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Abstract: Potential functions of pseudogenes on tumorigenesis and development of human malignancies have been
gradually revealed recently. However, the specific regulation and intracellular events associated with pseudogenes
have not been illustrated clearly in hepatocellular carcinoma (HCC). AKR1B10P1 is an isoform pseudogene of onco-
genic AKR1B10, and is barely transcribed in normal hepatocytes. In this study, anomalous transcript of AKR1B10P1
was detected in both HCC tissues and cell lines, and is positively correlated with its parental genes. High level of
AKR1B10P1 transcript is correlated with dismal clinicopathologic features, including large tumor dimension, high
level of serum Alpha-fetoprotein (AFP), advanced TNM stages, tumor microsatellite formation and venous invasion.
Loss-of and gain-of function assays demonstrated the exact impact of AKR1B10P1 on promoting HCC cell prolifera-
tion. Furthermore, transcription factor SOX4 was discovered facilitating the activation of AKR1B10P1 transcription,
and was validated as a down-stream target degraded by tumor-suppressing miR-138. Meanwhile, we discovered the
existence of a positive feedback from AKR1B10P1, by which miR-138 interacts with AKR1B10P1 via a competing
endogenous RNA (ceRNA) way. Thus, we suggest a positive feedback loop of AKR1B10P1/miR-138/S0X4, promot-
ing HCC cell proliferation. In summary, the AKR1B10P1/miR-138/S0X4 loop in HCC cells provides us potential and
probable targets contributing to HCC prevention and therapeutic treatment.
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Introduction [5, 6]. Initiately, pseudogenes were considered
as non-functional ‘junk DNAs’ [7]. However, cur-

Hepatocellular carcinoma (HCC) ranks the sixth rent evidence has gradually revealed the exis-

incidence of human malignancies and leads to
high mortality worldwide [1, 2]. In spite of the
progression in HCC treatment, the prognosis
and over-all survival of HCC patients shows
unappreciated outcomes [3, 4]. Thus, innova-
tive breakthrough for a better learning of HCC
development is essential for further precise
prediction of the prognosis and effectiveness
on therapeutic treatment.

Pseudogenes are a group of DNA sequences
generated from the duplication of their parental
genes, accompanied with variety of mutations

tence of pseudogenes transcripts, which are
commonly composed with over 200 nucleo-
tides and are regarded as a kind of long non-
coding RNA (LncRNA) without protein-coding
capacity [8].

As acknowledged, pseudogenes can exert com-
peting endogenous RNA (ceRNA) effect as one
of the most common functions. By binding with
microRNAs (miRNAs), known as short non-cod-
ing RNAs with the length of about 22 nucleo-
tides, pseudogenes competitively impacts the
MRNA-protein translation or suppresses the
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degradation of mRNAs targeted by specific
miRNAs, and induced stabilization of the tar-
geted gene expression [9]. For instance, Glu-
cosylceramidase Beta (GBA) is an oncogene in
gastric cancer, targeted and suppressed by
miR-212. GBAP1 is the pseudogene of GBA,
and its transcript is increased in gastric cancer,
particularly binding to miR-212 and protecting
the expression of GBA [10]. Similarly, the acti-
vation of oncogenic MAPK pathway is stabiliz-
ed by the ceRNA effects of both pseudogene
KRASP1 and BRAFP1, by stabilizing the paren-
tal genes, KRAS and BRAF respectively, through
binding miR-106b and miR-93 [11]. Whiltheless,
disclosure of the exact functions of pseudo-
genes in HCC is limited yet.

Our previous study has revealed that Aldo-Keto
Reductase Family 1 Member B10 (AKR1B10)
was significantly highly expressed in HCC, exert-
ing a remarkable enhancing effect on cell
growth [12]. Considering the discovery of a
potential indicator of HCC prevention and treat-
ment, we further studied intensively, and dis-
covered that the pseudogenes of AKR1B10,
named AKR1B10P1, was tremendously tran-
scribed in HCC tissues and cell lines, positively
correlated with its parental gene. Whilst, abun-
dant AKR1B10P1 transcript shows significant
positive correlation with dismal clinicopatho-
logic features in HCC patient, such as large
tumor dimension, high serum Alpha-fetoprotein
(AFP) expression, advanced TNM stages with
tumor microsatellite and venous invasion.
Functional experiments illustrated a remark-
able enhancement of cell growth by AKR-
1B10P1. To figure out the regulation inducing
AKR1B10P1 transcription activation, we ex-
plored the upstream transcription factors by
using online prediction and followed molecular
validation. SOX4 was screened out and con-
firmed as a transcription factor bind to the
5-end sequence up AKR1B10P1 gene through
Chromatin immunoprecipitation (ChlP) assay.
We also discovered the down-regulation of miR-
138, a tumor suppressor in HCC cells [13]. MiR-
138 was found degrading SOX4 mRNA through
direct interaction. Intriguingly, by analyzing and
comparing the sequences of both AKR1B10P1
transcript and miR-138, we noticed the poten-
tial binding site between these two transcripts,
on basis of which indicates a potential ceRNA
effect. Thus, a feedback loop of AKR1B10P1/
miR-138/S0X4 was proposed as a probable
mechanism promoting HCC cell growth and
tumor development. We supposed to suggest
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AKR1B10P1/miR-138/S0X4 as the innovative
targets for HCC diagnosis and therapeutic
treatment.

Materials and methods
Cell culture

HCC cell lines Hep3B, HepG2 and Huh7 were
purchased from Shanghai Institutes for Bio-
logical Sciences, Chinese Academy of Sci-
ence (Shanghai, China), The normal human
hepatic cell line LO2 was set as control. All cells
above were cultured in RPMI 1640 supple-
mented with 10% heat-inactivated fetal bovine
serum (FBS), incubated at the environment
temperature of 37°C, with 100 ug/ml strepto-
mycin and 100 U/ml Penicillin in a humidified
cell and an atmosphere of 5% CO.,,.

Clinical specimens

Ninety-three paired pathologically diagnosed
HCC tumor specimens from patients conducted
radical resection without preoperative therapy
during 2015 to 2018 were collected along with
the adjacent non-cancerous tissues, at the
Department of General Surgery, Hepatobiliary
Surgery, Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine. Informed con-
sent was obtained and the study was approved
by the Ethics Committee of Ruijin Hospital,
Shanghai Jiaotong University School of Me-
dicine, in accordance with the Declaration of
Helsinki. Clinicopathologic features of the
patients including gender, age, tumor size,
number of lesions, grades et.al were collected.

RT-gPCR assay, Western blot analysis and im-
munohistochemistry assay

RNA isolation was carried out from tissues and
cells according to the instruction of TRIzol
reagent (Invitrogen, USA), and the first-strand
cDNA was synthesized by using High-Capacity
cDNA Reverse Transcription Kit (ABI, USA).
RT-primers of the mRNAs were synthesized by
Sangon Biotech Company (Shanghai, China)
(Table S1). Real-time quantitative polymerase
chain reaction (RT-gPCR) was implemented
according to the TagMan Gene Expression
Assays protocol (ABI, USA).

Antibody against SOX4 and the control GAPDH
was purchased and manipulated following the
manufactory instruction (Abcam, USA). The wes-
tern blot analysis and immunohistochemistry
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assay were performed according to the similar
methods we previously described [12]. The lev-
els of protein expression were assigned to two
experienced pathologists for blind examination
following immunohistochemistry (IHC) assay,
and were set into two groups as staining inten-
sity graded subjectively: no to low staining
(O~1+) and moderate to high staining (2+~3+).

Cell transfection

Hep3B cells in exponential phase were trans-
fected with shRNA (GenePharma, Shanghai,
China) for suppressing AKR1B10P1 transcript
by transfection of lentiviral vector pLKO.1
(Addgene, Cambridge, USA), following the
instruction, and the control ones were con-
structed. Puromycin was used for selecting the
stable cells 48 hours after the infection. On the
contrary, lentiviral vector pLV (Addgene, Cam-
bridge, USA) was applied for ectopic expressing
either AKR1B10P1 (pLV-AKR1B10P1) or SOX4
(pLV-SOX4), and the pLV-Null was set as the
negative control. SOX4 depletion was conduct-
ed through shRNA in the same way as described
above. The experiments for investigating SOX4
functions in Hep3B cells were conducted follow
the similar protocol described in the text, and
the results were presented in the form of

Figures S1 and S2.

Hep3B cells over-expressing miR-138 (Hep3B/
miR-138) were constructed through the mimic
method according to the similar description in
our previous study, followed by Dual-luciferase
Reporter Assay respectively in pLV-SOX4 or
pLV-Null treated cells, and the negative control
ones were set (NigmiR).

Cell proliferation assay and cell cycle analysis

Hep3B cells (1x10°) stably transfected were
cultured in 96-well microtiter plates in triplicate
and incubated at 37°C with an atmosphere of
5% CO, for 5 days. Microplate computer soft-
ware (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) was used for measuring the OD following
the Cell Counting Kit-8 (CCK-8) assay kit proto-
col (Dojindo, Tokyo, Japan). The plot curves of
cell proliferation were generated. Meanwhile,
cells aforementioned were also treated in steps
with ethanol fixation, RNase A treatment and
propidium iodide staining. Flow cytometry de-
tection by using FACSCalibur (Becton-Dickinson,
Franklin Lakes, NJ, USA) were conducted. Cell
populations at the GO/G1, S and G2/M phases
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were quantified through ModFit software (Be-
cton-Dickinson). Cell debris and fixation arti-
facts were excluded.

Cell apoptosis rate measurement

Cell apoptosis rate was measured using
PE-Annexin V Apoptosis Detection Kit | (BD
Pharmingen, USA) according to the product
instructions. Stable transfected Hep3B cells
were resuspended in 1x Binding Buffer (1x10°
cells/ml). 5 ul of FITC and 5 pl of Pl were added
into 100 ul of cell suspension, followed by 15
minutes incubation in darkness and 400 plIx
Binding Buffer was added. The analysis of
apoptosis was conducted by using flow cytom-
etry (Becton Dickinson, USA). Both Annexin
V-FITC-positive and Pl-negative cells were con-
sidered as apoptosis ones.

Dual-luciferase reporter assay

Online tool of microcosm (http://mirecords.bio-
lead.org) predicted miR-138 as a potential
upstream regulator of SOX4 mRNA via directly
interaction. A 202 bp sequence containing
putative binding site of miR-138 was selected
from the 3’-UTR of SOX mRNA, set along with
the mutative sequence (Table S2). Simul-
taneously, dreamBase (http://www.sysu.edu.
cn/403.html) was used and we recognized a
short sequence (5-ACACCAGC-3’) up the first
ATG of AKR1B10P1 transcript probably binding
with miR-138. Either the 3’-untranslated region
(3-UTR) of SOX4 mRNA or the AKR1B10P1
transcript containing the putative miR-138
binding site was intercepted, set along with the
mutated ones (Table S2). Sequences above
were cloned into pMIR-REPORT luciferase vec-
tors (Promega, Madison, WI, USA), containing
Firefly luciferase, and pRL-TK vectors containg
Renilla luciferase used as control. The vectors
were co-transfected into Hep3B cells overex-
pressing miR-138 and the control ones. The
luciferase activation was measured by using
Dual-Glo Luciferase assay system (Promega)
48 hours post-transfection.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was conducted for investigating the
binding interaction between the AKR1B10P1
gene and the transcription factor SOX4. A total
of 5x10° cells were cultured in each 10 cm dish
and subjected to the protocol of ChIP by using
ChIP-ITTM Kit (Active Motif). Chromatin was
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immune-precipitated with 2 ug of either SOX4
antibody (Abcam, USA) or IgG as the negative
control. The extracted DNA followed was then
analyzed through PCR and RT-qPCR by intro-
ducing the two sets of relative primers (Table
S1) for amplification of the fragment including
the promoter sequence of AKR1B10P1 gene.

Statistical analysis

Statistical analysis was carried out by using
SPSS 20.0. P-values were calculated using an
unpaired Student’s t-test and Fisher’'s exact
test. Differences were considered statistically
significant at P-values < 0.05.

Results

Transcription activation of AKR1B10P1 in HCC
cell lines and tissues

By exploring TCGA datasets, pseudogene AKR-
1B10P presents extremely low transcription in
normal liver tissues and cells. However, in mul-
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Figure 1. Pseudogene AKR1B10P1 is transcribed in HCC
cell lines and tissues. A. RT-qPCR assay was applied to
investigate the expression level of the transcript of pseu-
dogene AKR1B10P1. As the results demonstrated, an de-
tectable pseudogene AKR1B10P1 transcript at high level
in HCC cell lines was observed. On the contrary, barely
no obvious AKR1B10P1 transcript was detected in the
control LO2 cells (**P < 0.01). B. Paired specimens of
93 HCC cases were through RT-gPCR assay. AKR1B10P1
was remarkably transcribed in 84.84% of the HCC tumor
tissues (79/93); while, only 5.38% (5/93) cases present
a relatively low level AKR1B10P1 transcript in non-can-
cerous tissues. C. Intra-hepatic metastasis was validated
in 37 patients out of the 97 cases through post-operative
pathological examination. As presented, 83.78% (31/37)
cases presented obviously higher AKR1B10P1 transcript.

tiple human malignancies, including cholangio-
carcinoma, lung squamous cell carcinoma and
HCC, AKR1B10P1 presents detectable tran-
script products (Table S2 and Figure S1A, S1B).
We further investigated starbase v3.0 project
database (http://starbase.sysu.edu.cn/index.
php) [14], and compared 374 HCC tissues and
50 normal liver tissues. As Figure S1 shown,
a remarkable transcription activation in HCC
tissues was illustrated (Fold change 13.64,
P=1.0e-7).

We detected the transcript level of AKR1B10P1
in three HCC cell lines (Hep3B, HepG2 and
Huh7) and the control LO2 cells. AKR1B10P1
showed about no transcription in LO2 cells.
However, in all the HCC cell lines, AKR1B10P1
presented a remarkable over-expression, and
especially in Hep3B cells (Figure 1A).

Similar to HCC cells, AKR1B10P1 showed high
expression in HCC tissues. Among the 93 HCC
cases collected in our medical center, AKR-
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Table 1. Correlation between AKR1B10P1 transcript and

clinicopathologic features in 93 HCC specimens

High level of AKR1B10P1 transcript
is correlated with dismal clinico-

AKR1B10P1 expression

Clinicopathologic parameters

Low (n=14) High (n=79)

pathologic features of the HCC
p* patients

Age (years)

<50 9 40

>50 5 39
Gender

Male 9 42

Female 5 37
Diameter (cm)

<5 10 33

>5 4 46
TNM stage

I~ 8 28

I~V 3 48
Tumor encapsulation

Absent 7 33

Present 7 46
Tumor microsatellite formation

Absent 11 30

Present 3 49
Venous invasion

No 8 24

Yes 6 55
HBsAg

Negative 5 13

Positve 9 68
AFP (ng/ml)

<400 12 12

>400 2 67
Cirrhosis

Absent 5 7

Present 9 72

The clinicopathologic features of 93
0.396 HCC patients in our medical center
were selected and analyzed. As pre-
sented in Table 1, there was no sig-
0.564 nificant correlation between AKR-
1B10P1 transcription activation and
the patient’s age, gender, virus con-
trol status or venous invasion. On
the contrary, transcribed AKR-
1B10P1 was inclining to correlated
with larger HCC tumor size (P < 0.05),
0.045 more frequency of advanced TNM
stages (P < 0.05), higher serum Alp-
ha-fetoprotein (AFP) quantity (P <
0.574 0.01), incidence of tumor microsatel-
lite formation (P < 0.01) and liver cir-
rhosis (P < 0.05).

0.047

0.007 Knock-down AKR1B10P1 suppress-
es cell proliferation of Hep3B cells
and induces cell apoptosis

0.069
Knock-down AKR1B10P1 through
shRNA was carried out in Hep3B
0.132 cells, in which expression of AKR-

1B10P1 is the highest among the
HCC cell lines studied (Figure 2A).
The cell proliferation of Hep3B cells
<0.01 was remarkably impaired by knock-
ing-down AKR1B10P1, and P value
was < 0.05 for day 1~2 and was <
0.016 0.01 for day 2~4 (Figure 2B).
According to the flow cytometric

AKR1B10P1 transcript level associated with clinicopathologic features in
93 HCC patients, including age, gender, tumor size, tumor stage (AJCC),
tumor encapsulation, tumor microsatellite formation, vein invasion, HBsAg
status, AFP level, and liver cirrhosis. Statistically significance was assessed

by Fish’s exact text. *: P < 0.05.

1B10P1 was observed up-regulated in 84.84%
(79/93) tumor specimens compared with the
non-cancerous liver tissues. As for the non-
cancerous tissues, only 5.38% (5/93) cases
present low detectable AKR1B10P1 transcript
(Figure 1B). Interestingly, in the 37 cases diag-
nosed with intra-hepatic metastasis, 83.78%
cases (31/37) presented relatively higher
AKR1B10P1 expression (Figure 1C). There find-
ings prompts AKR1B10P1 is relate to HCC
growth, development and metastasis.
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analysis, the definite arrest of cell
cycles at GO/G1 phase was observed
in Hep3B cells with AKR1B10P1
knock-down (Figure 2C, 2D). When
AKR1B10P1 was knocked down, the
percentage of the cells in GO/G1
phase was increased from 47.66% to 61.13%
(P < 0.01). Whilst, the S phase and the G2/M
phase were decreased respectively from
28.14% to 25.82% (P < 0.05) and 20.15% to
13.06% (P < 0.01).

The flow cytometric analysis was also utilized
for cell apoptosis measurement. An increased
apoptosis rate of Hep3B cells treated with
AKR1B10P1 knock-down was observed, from
8.96% t0 28.04% (P < 0.01) (Figure 2E, 2F).

Am J Transl Res 2020;12(9):5465-5480
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Figure 2. Knock-down AKR1B10P1 suppresses cell proliferation of Hep3B cells and induces cell apoptosis. A. AKR1B10P1 was knocked-down in Hep3B cells
through shRNA transfection. RT-qPCR assay was used for validating the effect of the transfection. A significant defection of AKR1B10P1 expression was observed
in the treated cells (**P < 0.01). B. CCK8 assay was applied for investigating the effect of AKR1B10P1 on cell proliferation. The Hep3B cell proliferation was sig-
nificantly impaired by knocking-down AKR1B10P1. P value was < 0.05 for day 1~2 and was < 0.01 for day 2~4 (*P < 0.05, **P < 0.01). C. The representative
histograms describes the cell cycle profiles of Hep3B cells by using flow cytometry. D. The cell cycle of Hep3B cells was arrested by knocking-down AKR1B10P1.
Briefly, after knocking-down AKR1B10P1, the percentage of the cells in GO/G1 phase was increased from 47.66% to 61.13%; the S phase and the G2/M phase
were decreased from 28.14% to 25.82% and 20.15% to 13.06% respectively. These results are means of three independent experiments + SD. (*P < 0.05, **P <
0.01). E. The representative histograms describing cell apoptosis status in Hep3B cells through flow cytometry. F. The apoptosis rate of Hep3B cells was significantly
increased from 8.96% to 28.04% (**P < 0.01) via knocking-down AKR1B10P1. The results are means of three independent experiments + SD. (**P < 0.01).
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S0X4 contributes to the activation of
AKR1B10P1 transcription for the HCC cell pro-
liferation

We collected a 3000 bp fragment upstream
from the first ATG of AKR1B10OP1 pseudogene,
which could be regarded as the promoter region
of AKR1B10P1 transcript. This sequence was
used for predicting the potential binding site
for transcription factor activating AKR1B10P1
transcription. According the results evaluated
through the Database of Human Transcription
Factor Targets (http://bioinfo.life.hust.edu.cn/
hTFtarget#!/) and Gene-Cloud of Biotechnology
Information (GCBI, https://www.gcbi.com.cn),
we discovered that SOX4 is the probable tran-
scription factor binding the promoter region
(5’-GCAAACAAAGCC-3’, Chr. 10: 67749768-
67749779) (Figure 3A). We detected the ex-
pression of SOX4 in HCC. Both the data from
TCGA liver cancer database and the mRNA
expression in HCC cell lines demonstrate a sig-
nificant high expression of SOX4, which was
positively related with AKR1B10P1 transcript
level (Figure 3B-D). We knocked down SOX4 in
Hep3B cells through shRNA method. A signifi-
cant decrease of AKR1B10P1 transcript was
noticed consequentially induced by knocking-
down SOX4. However, no obvious change of
SOX4 was detected by knocking-down AKR-
1B10P1 (Figure 3E).

Findings above strongly supports the upstream
activating effect of SOX4 on AKR1B10P1 tran-
scription. On basis this, ChlP assay was carried
out to investigate the interaction between
these two genes. As Figure 3F demonstrates,
transcription factor SOX4 exactly binds to the
predicted site within the promoter region of
AKR1B10P1 gene.

Additionally, as the supplementary materials
for further supporting the upstream regulation
of AKR1B10P1 by SOX4, we investigated the
expression and functions of SOX4 in HCC cells
(Figure S2). Briefly, we conducted IHC assay for
measuring SOX4 expression in those 93 paired
HCC specimens. Obviously, SOX4 is highly
expressed in HCC tissues compared with the
non-cancerous liver tissues (Figure S2A, S2B).
Meanwhile, Kaplan-Meier plot generated for
indicated the overall survival (OS) according to
GC patients’ follow-up information indicated
that high SOX4 level in HCC tissue is associated
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with poor outcome of the patients with low OS
rate (Figure S2C). As for the impact on cell pro-
liferation, the CCK8 assay showed a significant
inhibition of cell proliferation by knocking-down
SOX4, along with the increase of cell apoptosis
(from 10.28% to 26.54%) (Figure S2D, S2E).
Re-introducing AKR1B10P1 through lentiviral
vector pLV rescued the suppression of HCC cell
proliferation and suppressed the cell apoptosis
(from 26.39% to 11.12%) induced by SOX4
knock-down (Figure S2F, S2G).

MiR-138 negatively regulates SOX4 expression
in HCC cells post-transcriptionally

Since the increase of SOX4 in HCC cells along
with the AKR1B10P1 transcription, we wonder
the upstream regulation of SOX4, especially in
the post-transcriptional ways. MiR-138 was
predicted as one of potential regulators up-
stream SOX4, by using microcosm online soft-
ware (https://www.microcosm.com/). Accor-
ding to the prediction, miR-138 was supposed
to directly bind to the 3-UTR of SOX4 mRNA
(Figure 4A).

We measured the expression status of miR-
138 in different HCC cell lines, and find an
extreme decrease of miR-138 expression com-
pared with the control LO2 cells (Figure 4B).
MiR-138 mimics was transfected into Hep3B
cells. And, the vectors containing the fragment
of 3-UTR from SOX4 mRNA (WT-UTR) and the
control luciferase vectors containing the mutat-
ed sequence (MUT-UTR) were constructed. The
following dual-luciferase reporter assay was
conducted. As the results shown, ectopic ex-
pression of miR-138 in Hep3B cells (Hep3B/
miR-138) significantly declined the luciferase
signal of SOX4/pMIR/WT, compared with the
negative control (Hep3B/NigmiR). The signal
suppression induced by miR-138 was defected
in Hep3B cells transfected with mutated bind-
ing sequence (Figure 4C). The results above
demonstrate that miR-138 directly binds to and
degenerates SOX4 mRNA.

AKR1B10P1/miR-138/S0X4 consist a positive
feedback loop promoting HCC growth

As we confirmed, miR-138 negatively regulates
SOX4 expression in HCC, and SOX4 transcrip-
tionally activates AKR1B10P1 and then pro-
motes HCC growth. On basis of this potential
pathway, we further investigate the structure of

Am J Transl Res 2020;12(9):5465-5480
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Figure 3. SOX4 activates the transcription of AKR1B10P1 in Hep3B cells. A. Evaluation and prediction was conducted through the Database of Human Transcription
Factor Targets and Gene-Cloud of Biotechnology Information. As the result demonstrated, SOX4 is a transcription factor potentially binds to the promoter region of
AKR1B10P1 gene (5’-GCAAACAAAGCC-3’, Chr. 10: 67749768-67749779). B. According to the result mining from TCGA liver cancer database, SOX4 shows a remark-
able high expression in HCC tissues (P < 0.01). C. RT-qPCR assay was conducted to investigate the SOX4 expression in HCC cell lines. SOX4 was significantly highly
expressed in HCC cell lines (**P < 0.01). D. Scatter plot was generated for presenting the relationship between SOX4 and AKR1B10P1 transcript. Expression of
SOX4 mRNA was positively related with AKR1B10P1 transcript (Spearman R=0.4522, P < 0.0001). E. RT-qPCR assay was carried out for investigating the effect of
knock-down on AKR1B10P1 transcription. Knock-down of SOX4 in Hep3B cells induced significant decrease of AKR1B10P1 transcript (**P < 0.01). F. ChIP assay
was applied to investigate the interaction between SOX4 and the promoter region of AKR1B10P1 gene. IgG was used as the negative control. As the column chart,
transcription factor SOX4 was confirmed binding to the specific sequence of the promoter region from SOX4 (**P < 0.01).
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Figure 4. MiR-138 negatively regulates SOX4 expression in Hep3B cells via the directly interaction with SOX4 mRNA.
A. MiR-138 was predicted as the up-stream regulator of SOX4 in Hep3B cells by interacting with the 3’-UTR of SOX4
mRNA. The minimum free energy (Mfe) hybridization is calculated as: -18.1 kal/mol. B. MiR-138 was down-regulated
in Hep3B cells (**P < 0.01). C. The direct interaction between SOX4 and miR-138 was detected by Dual-luciferase
reporter assay. Ectopic expression of miR-138 in Hep3B cells (Hep3B/miR-138) significantly declined the luciferase
signal of wildtype binding sequence, compared with the negative control (Hep3B/NigmiR). The signal suppression
induced by miR-138 was defected in Hep3B cells transfected with mutated binding sequence (**P < 0.01). D. RT-
gPCR assay demonstrated that the mRNA expression of SOX4 was significantly decreased by introducing miR138
into Hep3B cells (**P < 0.01). E. Western blot analysis indicated that the SOX4 protein was significantly decreased
by introducing miR-138 into Hep3B cells.

AKR1B10P1 transcript. We noticed a sequence
located at the site from 780 bp to 802 bp to the
3’ end of the AKR1B10P1 transcript provides a
potential binding site for miR-138, which
prompts AKR1B10P1 sponging miR-138 in a
classic ceRNA way (Figure 5A). As the RT-qgPCR
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assay indicated, the expression of miR-138 is
negatively correlated with AKR1B10P1 tran-
script (Figure 5B).

According to the results of dual luciferase re-
porter assay, we observed a significant de-
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A Interaction of AKRB10P1 transcript and miR-138
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Figure 5. AKR1B10P1 transcript sponges miR-138 to exert stabilization effect on SOX4 expression. A. Predicted
binding site of AKR1B10P1 transcript potentially interacts with the seed sequence of miR-138. The minimum free
energy (Mfe) hybridization is calculated as: -19.4 kal/mol. B. RT-gPCR was conducted for measuring the expres-
sion of miR-138. As the scatter plot demonstrated, expression of miR-138 was negatively related with AKR1B10P1
transcript (Spearman R=0.4351, P < 0.0001). C. The direct interaction between AKR1B10P1 and miR-138 was
validated by applying Dual-luciferase reporter assay. Hep3B cells were transfected with the predicted binding site
either wildtype (AKR1B10P1/pMIR/WT) or mutated (AKR1B10OP1/pMIR/MUT). Up-regulation of miR-138 signifi-
cantly reduced the luciferase signal of the Hep3B cells of AKR1B10P1/pMIR/WT, compared with the negative
control (Hep3B/NigmiR); And also, Hep3B cells of AKR1B10P1/pMIR/MUT site abolished this suppressive effect
(**P < 0.01).

crease of the luciferase signal in Hep3B/ growth and tumor development in HCC research
miR-138 cells post-transfection AKR1B10P1/ remains limitation for intensive understanding.
pMIR/WT vectors into these cells. While, the
AKR1B10P1/pMIR/MUT vector transfection According to the reviewed literatures, there
did not induce significant signal changes (Fi- exist quite a lot of pseudogenes, which has
gure 5C). Hence, findings above strongly sup- been uncovered exerting particular functions
port the ceRNA effect of ARK1B10P1 on miR- either promoting or suppressing tumorigenesis
138 within the HCC cells. and tumor growth. For example, pseudogene
PTENP1, whose parental gene is PTEN, exerts
Thus, we suggest the existence of the regulat- tumor inhibiting effort through binding onco-
ing pattern of AKR1B10P1/miR-138/S0X4. In gene miR-17, miR-19 and miR-21, consequen-
brief, AKR1B10P1 transcription is activated by tially suppresses human malignancies, such as
SOX4 in the promotion of HCC growth; Sim- clear cell renal carcinoma, oral squamous car-
ultaneously, AKR1B10P1 exerts the stabiliza- cinoma and gastric cancer [19, 20]. On the con-
tion effect on SOX4 expression as a positive trary, the pseudogene of protein products of
feedback loop through sponging miR-138 the regenerating islet-derived (REG), named
(Figure 6). REGP, plays the enhancing function in colorec-
tal cancer cell proliferation and tumorigenicity,
Discussion associated with poor outcome of patients,
] ] ) through forming an RNA-DNA triplex and recruit-
HCC is an extremely aggressive human malig- ing BRIP1to inhibit the anti-cancer related tran-

nancy with active ability in tumor growth, inva-

) . . scription intracellular [21].
siveness and metastasis, which leads to poor

outcome of the patients and high mortality [15, As for human liver cancer, especially HCC, the
16]. Cell proliferation is one of the pivotal indi- exact functions of pseudogenes remain to be
cators reflecting the tumor cell ability of growth, illustrated. One specific example is PCNA pseu-
adaption and tumor development [17, 18]. dogene transcript 1 (PCNAP1). PCAN was dis-
However, the mechanisms promoting HCC cell covered exerting ceRNA effect on miR-153, by
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Figure 6. AKR1B10P1/miR-138/S0X4 consist a positive feedback loop promoting HCC growth. The summary of the
positive feedback regulation of AKR1B10P1/miR-138/S0X4 loop, which promotes HCC growth. Briefly, AKR1B10P1
transcription is activated by SOX4 in the promotion of HCC growth; Meanwhile, AKR1B10P1 stabilizes SOX4 expres-
sion as a positive feedback loop through interacting with miR-138 as a molecular sponge.

which consequentially stabilizes the cccRNA/
HBV axis (cccRNA, the covalently closed circu-
lar DNA), which induces the HBV viral persis-
tence in hepatocytes and tumor initiation [22].
On the contrary, pseudogene of INTS6 (INT-
S6P1, Integrator complex subunit 6 pseudo-
gene 1) inhibits the cell growth suppression in
HCC through interaction with onco-miR-17-5p,
which is an upstream negative regulator of its
parental gene INTS6 [23].

AKR1B10P1 (chr10:67750284-67751225) is a
processed pseudogene of AKR1B10, which is
originated from mMRNA retro-transposition.
According to our investigation, this gene lacks
introns and presents barely detectable tran-
script in normal hepatocytes. However, the
RT-gPCR assay definitely gave out a significant
expression of AKR1B10P1 transcript in both
HCC tissues and cell lines, prompting an anom-
alous activation of AKR1B10P1 transcription in
the process of HCC.

As we discovered through the functional experi-
ments, AKR1B10P1 transcript plays an impor-
tant role in HCC cell proliferation. Knock-down
AKR1B10P1 significant impairs the cell growth
by arresting the cell cycle in GO/G1 phase and
induces cell apoptosis. Along with this discov-
ery, we confirmed the absolute incline of active
tumor growth, frequent invasion and aggres-
sive metastasis with high expression of
AKR1B10P1, according to the analysis of clini-
copathologic features.

The activation of AKR1B10P1 transcription is
a particular intracellular event of HCC cells.
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Exploration on the AKR1B10P1 gene revealed
the potential binding site from the promoter
region with SOX4, a member of the group C sub-
class in the SOX family, functioning as an
essential transcription factor involves in the
regulation of cell stemness, differentiation and
progenitor development [24]. Accumulating evi-
dence has revealed that SOX4 participates in
multiple pathways concerning with tumorigen-
esis and progress, including Wnt, TGF-B and
PI3K signaling, and has been identified as one
of the oncogenes amplified in different cancers
like breast cancer, ovarian cancer and lung can-
cer [25, 26]. In our study, the investigation con-
firmed the high expression of SOX4, positively
correlated with AKR1B10P1 transcript. By car-
rying out ChlP assay, we verified the direct bind-
ing between SOX4 protein and the promoter of
AK1B10P1 gene in HCC cells. Moreover, knock-
down SOX4 significantly decreased the tran-
script of AKR1B10P1. Findings above definitely
indicates that pseudogene AKR1B10P1 is acti-
vated by SOX4 in the HCC cells.

MiR-138 is a tumor suppressing non-coding
RNA post-transcriptionally regulating its targets
in different human malignancies, including
bladder cancer, gastric cancer and colorectal
cancer [27-29]. Combining with the prediction
by the online tools and the Dual-luciferase
reporter assay, we confirmed miR-138 as an
up-streaming regulator inducing degradation of
SO0X4 mRNA. Considering the low expression of
miR-138 in HCC cells, we suppose that miR-
138/S0X4 is the pivotal factors directing
AKR1B10P1 transcription.
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Notably, as we discovered, the regulation
between miR-138/S0X4 and AKR1B10P1 is
not in a one way mode. Through the structure
analysis of AKR1B10P1 transcript, we found a
specific sequence, which potentially binds with
miR-138 as a competing region against the
degradation of SOX4 mRNA. The Dual-luciferase
reporter assay was then used and revealed the
direct interaction between AKR1B10P and miR-
138. Hence, our findings demonstrate an inno-
vative loop of AKR1B10P1/miR-138/S0X4 pos-
itively feedbacks the transcription activation
and promote HCC growth.

By understanding the positive feedback loop,
we give out a thorough view of the anomalous
transcription activation of pseudogene AKR-
1B10P1, and the related enhancement of HCC
cell proliferation and tumor growth. The ceRNA
effect of AKR1B10P1 competitively binds miR-
138 and exerts the stabilization of SOX4
expression, and SOX4 functions as the active
transcription factor facilitates the transcription
of AKR1B10P1.

In summary, our study demonstrates a reliable
positive feedback loop promoting HCC, and
these three genes might be targets for innova-
tive prevention and therapeutic treatment of
HCC.
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Table S1. The primers for RT-gPCR assay

Genes Forward Reverse

AKR1B10P1 5’-GGTAATATGATCGGTGGAAAAGCA-3’ 5-TAGGGGGCTGTAGGCCATAAT-3’
SOX4 5-GCACTAGGACGTCTGCCTTT-3’ 5’-ACACGGCATATTGCACAGGA-3’
miR-138 5-AACGGAGCTGGTGTTGTGAATC-3’ 5’-GTGCAGGGTCCGAGGT-3’

ChIP assay Primer-1 5 -TGGGATGCAGCTAAAGCAGT-3’ 5’-CTGCTGTGTCCAGAGTTGGT-3’
ChlIP assay Primer-2 5-GAGGCAGGAGCAAACAAAGC-3’ 5’-TGGTGCAGACCTAGGAGTCA-3’

A AKR1B10P1 transcript patterns in multiple human malignancies from TCGA datasets
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Figure S1. AKR1B10P1 expression profile from the databases. A. According to the analysis of TCGA database, pseu-
dogene AKR1B10P1 presents detectable transcript products in normal liver tissues and cells in multiple human
malignancies (*P < 0.05). B. According to the datasets from dreamBase Project database, AKR1B10P presents
extremely low transcription in normal liver tissues, but was transcribed in HCC tumor tissues (**P < 0.01). C. Ac-
cording to the starBase database, AKR1B10P1 was transcribed in HCC tissues (P=1.0e-7).
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Figure S2. SOX4 expression profile and the impact on cell proliferation in HCC. A. Representative graph of immunohistochemistry analysis (4001) of the HCC cases.
Specimens stained I1gG anti-body were regarded as control. SOX4 expression in tumor specimens was significantly higher than in adjacent non-cancerous tissues. B.
Statistic of number of cases with higher or lower expression of SOX4 in specimens. SOX4 was up-regulated in most of the tumor tissues (74/93), and was expressed
at a lower level in most of the adjacent non-cancerous tissues (17/93) (P < 0.01). C. Overall survival (OS) analysis according to GC patients’ follow-up information
was conducted and presented by Kaplan-Meier plot. High SOX4 level in HCC tissue is correlated poor OS (364 cases, P=6.63-03). D. SOX4 was knocked-down in
Hep3B cells by using shRNA transfection. RT-gPCR assay was used fot validating the transfection effect. SOX4 was significant defected (**P < 0.01). E. The CCK8
assay showed a significant inhibition of cell proliferation by knocking-down SOX4 (*P < 0.01, **P < 0.01). F. The representative histograms describing cell apopto-
sis status was generated according to the result from the flow cytometry detection. The apoptosis rate of Hep3B cells was significantly increased from 10.28% to
26.54% (**P < 0.01) through knocking-down AKR1B10P1. The results are means of three independent experiments + SD. (**P < 0.01). G. According to the CCK8
assay result, re-introducing AKR1B10P1 significantly promoted cell proliferation in Hep3B cells knocked down SOX4 (*P < 0.01, **P < 0.01). H. Re-introducing
AKR1B10P1 significantly rescued the increase of Hep3B cell apoptosis induced by knocking down SOX4 from 26.39% to 11.12% (**P < 0.01).

Table S2. Selected sequence of the predicted miR-138 binding site of AKR1B10P1 transcript and the 3’-UTR of SOX4 mRNA, along with the rela-
tive mutated sequence

Genes Sequence including the binding site (202 bp) Relative mutated sequence

AKR1B10P1 transcrpit 5’-agattaaggagattgctgcaaggcacaaaaaaccacageccaggtictgatecatttccatatccagaggaatgtgactgt- 5’-acaattacgtgttaggtcctacggaaatatatcgagaccgcetgetacagttgettatgettttgetgtgeattet-
gatccccaagtctgtgacaccageacgcatigtigagaacattcaggecttigactttacattgaatgatgaggagatggeaac- cagtctcaacgcgatgacagagtgtggtcggeccttagatcacatcttactgecgtatcagtattcttagtaagttcacgt-

cacactcagcttcaacagaaactggagggeccgtaac-3’ gttcggatcgagagtgaccatgatctgtatcagecacgecgecttag-3’
3-UTR of SOX4 mRNA 5’-agatttctgtataagactgtigagcagtttttaaaatagigtaggataatataaaaagcagatagatggegetatgttt- 5’-acaatacagtaaatgtctgatcacctgatataatatttgagaacgtttaaaaatatacctgtttgttcggggtttctat-
gattcctacaacgaaattatcaccagctttttttcattcttaactctttaaaggattcaaacgcaactcaaatctgtgetggacttta- caatgcaagatccataattigtggtcgtatatatgaatgtaatcacataatacgttactatccctagtgataacagag-
aaaaaacaattcaggaccaaattttttctcagtgtgtg-3’ gtcgtcataatatatagattactgcagctattatatacactgagagag-3’




