tase inhibitor cocktail (Sigma). Equal amounts
of protein lysates were separated by SDS-PAGE
and were transferred onto PVYDF membranes.
The filters were probed with the following spe-
cific primary antibodies: anti-YEATS4 and anti-
DDX3 (Abcam), anti-TCEA1 and anti-PCNA (Pro-
teintech Group), anti-ha, anti-flag and anti-p-
actin (Cell Signaling Technology) (Cell Signaling
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Technology). The blots were then incubated
with horseradish peroxidase-conjugated sec-
ondary antibodies (Pierce) and visualized by ch-
emiluminescence. Experiments were repeated
in triplicate independently.

Human tissue specimens

Tumor samples were obtained with informed
consent from HCC patients at Zhongshan Hos-
pital Xiamen University, between 2007 and
2011. The study was approved by the Xiamen
University Medical Ethics Committee. Overall
survival was calculated from the date of sur-
gery to the date of death or final follow-up.

Hematoxylin-eosin and immunohistochemistry
staining

Tissues were fixed with 10% neutral formalin,
embedded in paraffin, and 3-um-thick sections
were prepared by the pathological technologist.
For Hematoxylin-Eosin (HE) staining, sections
were deparaffinized and hydrated with a gra-
dient alcohol. After soaking in PBS, sections
were stained with HE. For IHC, sections were
stained using the streptavidin-peroxidase (S-P)
method. In brief, sections were deparaffiniz-
ed, hydrated and soaked in 3% H,0, for 10
minutes at room temperature, and then incu-
bated with Pygo2 polyclonal antibody (1:3000,
ab109001, Abcam) at 4°C overnight. Biotiny-
lated secondary antibody and diaminobenzi-
dine (DAB) were purchased from Maixin Bio-
technology (Fuzhou, China).

Plasmid construction and lentivirus prepara-
tion

For target gene knockdown, control and shRNA
sequences (shown in Table 1) against YEATS4
were cloned into the pLKO.1-Puro vector. For
over-expression, genomic sequence of the
YEATS4 and TCEA1 coding region was respec-
tively cloned into the backbone of the plv-Puro
vector vector downstream of the CMV promot-
er. Then 293T cells were transfected with the
above mentioned plasmids and packaging vec-
tors by using the Turbofect Transfection Re-
agent (Thermo). Infected cells were cultured for
selection with puromycin (InvivoGen).

RNA extraction and real-time PCR
RNA was extracted from tissues or cell samples

using the Trizol reagent (Invitrogen) according
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Table 1. YEATS4 abnormal expression correlates with clinic-patho-

logical factors of HCC patients

unting Kit-8 (CCK-8) assays
were performed using the Kit

Clinical-pathology Factors A abnormal expression N X2 P (#Y.B'KOO:L' Yiyuan Blojtechno—
Age (1) Ioglgs, Guangzhou, China) ac-
<55 20 (80.0%) o5 0195 0.724 pord|ng_to the manufacturer’s
) ) ) instructions for the purpose of
255 40 (83.3%) 48 detecting cell proliferation ab-
Gender ility. Optical density (OD) val-
Male 35 (83.3%) 42 0.088 0.768 ues were measured at a wa-
Female 25 (80.6%) 31 velength of 450 nm by a micro-
Tumor size plate reader. All experiments
<5cm 21 (70.0%) 30 5472 0.023% were performed three times,
>5cm 39 (90.7%) 43 and the average results were
Metastasis calculated.
Yes 38 (92.7%) 41 7033 0.008**  Eyiassay
No 22 (68.8%) 32
Differentiation The EdU incorporation assay
Poor 28 (93.3%) 30 5.074 0.034* was performed using the EdU
Moderate 12 (85.7%) 14 assay kit (RiboBio, Guangzhou,
well 20 (71.4%) 28 China), according to the manu-
. . . facturer’s instructions. Briefly,
Liver cirrhosis status . .
cells were cultured in triplica-
No 19 (73.1%) 26 2.261 0.200 )
te in 24-well plates. The cells
Yes 41 (87.2%) 47 were then incubated with 50
Serum HBV level (cps/ml) nM EdU for an additional 2 h at
<1000 26 (83.9%) 31 0.166 0.684 37°C. The cells were fixed with
>1000 28 (80.0%) 35 4% formaldehyde for 15 min at
Serum AFP level (ug/L) room temperature and treat-
< 400 27 (79.4%) 34 0279 0597 ed with 0.5% Triton X-100 for
> 400 32 (84.2%) 38 20 min at room temperature to

*p < 0.05; **P < 0.01.

to the manufacturer’s instructions. Primers
were designed and synthesized by BGI-Tech.
The sequences of the primer pairs are shown in
Table S1. A dissociation procedure was per-
formed to generate a melting curve for con-
firmation of amplification specificity. Gapdh
MRNA was quantified in parallel as the endog-
enous control.

Luciferase reporter assay

For the luciferase reporter assays, a 3050bp
genomic sequence of the 5-UTR (-3000-+50
bp) non-coding region was cloned into the back-
bone promoter region of the pGL3.0 vector.
After 48 h, the luciferase activity was measured
using a luciferase assay system (Promega)
according to the manufacturer’s instructions.

Cck8 assay

Approximately 2 x 103 cells per well were plat-
ed on to 96-well plates in triplicate. Cell Co-
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permeabilize them. After three
washes with phosphate-buff-
ered saline (PBS), the cells we-
re incubated with the Apollo reaction cocktail
(100 I/well) for 30 min. After being washed th-
ree times with phosphate buffered saline (PBS),
the cells were visualized using a fluorescence
microscope (Zeiss, Oberkochen, Germany).

Colony formation assay

A total of 1 x 102 cells per well were seeded
into 6-well plates and cultured for about 2
weeks in culture media. These cultures were
stained with 0.4% crystal violet. Clones beyond
2 mm were counted and the number of clones
per well was averaged from three wells. Ex-
periment was repeated at least three times.

In vivo assays for tumor growth
Cells (5 x 10°) in 0.2 ml of serum-free culture
medium were inoculated subcutaneously into

the right side of the backs of the nude mice.
After a tumor formed, the tumor size was esti-
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Figure 1. YEATS4 expression is upregulated in HCC tissues and negatively correlated with patient survival. A, B.
RT-PCR: YEATS4 mRNA expression in HCC was significantly higher than that in the adjacent normal liver tissues (60
vs 13 samples, P<0.001). Data were analyzed with 2-related samples Wilcoxon nonparametric test. C. IHC: YEATS4
protein expression in HCC was significantly higher than that in the adjacent normal liver tissues and located hepatic
carcinoma cell nuclear. D. Kaplan-Meier analysis of 73 patients with HCC classified according to YEATS4 expres-
sion. Patients with abnormal expression of YEATS4 had shorter survival time than patients with normal YEATS4
expression (P = 0.0315). E. The 3-year survival rate among differential expressions of YEATS4 protein. **P<0.01,
***p<0.001.

mated according to the formula: volume (mm?2) the tumor and “b” is the minor diameter per-
= a? x b/2, where “a” is the major diameter of pendicular to the major one. Eight weeks later,
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Table 2. Cox regression model for prediction of 73 patients with HCC

Univariate analysis

Multivariate analysis

Variables - !
P Hazard Ratio 95% Cl P Hazard Ratio 95% Cl

Age (yr) 0.346 1.492 0.649-3.428 0.096 2.554 0.847-7.695
Gender 0.397 0.706 0.315-1.580 0.290 1.691 0.639-4.473
Metastasis 0.015 2.908 1.231-6.871 0.041 0.418 0.168-1.041
Tumor size 0.471 0.349 0.598-3.043 0.171 1.928 0.753-4.934
Poor differentiation 0.038 2.674 1.057-6.764 0.122 2177 0.813-5.828
YEATS4 abnormal expression  0.016 2.855 1.213-6.718 0.038 2.895 1.061-7.896

the animals were sacrificed. The tumors were
removed and cryopreserved at -70°C for west-
ern blot analysis. Lungs were removed and em-
bedded in paraffin for hematoxylin and eosin
(H&E) staining.

Co-IP assay

Cells were lysed in lysis buffer supplemented
with protease inhibitors. Immunoprecipitation
and western blot analyses were performed as
previously described [22]. Briefly, the cell lysa-
te was incubated with the appropriate antibo-
dy and protein A-agarose beads for 3 h. The
immunoprecipitate was collected, washed th-
ree times with lysis buffer, and examined using
western blot analysis with different antibodies,
as required, after separation by SDS-PAGE. The
immunoreactive products were visualized via
enhanced chemiluminescence.

Chromatin immunoprecipitation

The chromatin immunoprecipitation (ChIP) as-
say was performed using an EZ-ChIP kit (Mi-
llipore, Catalog No. 17-10461) according to
manufacturer’s instructions. The TCEA1 pro-
moter region located -3000 to -50 bp upstream
of the transcription start site was amplified,
and products were quantified by real-time PCR
using both the ChIP-enriched DNA and input
DNA as template. Enrichment by ChIP was
assessed relative to the input DNA and normal-
ized to the level of gapdh. The PCR primers for
TCEAZ1 were listed in Table S1.

Statistical analyses

All data were expressed as the mean + SD and
analyzed using SPSS version 21.0 (IBM). Sta-
tistical analysis was performed with two-relat-
ed samples using the Wilcoxon nonparamet-
ric test for comparing two different groups.
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Correlation analysis was used to explore the
relationship between YEATS4 and TCEAL. Su-
rvival curves were calculated by the Kaplan-
Meier test. Cox regression analysis was used to
evaluate the risk factors associated with post-
operative survival. P value less than 0.05 was
considered statistically significant.

Results

Correlation between YEATS4 expression and
clinico-pathological features

To determine the expression level of YEATS4
in HCC tissues, total RNA and protein were
extracted from 73 paired HCC and adjacent
noncancerous liver tissues. YEATS4 mRNA lev-
els were detected by real-time PCR, and were
significantly upregulated in the HCC tissues
compared to the paired normal tissues (n =
73, P < 0.001; Figure 1A, 1B). YEATS4 protein
expression as per immunohistochemistry (IHC)
was also consistent with its mRNA levels
(Figure 1C), with strong YEATS4-positive nucle-
ar staining seen in the tumor tissues and unde-
tectable in the normal tissues. The correlation
between YEATS4 expression and clinico-patho-
logical factors of HCC was analyzed by chi-
square analysis. As shown in Table 1, higher
YEATS4 expression was significantly correlat-
ed with unfavorable features such as large
tumor size (P = 0.023), poor differentiation (P =
0.034) and distant metastasis (P = 0.008).
Taken together, YEATS4 may contribute to HCC
progression by promoting tumor growth and
metastasis.

YEATS4 expression levels in HCC is correlated
with poor prognosis

To determine whether up-regulation of YEATS4

could influence the clinical outcome in HCC
patients after surgical resection, Kaplan-Meier

Am J Cancer Res 2018;8(10):2076-2087
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Figure 2. YEATS4 promotes cell proliferation and clone formation in hepatocarcinoma cells in vitro. A. (left) YEATS4
mRNA and protein was dramatic decreased in PLC/PRL/5-shYEATS4 cells. (right) Down-regulation of YEATS4
represses PLC/PRL/5 cell proliferation in CCK-8 assay. B. (left) YEATS4 mRNA and protein was dramatic increas-
ed in Huh7 and MHCC-97H-overexpression YEATS4 cells. (right) Up-regulation of promotes Huh7 and MHCC-97H
cell proliferation in CCK-8 assay. C. YEATS4-overexpression Huh7 and MHCC-97H cells had a significantly higher
positive EdU incorporation rate than Ctrl cells. D. Colony formation assay showed that a marked increase in
colony number and size was seen in groups with YEATS4 ectopic expression hepatocarcinoma cells. **P<0.01,
***P<0.001.
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analysis was performed. We found a negative
correlation between YEATS4 levels and clinical
prognosis (Figure 1D). As shown in Figure 1E,
based on the 3-years survival rate, patients
with abnormally high YEATS4 expression had a
shorter overall post-operative survival time
compared to those with lower YEATS4 levels
(32.4% vs 61.8%, P = 0.015). In addition, the
Cox proportional hazards regression model
showed that high expression of YEATS4 was
an independent risk factor of HCC prognosis (P
= 0.016 and P = 0.038, Table 2). The prog-
nosis of the patients was in turn significantly
associated with the tumor differentiation sta-
tus and metastasis, whereas no significant
association was seen with age, gender and
tumor size (P>0.05). Therefore, YEATS4 may be
a candidate prognostic marker in HCC biopsy
specimens.

YEATS4 promotes HCC cell proliferation and
colony formation

The association between high expression lev-
els of YEATS4 and tumor size indicates that
YEATS4 may be related to the proliferation and
apoptosis of HCC cells. To validate our hypoth-
esis, we depleted endogenous YEATS4 in PLC/
PRF/5 cells via the shRNA approach. CCK-8
assay showed that downregulation of YEATS4
remarkably suppressed HCC cell proliferation
(Figure 2A). In contrast, exogenous overexpres-
sion of YEATS4 in the HCC Huh7 and MHCC-
97H cell lines had opposite effects on prolifera-
tion (Figure 2B). An EdU assay on the same
cell lines also suggested that higher YEATS4
endowed these cells with a proliferative advan-
tage (P < 0.01, Figure 2C). Finally, colony forma-
tion assays indicated that YEATS4 overexpres-
sion in the Huh7 and MHCC-97H cells was
positively correlated with the number and size
of colonies (P < 0.01, Figure 2D). Therefore, the
above results demonstrated that YEATS4 sig-
nificantly promoted HCC cell proliferation and
colony formation.

YEATS4 regulates HCC cell proliferation via
TCEA1

To further elucidate the underlying mechanism
of YEATS4 mediated HCC progression, we con-
ducted transcriptomic analyses of HCC cell
lines with YEATS4 overexpression or knock-
down by RNA-SEQ. TCEA1l as a proliferation
related protein reported in numerous malig-
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nant tumors, TCEA1 was our main focus [10,
14]. As shown in Figure 3A, shRNA-mediated
knockdown of YEATS4 in PLC/PRF/5 cells sig-
nificantly downregulated TCEAL mRNA and pro-
tein expression, while ectopic expression of
YEATS4 in the MHCC-97H cells upregulated
TCEA1 (Figure 3B). Furthermore, the expres-
sion of the proliferation marker PCNA was cor-
related to that of YEATS4 and TCEAL. Based on
our results and other studies, we hypothesiz-
ed that YEATS4 mediated HCC cell prolifera-
tion may be dependent on TCEA1. To validate
this hypothesis, we overexpressed TCEAL in
YEATS4 knockdown PLC/PRF/5 cells, and as
shown in Figure 3C, 3D, the proliferative impair-
ment due to lack of YEATS4 was effectively
restored by over-expression of TCEA1. Con-
currently, CCK-8 assay indicated that knock-
down TCEA1 abolished the cell growth promot-
ing effect of ectopic expression of YEATS4
(Figure 3E, 3F). In addition, TCEA1 mRNA ex-
pression was significantly upregulated in HCC
tissue samples compared to the para-carci-
noma tissues, and showed a strong positive
correlation with YEATS4 mRNA levels (Figure
3G, 3H, r=0.048, P < 0.0001). Taken together,
these results suggested that YEATS4 over-
expression in HCC cells upregulated TCEA1,
resulting in excessive proliferation.

YEATS4 blinds to TCEA1 promoter and increas-
es its transcriptional activity

YEATS4 shares a high sequence homology with
human MLLT1 and MLLT3 proteins which indi-
cates that its encoded protein may act as a
transcription factor [4]. Based on our and oth-
ers’ findings, we hypothesized that YEATS4
may bind to TCEA1 promoter to regulate its
transcriptional activity [10, 23, 24], and test-
ed this hypothesis in vitro TCEA1 by chroma-
tin immunoprecipitation (ChIP). The ChIP ass-
ay was performed in PLC/PRF/5 cells using
rabbit anti-YEATS4 monoclonal antibody and
rabbit 1gG antibody as controls. As shown in
Figure 3I, 3J, significant amplification was se-
en in the TCEA1 promoter (p3) region in the
anti-YEATS4 precipitated samples, while none
of the sequences were amplified in the control
group. These results indicated the direct bind-
ing of YEATS4 to the TCEA1l promoter. The
effect of YEATS4 on TCEA1 transcriptional
activity was analyzed using a TCEA1-luciferase
reporter assay. As shown in Figure 3K, 3L,
YEATS4 remarkably induced the TCEA1 pro-
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Figure 3. YEATS4 regulates HCC cell proliferation via binding to TCEA1 promoter and increasing its transcrip-
tion activity. A. The protein and mRNA level of TCEA1 was up-regulated in PLC/PRL/5-shYEATS4 cells compared
with PLC/PRL/5-shCtrl. Cell proliferation maker PCNA had corresponding change. B. TCEA1 mRNA and protein level
were increased significantly when YEATS4 was over-expression in MHCC-97H cells and PCNA protein expression
also upregulated. C, D. CCK-8 assay indicated that YEATS4 down-regulation induced weak proliferation of
PLC/PRL/5 cells was strongly restored by ectopic expression of TCEAL. E, F. CCK-8 assay indicated that knock-
down TCEAZ1 abolished the cell growth promoting effect of ectopic expression of YEATS4. G. RT-PCR test
showed that TCEA1 was upregulated in HCC tissues compared with paracarcinoma tissues. H. YEATS4 mRNA level
in HCC tissues was positive associated with TCEAL. |. The schematic diagram of TCEA1 promoter region for ChIP
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Figure 4. TCEAL increases the sability of DDX3 protein. A. Ectopic expression of YEATS4 in Huh7 cells increased the
DDX3 protein level along with increase of the expression of TCEA1, whereas it had no effect on DDX3 mRNA levels.
B. Decreased expression of TCEA1 in PLC/PRL/5-shYEATS4 cells downregulated the DDX3 protein level rather than
mRNA level. C. Co-immunoprecipitation experiments indicated that TCEA1 interacts with DDX3 in PLC/PRL/5 and
293T cells. D, E.TCEA1 significantly prolonged the half-life of DDX3 protein. **P<0.01.

moter driven luciferase reporter gene activity
TCEAL. However, the TCEAL reporter gene was
inactivated when the p3 sequence of the TCEAL
promoter was deleted. Taken together, YEATS4
increases the transcriptional activity of TCEAL
by directly binding to TCEA1 promoter at the
specific p3 (-1200 to -1500 bp) site.

TCEA1 increases the stability of DDX3 protein

To determine the mechanism of action of TC-
EA1 and its possible target(s) TCEAL vis-a-vis
HCC cell proliferation, we conducted a protein
mass spectrometry analysis following YEATS4
antibody co-immunoprecipitation. DDX3 has
been reported in various solid tumors and
promotes cancer cell proliferation and metas-
tasis [18, 25-27]. Given that TCEA1 interacts
with DDX3, we hypothesized that DDX3 may be
modulated by TCEA1 and affect HCC cell pro-
liferation. After confirming a direct physical in-
teraction between TCEA1 and DDX3 proteins
via co-immunoprecipitation and Western blot-
ting (Figure 4C), we analyzed the latter’'s exp-
ression levels in HCC cells. DDX3 protein exp-
ression in Huh7 cells was increased following
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YEATS4 overexpression, although no changes
were seen at the mRNA level (Figure 4A). Furth-
ermore, short hairpin RNA (shRNA) mediated
depletion of YEATS4 significantly reduced the
DDX3 protein levels in PLC/PRF/5 cells, and
this inhibition was reversed by the simultane-
ous ectopic expression of TCEAL (Figure 4B).
Based on these findings, we surmised that
TCEA1 influences the stability of DDX3 protein
rather than its transcription.

To evaluate the possible effect of TCEAL on the
stability of DDX3 protein, the PLC/PRF/5 cells
were treated with the protein synthesis inhi-
bitor cycloheximide (CHX). Western blotting sh-
owed that TCEAL significantly prolonged the
half-life of DDX3 (Figure 4D, 4E). Taken togeth-
er, TCEA1 interacted with DDX3 and increas-
ed its stability DDX3 thereby augmenting the
pro-proliferative effect of YEATS4 in HCC cells.

YEATS4 accelerates the growth of xenograft
tumor in vivo

To determine the in vivo significance of YEATS4,

we constructed a xenograft model of HCC by
subcutaneously transplanting the animals with

Am J Cancer Res 2018;8(10):2076-2087
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Figure 5. YEATS4 accelerates xenograft tumor growth in vivo. A. The volume
of tumors of PLC/PRL/5-shYEATS4 group was smaller than control group. B.
Growth curves of Ctrl and PLC/PRL/5-shYEATS4 models. C. Tumor weight in
the PLC/PRL/5-shYEATS4 group was smaller than that in the control group.

equal numbers of PLC/PRL/5-plko-shYEATS4
and PLC/PRL/5-plko-EV cells. Tumors were
successfully formed in both groups after 1
week, and tumor growth was monitored for two
months. The tumors of the PLC/PRL/5-plko-
shYEATS4 group had a slower growth rate than
those of the PLC/PRL/5-plko-EV group (Figure
5B). At the end of the observation period, the
animals were sacrificed, and the tumors were
removed and weighed. As shown in Figure 5A
and 5C, the tumor size and weight of the PLC/
PRL/5-plko-shYEATS4 group was significantly
less compared to that of the control group (P <
0.01). These findings indicated that YEATS4
accelerated xenograft tumor growth in vivo,
consistent with the in vitro data.

Discussion

Several aberrantly expressed genes have been
identified in HCC, including YEATS4, which is
usually amplified in astrocytomas and glioblas-
tomas and was originally identified in the glio-
blastoma multiform cell line TX3868 [3, 28]. An
increasing number of studies have found a cor-
relation between YEATS4 mRNA or protein
expression and cancers like colorectal cancer,
NSCLC, ovarian cancer, gastric cancer, pancre-
atic cancer and glioblastoma [5-9, 29, 30].
However, its functions in HCC, a malignant
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tumor with high morbidity and
mortality [31], is relatively
poorly understood.

We have reported for the fir-

st time that YEATS4 mRNA
] and protein are up-regulat-
ed in HCC tissues compared
to non-tumor tissues (Figure
1A-C), and higher YEATS4
levels are significantly asso-
ciated with large tumor size,
poor differentiation and dis-
tant metastasis (Table 1),
which is consistent with pre-
vious reports on other solid
tumors [3, 5, 7, 9]. Overexpr-
ession of YEATS4 might also
be an independent risk fac-
tor for HCC prognosis, and
YEATS4 is a potential pre-
treatment prognostic marker
in liver biopsy specimens. The
pro-proliferative and pro-in-
vasive effects of YEATS4 is
dependent on the deregula-
tion of p53 and Wnt pathways [6, 7], and previ-
ous studies have also shown that YEATS4 acts
as a transcription factor [8]. Consistent with
this, we were able to demonstrate that the
oncogenic role of YEATS4 in HCC was associat-
ed with its binding to, and the transcriptional
activation of the TCEA1 promoter. Furthermore,
YEATS4 mediated HCC cell proliferation was
also dependent on TCEA1 expression, thereby
showing for the first time that TCEAL is a target
gene of YEATSATCEAL.

Although previous studies have shown a TC-
EA1 significant upregulation of TCEA1 in HCC
cells [14], the underlying mechanism, especial-
ly TCEA1 with respect to proliferation, remains
unclear. We found that TCEA1 increased HCC
cell proliferation by interacting with DDX3, and
that TCEA1 upregulated DDX3 protein levels by
enhancing its stability rather than its transc-
ription. TCEA1 the exact mechanism of TCEAL
mediated regulation of DDX3 stability, whether
direct or indirect, remains to be elucidated.

The primary role of DDX3, an RNA helicase, is
post-transcriptional mRNA processing [32].
Previous studies have shown that DDX3 plays
an oncogenic role in HCC [20, 27], and various
other tumors [17, 20, 26, 33, 34]. Mecha-
nistically, DDX3 inhibits apoptosis [35], and
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promotes cell cycle progression [26, 36], mi-
gration and invasion [33, 37]. In addition, DDX3
is dysregulated in hepatitis virus-associated
HCC and is involved in cell proliferation, alth-
ough the regulatory mechanism of DDX3 in
HCC remains to be validated. Our results sh-
owed that DDX3 was the active target of TCEA1
and accelerated HCC cell proliferation in vitro
and in vivo. Aberrantly high levels of YEATS4 in
HCC cells upregulated TCEAL, which induced
an increase in DDX3 protein levels TCEA1
thereby resulting in higher proliferation rates.

In conclusion, we have shown the oncogenic
role of the YEATS4/TCEA1/DDX3 axis in HCC
for the first time, and presented YEATS4 as a
potential therapeutic target and prognosis ma-
ker for HCC.
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Table S1. Primers sequences

Primer name F:5’-3’ R: 5-3’
RT-PCR YEATS4 TGAAAGACCTGTAACCCTGTATC CATCATTGCTGTTGGGTCTTG
TCEAL TGGACAAGATGGTGCAGAAG GCAGTAATTCCAGGGTCATAGG
DDX3 GGTATTAGCACCAACGAGAGAG TATCGGCACCACCATAAACC
ChIP P1 CACCTAGAAGAGTGACTGGAAC TTCAGTTTGGAGGGAACATACT
P2 AAGGTAGCGGAGAGAGAGTT AGCCTGTGTTGTTGGGTTAT
P3 CTCCAAAGCCCATCCTTCTAA GAGCAAGACTCCGTCTCAAA
P4 CCGGAGCTCTTTCAGTATCATC GAGGGAATAAGCCAAGAAGGAG
P5 TGTGGAAACTCATCTCCTTAACA TGCAGTCACATCACAGGAC
PGL3.0 Promoter CCAAGTGCTCTCCACTCAGGCTC TTTACTCTCCCGCCGGAGTCA
PLV-puro YEATS4 GCTCTAGAATGTTCAAGAGAATGGCCGAA CCGCTCGAGTTATATGTCTTTTGCTTGGT
ha-YEATS4 GCTCTAGAATGTACCCATACGACGTCCCAGACTACGCTTTCAAGAGAATGGCCGAA CCGCTCGAGTTATATGTCTTTTGCTTGGT
flag-TCEAL GCTCTAGAATGGATTACAAGGATGACGACGATAAGGAGGACGAAGTGGTCCGCTT TCAACAGAACTTCCATCGATTTCC
PLKO.1 ShYEATS4-1  CCGGTAACCCTGTATCATTTGCTAAAGCTTCAAGAGAGCTTTAGCAAATGATACAGGGTTTTTTTTG  AATTCAAAAAAAACCCTGTATCATTTGCTAAAGCTCTCTTGAAGCTTTAGCAAATGATACAGGGTTA
ShYEATS4-2  CCGGTAAGGGTGTTACTATCGTTAAACCTTCAAGAGAGGTTTAACGATAGTAACACCCTTTTTTTTG  AATTCAAAAAAAAGGGTGTTACTATCGTTAAACCTCTCTTGAAGGTTTAACGATAGTAACACCCTTA
shTCEA-1 CCGGTGTGGAGCATTGGATTTGCTAAAGGTTCAAGAGACCTTTAGCAAATCCAATGCTCCATTTTTTG AATTCAAAAAATGGAGCATTGGATTTGCTAAAGGTCTCTTGAACCTTTAGCAAATCCAATGCTCCACA
ShTCEA-2  CCGGTATGGCTAGTGATGAGCTGAAAGATTCAAGAGATCTTTCAGCTCATCACTAGCCATTTTTTTG  AATTCAAAAAAATGGCTAGTGATGAGCTGAAAGATCTCTTGAATCTTTCAGCTCATCACTAGCCATA




