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Abstract
Pseudogenes exert potential functions in tumorigenicity and tumour process in 
human beings. In our previous research on oncogene AKR1B10 in hepatocellular car-
cinoma (HCC), its pseudogene, AKR1B10P1, was preliminarily noticed being anom-
alistic transcribed, whereas whether AKR1B10P1 plays any specific function in HCC 
is poorly understood. By using shRNA transfection and lentiviral infection, we regu-
lated the expression of ARK1B10P1 transcript and the relative targets in two ways. 
As we discovered, pathological transcription of AKR1B10P1 in HCC cells significantly 
promotes cell growth and motility either in vitro or in vivo. AKR1B10P1 was cor-
related with relatively dismal features of HCC. The epithelial-mesenchymal transi-
tion (EMT) was enhanced by up-regulating AKR1B10P1. And, a potential sequence 
of AKR1B10P1 transcript was discovered directly interacting with miR-138. SOX4, 
a pivotal promotor of EMT, was validated as the down-streaming target of miR-138. 
Mechanistically, degradation of SOX4 mRNA induced by miR-138 was effectively 
abrogated by AKR1B10P1. In conclusion, pseudogene AKR1B10P1 exerts stabiliz-
ing effect on SOX4 in HCC, associated EMT process, by directly sponging miR-138, 
which post-transcriptionally modulates SOX4’s regulating gene.
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1  | INTRODUC TION

Hepatocellular carcinoma (HCC) is one of the most commonly oc-
curring malignancies result in high mortality.1,2 Despite the improve-
ments on HCC treatment, the outcome and overall survival rate of 
the patients remain dismal.3,4 Thus, precise prediction of patients’ 
prognosis and more effective therapeutic approach on HCC raise us 
new challenge and necessity.

Long non-coding RNAs (LncRNAs), composed with over 200 
nucleotides, constitute the main component of non-coding RNAs, 
and exert complex biological functions intracellular through var-
ious mechanisms.5,6 As acknowledged, pseudogenes are particu-
larly generated from duplication of parental protein coding gene 
along with a variety of acquired mutation, lacking of the promoter, 
premature stop condon or frame-shift mutation.7,8 The recent re-
search has demonstrated that pseudogenes could be transcribed. 
The transcriptional products of pseudogenes could exert different 
functions through multiple approaches in the form of lncRNAs, 
such as gene expression modulation through miRNA decoy ef-
fects. And either tumour suppressive or oncogenic functions have 
been observed concerning with pseudogenes.9-11 For instance, 
the first classic tumour suppressive pseudogene, PTENP1, was 
discovered regulating the expression of the parental gene PTEN 
through binding to miR-17, miR-19 and miR-21, and consequen-
tially suppressing human malignancies, such as clear cell renal 
carcinoma, oral squamous carcinoma and gastric cancer.12,13 On 
the contrary, pseudogenes KRASP1 and BRAFP1 protect the ex-
pression of their parental genes through competitive endogenous 
RNA (ceRNA) effects, and respectively activate the oncogenic 
MAPK pathway.14 However, the functions of pseudogenes in HCC 
are still obscured.

In our previous study, Aldo-Keto Reductase Family 1 Member 
B10 (AKR1B10) was discovered highly expressed in multiple HCC 
cells and remarkably promotes cell growth.15 AKR1B10 pseudogene 
1 (AKR1B10P1) is the isoform pseudogene of AKR1B10, exhibit-
ing almost no transcriptional profile in normal hepatocytes. As we 
observed, AKR1B10P1 emerges a positively correlated expression 
compatible with its parental gene in HCC cells.

In this study, we discovered that AKR1B10P1 is correlated with 
dismal HCC clinicopathological features. Anomalous transcription of 
AKR1B10P1 significantly promotes HCC cell growth and enhances 
tumour metastasis through activating the epithelial-mesenchymal 
transition (EMT). Sex-determining region Y-related high-mobility 
group box 4 (SOX4) has been reported and acknowledged as a piv-
otal promotor of EMT process. As we found out, the expression of 
SOX4 was consequentially modulated along with AKR1B10P1. And 
we noticed a sequence of AKR1B10P1 transcription directly inter-
acting with miR-138, which is an up-streaming regulator of SOX4, 
in the way of molecular sponges. Mechanistically, the degradation 
of SOX4 mRNA induced by miR-138 was effectively abrogated by 
AKR1B10P1. Our findings above indicate that AKR1B10P1 might 
be a valuable molecular indicator and target for HCC diagnosis and 
therapeutic treatment.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

HCC cell lines Hep3B, HepG2 and Hu7u were purchased from 
Shanghai Institutes for Biological Sciences, Chinese Academy of 
Science (Shanghai, China), and the normal human hepatic cell line 
L02 was purchased as control. All cells were cultured in RPMI 1640 
supplemented with 10% heat-inactivated foetal bovine serum (FBS), 
incubated at an environment temperature of 37℃, with 100 µg/ml 
streptomycin and 100 U/ml penicillin in a humidified cell and an at-
mosphere of 5% CO2.

2.2 | Clinical specimens

Tumour specimens of 87 patients diagnosed with HCC pathologically 
were collected paired with the adjacent non-cancerous tissues per-
formed radical resection without preoperative therapy during 2014 
to 2017, at the Department of Hepatobiliary Surgery, Ruijin Hospital, 
Shanghai Jiao Tong University School of Medicine. Informed consent 
was obtained, and the study was approved by the Ethics Committee 
of Ruijin Hospital, Shanghai Jiaotong University School of Medicine. 
Clinicopathological features of the patients including gender, age, 
tumour size, number of lesions and grades were collected.

2.3 | RT-QPCR assay, western blot analysis and 
immunohistochemistry assay

RNA isolation from tissues and cells were carried out according 
to the instruction of TRIzol reagent (Invitrogen, USA). The first-
strand cDNA was synthesized using High-Capacity cDNA Reverse 
Transcription Kit (ABI, USA). RT primers of the mRNAs were syn-
thesized by Sangon Biotech Company (Shanghai, China) (Table S1). 
Real-time quantitative polymerase chain reaction (RT-qPCR) was im-
plemented following the TaqMan Gene Expression Assays protocol 
(ABI, USA) according to the methods described by Qiu, et. al.16

Antibodies against SOX4 and the EMT-related proteins 
(N-cadherin, vimentin, E-cadherin) were purchased (Abcam, USA) 
and applied following the manufactory instruction. The Western 
blot analysis and immunohistochemistry assay were performed as 
the methods we previously described.15 The protein expression lev-
els detected by IHC were assigned to two experienced pathologists 
for blind examination and were then set into two groups as staining 
intensity graded subjectively: no to low staining (0～1+) and moder-
ate to high staining (2+～3+).

2.4 | Plasmid construction and transfection

Hep3B cells in exponential phase were prepared and transfected 
with shRNA suppressing AKR1B10P1 transcript through pGU6/
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Neo vectors (GenePharma, Shanghai, China) along with the con-
struction of the control cells. Transfected cells were selected using 
a medium mixed with G418 (Santa Cruz Biotechnology, Inc; 400 μg/
ml). The lentiviral vector pWPXL (Addgene, Cambridge, USA) was 
introduced for ectopic expressing SOX4 (pWPXL-SOX4) to rescue 
the phenotype induced by AKR1B10P1 depletion, and the pWPXL-
Null was used as negative control. Hep3B cells overexpressing miR-
138 (Hep3B/miR-138) were constructed through the mimic method 
similar to the description in our previous study, followed by dual-
luciferase reporter assay, respectively, in pWPXL-SOX4 or pWPXL-
Null-treated cells, and the negative control ones were set (NigmiR). 
Relative methods were referred to the literatures of Wang, et al17 
and Lin, et al.18

Additionally, we conducted the same treatment on HepG2 cells 
and carried out related experiments in vitro, presented in Figure S5.

2.5 | Cell proliferation assay and cell cycle analysis

Hep3B cells (1  ×  106) stably transfected were cultured in 96-well 
microtitre plates in triplicate and incubated at 37°C with an atmos-
phere of 5% CO2 for 5  days. Microplate computer software (Bio-
Rad Laboratories, Inc, Hercules, CA, USA) was used for measuring 
the OD following the Cell Counting Kit-8 (CCK-8) assay kit protocol 
(Dojindo, Tokyo, Japan). The cell proliferation curves were plotted. 
Methods above refer to our previous research.19 The aforemen-
tioned cells were treated in steps with ethanol fixation, RNase A 
treatment and propidium iodide staining. Flow cytometry detec-
tion was conducted using FACSCalibur (Becton-Dickinson, Franklin 
Lakes, NJ, USA). Cell populations at the G0/G1, S and G2/M phases 
were quantified through ModFit software (Becton-Dickinson). Cell 
debris and fixation artefacts were excluded.

2.6 | Cell apoptosis analysis

Cell apoptosis rate calculation was conducted using PE-Annexin V 
Apoptosis Detection Kit I (BD Pharmingen, USA) according to the 
product instructions. Stable transfected Hep3B cells were resus-
pended in 1 × Binding Buffer (1 × 106 cells/ml). 5 μl of FITC and 5 μl 
of PI were added into 100 μl of cell suspension, followed by 15 min-
utes of incubation in darkness, and then, 400  μl × Binding Buffer 
was added. The analysis of apoptosis by flow cytometry (Becton-
Dickinson, USA) was conducted. Both Annexin V-FITC-positive and 
PE-negative cells were considered as apoptotic. The relative meth-
ods refer to the protocol by Crowley, et al.20

2.7 | Cell migration and invasion assay

The cell invasion and migration capacity of were analysed using 
the QCMTM 24-Well Colorimetric Cell Migration or Invasion Assay 
Kit (Millipore, USA) according to the methods we previously men-
tioned.21 3 × 104 stable transfected cells in 300 ml serum-free me-
dium were added to the upper chamber, and 10% FBS-containing 
medium was used as chemoattractant in the lower chamber. 
ECMatrixTM was pre-coated to the upper chamber for invasion 
assay, and cells on the bottom of the membrane were stained and 
checked after 24 hours for migration or 48 hours for invasion.

2.8 | Mouse liver orthotopic transplantation 
model and tumorigenicity assay

Four- to five-week-old male BALB/c nude mice (Institute of 
Zoology Chinese Academy of Sciences) were housed in the Animal 

F I G U R E  1   Pseudogene AKR1B10P1 
is transcribed in HCC cell lines and 
tissues (A) RT-qPCR assay demonstrated 
an obvious detectable pseudogene 
AKR1B10P1 transcription in HCC cell 
lines, while barely no expression in 
the control L0 cells (**P ＜ 0.01). B, 
AKR1B10P1 was remarkably transcribed 
in 87.4% of the HCC tumour tissues 
(76/87); only 4.6% (4/87) cases present 
low-level AKR1B10P1 transcript in non-
cancerous tissues. C, The expression of 
AKR1B10P1 was positively correlated 
with its parental gene AKR1B10 in 
tumour tissues (Spearman R = 0.747, 
P < .01). D, Intra-hepatic metastasis was 
detected in the 35 cases, and 91.43% 
cases (32/35) presented relatively higher 
AKR1B10P1
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Laboratory Unit, Shanghai Jiao Tong University School of Medicine, 
China, within the pathogen-free environment. All experiments 
were performed in accordance with the guidelines of the Shanghai 
Medical Experimental Animal Care Commission and also refer to the 
relative recommended protocols.22 HCC cells were suspended in 
25 µl serum-free DMEM mixed with 25 µl Matrigel (1:1, v/v) every 
1 × 106 cell. Cells above were orthotopically injected into hepatic 
lobes of each mouse. All mice were killed in 6 weeks post-injection. 
And the diameter and weight of all the xenografted livers were 
measured. For histological analysis, liver and lung from mice were 
collected, stained with haematoxylin and eosin (HE), and detected.

2.9 | Immunofluorescence assay

Immunofluorescence assay was conducted on the basis of the 
regular protocol.23 Cells for immunofluorescence seeded on glass 
coverslips in six-well plates were fixed with 4% formaldehyde solu-
tion and permeabilized with 0.5% Triton X-100/phosphate-buffered 
saline (PBS). The cells then were blocked with 5% bovine serum 
albumin/PBS for 1  hour and then were incubated overnight with 
primary antibodies (antibodies against E-cadherin, vimentin and 
N-cadherin) at 4°C. Treated cells were incubated with fluorescent-
dye conjugated secondary antibody (Invitrogen) for 1 hour, followed 
by DAPI staining. Images were graphed under an inverted fluores-
cence microscope.

2.10 | Dual-luciferase reporter assay

MiR-138 was predicted potentially interacting with AKR1B10P1 
transcript through an online tool of dreamBase (http://rna.sysu.edu.
cn/dream​Base/).24 On the other hand, miR-138 was regarded as 
the up-streaming regulator of SOX4, predicted through microcosm 
(http://mirec​ords.biole​ad.org). Either the mRNA of AKR1B10P1 
containing the putative miR-138 binding site or the 3’-untranslated 
region (3’-UTR) of SOX4 mRNA was intercepted, set along with 
the mutated ones (Table S2). Sequences above were cloned into 
pMIR-REPORT luciferase vectors (Promega, Madison, WI, USA), 
containing Firefly luciferase, and pRL-TK vectors containing Renilla 
luciferase used as control. The vectors were co-transfected into 
Hep3B cells overexpressing miR-138 and the control ones. The lu-
ciferase activity was measured by using Dual-Glo Luciferase assay 
system (Promega) 48 hours post-transfection, according to the pro-
tocol we reported.25

2.11 | 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.

3  | RESULTS

3.1 | Pseudogene AKR1B10P1 is transcribed in HCC 
cell lines and tissues

AKR1B10 is the parental gene of pseudogene AKR1B10P1. We had 
validated highly expression of AKR1B10 in both HCC tumour cells 
and specimens (Figure S1). AKR1B10P1 is a pseudogene barely 

TA B L E  1   Correlation between AKR1B10P1 transcript and 
clinicopathologic features in 87 HCC specimens

Clinicopathologic parameters

AKR1B10P1 
expression

P*
Low 
(n = 11)

High 
(n = 76)

Age (years)

≤50 8 38 0.205

＞50 3 38

Gender

Male 7 41 0.748

Female 4 35

Diameter (cm)

≤5 9 34 0.025

＞5 2 43

TNM stage

I～II 8 28 0.045

III～IV 3 48

Tumour encapsulation

Absent 6 30 0.514

Present 5 46

Tumour microsatellite formation

Absent 9 28 0.007

Present 2 48

Venous invasion

No 6 22 0.164

Yes 5 54

HBsAg

Negative 3 8 0.141

Positive 8 68

AFP(ng/ml)

≤400 10 10 ＜0.01

＞400 1 66

Cirrhosis

Absent 5 5 0.023

Present 6 71

Note: AKR1B10P1 transcript level associated with clinicopathologic 
features in 87 HCC patients, including age, gender, tumour size, tumour 
stage (AJCC), tumour encapsulation, tumour microsatellite formation, 
vein invasion, HBsAg status, AFP level and liver cirrhosis. Statistically 
significance was assessed by Fisher's exact text.

http://rna.sysu.edu.cn/dreamBase/
http://rna.sysu.edu.cn/dreamBase/
http://mirecords.biolead.org
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transcribed in most of the human tissues. However, along with 
the high expression of the parental AKR1B10, AKR1B10P1 was 
detected highly expressed in multiple human malignancies, such 
as cholangiocarcinoma, lung squamous cell carcinoma and HCC 
(Figure S2).

In our study, AKR1B1P1 was discovered highly expressed in 
three HCC cell lines (Hep3B, HepG2 and Hu7u), especially in Hep3B 
cells (Figure  1A). Simultaneously, high expression of AKR1B10P1 
RNA was observed in HCC samples compared with the adjacent 

non-cancerous liver tissues. As shown in Figure 1B, 87.4% (76/87) 
HCC specimens were remarkable expressing AKR1B10P1, posi-
tively correlated with its parental gene in tumour tissues (Spearman 
R  =  0.747, P  ＜  0.01) (Figure  1C). As for the non-cancerous tis-
sues, only 4.6% (4/87) cases present low detectable AKR1B10P1 
transcript. Interestingly, in the 35 cases diagnosed with intra-he-
patic metastasis, 91.43% cases (32/35) presented relatively higher 
AKR1B10P1 expression (Figure 1D). Thus, AKR1B10P1 is supposed 
to relate to HCC metastasis.

F I G U R E  2   Depletion of AKR1B10P1 impairs the cell growth and promotes cell apoptosis in Hep3B cells. A, AKR1B10P1 depletion was 
conducted in Hep3B cells by using shRNA transfection. RT-qPCR assay indicated a significant defection of AKR1B10P1 expression in the 
treated cells (**P < .01). B, CCK8 assay was applied for detection of effect of AKR1B10P1 on cell proliferation. The Hep3B cell proliferation 
was significantly impaired by depleting AKR1B10P1 (*P < .05, **P < .01). C and D, Flow cytometry was used for analysing the effect of 
AKR1B10P1 on cell cycle. As shown the representative histograms describing cell cycle profiles of Hep3B cells. The cell cycle of Hep3B 
cells was significantly arrested in G0/G1 phase by depleting AKR1B10P1. The results are means of three independent experiments ± SD. 
(*P < .05). E and F, Cell apoptosis was detected by flow cytometry. As shown the representative histograms describing cell apoptosis status 
in Hep3B cells. The apoptosis rate of Hep3B cells was significantly increased from 8.75% to 32.38 through AKR1B10P1 depletion. The 
results are means of three independent experiments ± SD. (**P < .01)
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3.2 | The activation of AKR1B10P1 
transcription is correlated with the HCC patients’ 
clinicopathologic features

The clinicopathologic features of these 87 HCC cases were ana-
lysed statistically. According to Table 1, there was no significant 
correlation between AKR1B10P1 and the patient's age, gender, 
virus control status or venous invasion were taken under con-
sideration. However, the activation of AKR1B10P1 transcription 
in HCC tissues inclined to associate with larger HCC tumour size 
(P ＜ 0.05), more frequency of advanced TNM stages (P ＜ 0.05), 
higher serum Alpha-fetoprotein (AFP) quantity (P ＜  0.01), inci-
dence of tumour microsatellite formation (P ＜ 0.01) and liver cir-
rhosis (P ＜ 0.05).

3.3 | AKR1B10P1 depletion suppresses cell 
proliferation in Hep3B cells and arrests the cell cycles

AKR1B10P1 depletion was conducted in Hep3B cells, in which 
AKR1B10P1 presents the highest level among the three HCC cells 
(Figure  2A). The cell proliferation was significantly impaired by 
AKR1B10P1 depletion via shRNA transfection (Figure 2B). P value 
was ＜0.05 for day 1～2 and was ＜0.01 for day 2～4.

The flow cytometric analysis indicates a remarkable arrest of cell 
cycles at G0/G1 phase in Hep3B cells when AKR1B10P1 depleted 
(Figure 2C and D). The percentage of the cells in G0/G1 phase was 
increased from 54.34% to 70.09% (P ＜ 0.01). The S phase and the 
G2/M phase were decreased, respectively, from 27.73% to 22.16% 
(P ＜ 0.01) and 17.91% to 7.75% (P ＜ 0.01).

3.4 | AKR1B10P1 depletion induces cell 
apoptosis and impairs the ability of cell mobility

Cell apoptosis rate was detected by the flow cytometric analysis. In 
the AKR1B10P1 depleted Hep3B, cells apoptosis rate was signifi-
cantly increased from 8.75% to 32.38% (P ＜ 0.01) (Figure 2E and F).

HCC cell motility was suppressed when AKR1B10P1 depleted. 
The migration assay demonstrated that the number of cells migrated 
into the low chamber was remarkably decreased in AKR1B10P1-
depleted Hep3B cells (291  ±  18 cells per field for the negative 
control, and 121 ± 14 cells per field for the Hep3B/depletion cells, 
P ＜ 0.01). The invasion assay indicated the similar result that the 
number of Hep3B cells invaded into the low chamber was decreased 
by depleting AKR1B10P1 (262 ± 13 per field for the negative con-
trol, and 108  ±  17 cells per field for the Hep3B/depletion cells, 
P ＜ 0.01) (Figure 3B).

F I G U R E  3   Depletion of AKR1B10P1 impairs the cell motility. Cell migration and invasion of Hep3B cells was detected through the 
Transwell assay (A) AKR1B10P1 depletion induced a significantly decreased number of Hep3B cells migrated into the low chamber 
(**P < .01) (B) AKR1B10P1 depletion induced a significantly decreased number of Hep3B cells invaded into the low chamber through the 
ECMatrixTM pre-coated (**P < .01)
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3.5 | AKR1B10P1 depletion suppresses HCC 
in VIVO

Mouse xenograft model was constructed orthotopically to verify the 
effect of AKR1B10P1 on HCC tumorigenesis in vivo. Quantification 
of the xenografted liver weight 6  weeks later after the injection 

illustrated that effective AKR1B10P1 depletion in Hep3B cells led 
to less tumour formation in mice (Figure 4A and B, Figure S3A). HE 
staining examination was used for further detection the intrahepatic 
and lung metastatic lesion. The number of micro-nodules in either 
liver or lung of the mouse models introduced with AKR1B10P1 
depleted Hep3B cells was lower than that of the control group 

F I G U R E  4   AKR1B10P1 depletion suppresses HCC growth in orthotopic xenograft mouse model. Mouse liver orthotopic transplantation 
model was constructed in four- to five-week-old male BALB/c nude mice. A, The orthotopic tumour growth was significantly suppressed in 
the mice when AKR1B10P1 was depleted in Hep3B cells. B, AKR1B10P1 depletion inhibited the tumour growth and led to the decrease in 
the xenograft tumour weight in vivo (*P < .01, **P < .01). C and D, The xenograft tumour tissue was checked under HE staining examination. 
AKR1B10P1-depleted Hep3B cells induced less intra-hepatic metastasis lesion and lung metastasis in mice compared with the control 
Hep3B cells (**P < .01)
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(P = .009 for intrahepatic metastasis and P = .025 for lung metasta-
sis) (Figure 4C and D).

3.6 | AKR1B10P1 depletion inhibits EMT 
activity and depresses SOX4 expression

The process of EMT presents a changeable context of EMT/MET 
transition in different malignancies, and the tumour cells present hy-
brid E/M phenotype for involving in multiple steps of the metastatic 
cascades.26 According to the latest guideline on EMT, this process is 
not a simply binary process.27

In this study, we applied the immunofluorescence assay and 
the Western blot analysis to detect the changes in EMT indicators 
induced by AKR1B10P1. As we discovered, AKR1B10P1 depletion 
resulted in a significant up-regulation of E-cadherin and an com-
panied decrease in N-cadherin and vimentin (Figure  5A and B). 
Although these findings were limited in demonstrating the hybrid 
E/M cell phenotype, the inhibition of EMT process by depleting 
AKR1B10p1 was preliminarily observed. And we deduced that the 
detection focusing on the illustration of the heterogeneity and ex-
tent of co-expression of E/M cells is necessary for intensive study.

SOX4 gene is frequently amplified in more than 20 malignan-
cies, including HCC, and has been reported as one of the master 

F I G U R E  5   AKR1B10P1 depletion inhibits EMT activity and depresses SOX4 expression in Hep3B cells (A and B) The Western blot 
analysis and the immunofluorescence assay were used to detect the expression level of EMT indicators. E-cadherin expression was 
significantly increased through AKR1B10P1 depletion, compared with the decrease in both N-cadherin and vimentin (**P < .01). C, 
Detection of the transcription and protein level of SOX4 in HCC cell lines through RT-qPCT assay and the Western blot analysis. SOX4 
is remarkably up-regulated in multiple HCC cell lines at both mRNA (**P < .01) and protein status (**P < .01). D. RT-qPCR assay and the 
Western blot analysis indicated that by depleting AKR1B10P1 in Hep3B cells, the mRNA and protein expression was significantly reduced 
(**P < .01)
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regulators promoting EMT process.28,29 In our study, SOX4 was 
validated up-regulated in HCC cell lines at both mRNA and pro-
tein stage (Figure  5C). Intriguingly, by depleting AKR1B10P1 in 
Hep3B cells, we observed a significant decrease in SOX4 expres-
sion (Figure 5D).

3.7 | Ectopic expression of SOX4 rescued the EMT-
related indicator changes in AKR1B10P1 depletion

SOX4 expression had been suppressed through AKR1B10P1 deple-
tion according to the examination both in vivo and in vitro (Figure 
S3B and C). Given the function of SOX4 in EMT process, we ectopi-
cally re-introduced SOX4 into Hep3B cells treated by AKR1B10P1 
depletion with lentiviral vectors.

As observed, re-up-regulating SOX4 barely altered the expres-
sion status of AKR1B101P1 in Hep3B cells (P = .619) (Figure 6A), but 
effectively rescued the expression changes of EMT-related indicators 
induced by AKR1B10P1 depletion. The expression of E-cadherin in 
Hep3B cells was decreased, and N-cadherin and vimentin expression 

was increased (Figure 6B). These findings prompt that AKR1B10P1 
participates in EMT process through regulating SOX4.

3.8 | SOX4 is negatively regulated by MIR-138 IN 
Hep3B cells

As RT-qPCR assay demonstrated, miR-138 expression is relatively 
lower in HCC cell lines compared with the control L02 cells (Figure 
S4A). Using microcosm online prediction software (https://www.
micro​cosm.com/), miR-138 was predicted as an up-streaming post-
transcriptional regulator of SOX4 (Figure S4B).

MiR-138 mimicking was introduced into Hep3B cells, and the 
dual-luciferase reporter assay was carried out. The vectors con-
taining a 202  bp 3'-UTR sequence of SOX4 mRNA (WT-UTR) 
and the control luciferase vectors containing a mutated miR-138 
target site (MUT-UTR) were constructed. MiR-138 significantly 
declined the luciferase signal of SOX4/pMIR/WT in the Hep3B 
cells (Hep3B/miR-138), compared with the control cells (Hep3B/
NigmiR). The signal suppressive effect was abolished in Hep3B 

F I G U R E  6   AKR1B10P1 promotes EMT through stabilizing SOX4 mRNA via directly binding with miR-138 A, RT-qPCR assay 
demonstrated that ectopic SOX4 in Hep3B has no significant effect on the expression of AKR1B10, which supports AKR1B10P1 as an up-
streaming regulator of SOX4 (P ＞ 0.05). B, The Western blot analysis illustrated that re-introducing SOX4 ectopically significant rescued 
the EMT indicator changes induced by AKR1B10P1 depletion. The E-cadherin protein was decreased, along with the re-up-regulation 
of N-cadherin and vimentin (*P < .01). C, Predicted binding sequence of AKR1B10P1 transcript with the seed sequence of miR-138. The 
minimum free energy (Mfe) hybridization is calculated as follows: −19.4 kal/mol. D, The direct interaction between AKR1B10P1 and miR-138 
was checked by dual-luciferase reporter assay. Hep3B cells were transfected with the predicted binding site either wild-type (WT-binding 
site) or mutated (MUT-binding site). MiR-138 was up-regulated in these Hep3B cells (Hep3B/miR-138) through mimics. Up-regulation of miR-
138 significantly reduced the luciferase signal of the Hep3B cells of WT-binding site, compared with the negative control (Hep3B/NigmiR); 
and also, Hep3B cells of WT-binding site abolished this suppressive effect (**P ＜ 0.01)

https://www.microcosm.com/
https://www.microcosm.com/
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cells transfected with mutated miR-138 binding site. All of the 
above suggest that miR-138 directly suppresses SOX4 post-tran-
scriptionally. (Figure S4C).

3.9 | AKR1B10P1 protects SOX4 mRNA through a 
ceRNA method binding with miR-138

We found that there is a sequence within the site from 780bp to 
802bp to the 3’ end of the AKR1B10P1 transcript is probably binding 
to miR-138, which prompts a ceRNA effect of AKR1B10P1 sponging 
miR-138 in HCC cells. The dual-luciferase reporter assay illustrated 
that the luciferase signal in Hep3B/miR-138 cells was significantly 
decreased when the cells were transfected with AKR1B10P1/pMIR/
WT vector (Figure  6C). And the AKR1B10P1/pMIR/MUT vector 
transfection did not induce significant signal changes (Figure  6D). 
All these implied us a convincible ceRNA effect of ARK1B10P1 on 
miR-138.

4  | DISCUSSION

The strong invasiveness and motility of HCC cells lead up to 70% of 
the HCC patients suffered recurrence or metastasis after radical sur-
gery.30,31 However, the intensive mechanism intracellular promoting 
HCC leaves us largely unknown.

Pseudogenes were initiated considered as non-functional 
‘junk DNAs’.32 However, current studies address the existence 
of pseudogene-derived transcripts and reveal the importance of 
pseudogenes in human cancers.33 The ceRNA effect is one of the 
most acknowledged functions of pseudogenes and has been vali-
dated in different cancers.34,35 This provides us a new breakthrough 
for exploring the complex mechanism of tumorigenesis.

Some of the pseudogenes have been uncovered exerting ceRNA 
effects on various tumour processes via their transcripts. For in-
stance, glucosylceramidase beta (GBA) is a promotor in gastric can-
cer targeted by miR-212-3p; its pseudogene GBAP1 is aberrantly 
transcribed in gastric cancer, and maintains GAB expression via 
sponging miR-212-3p.36

As for HCC, even though limited in literatures, some 
pseudogenes have been reported affecting tumour process. For 
example, the covalently closed circular DNA (cccRNA) is a pivotal 
factor in HBV-related HCC by inducing HBV viral persistence, and 
recently Zhang et.al 37 found that the proliferating cell nuclear 
antigen (PCNA) gene, targeted by miR-153, is participating in the 
axis of cccRNA/HBV, which enhance the hepatocarcinogenesis. 
Meanwhile, PCNA pseudogene transcript (PCNAP1) plays the a role 
of ceRNA conserving the expression of PCNA by sponging miR-154. 
Similarly, onco-miR-17-5p promotes HCC cell growth through de-
generating integrator complex subunit 6 pseudogene (INTS6), and 
up-regulation of INTS6 pseudogene INTS6P1 could competitively 
bind to miR-17-5p and plays a tumour suppressive role in accor-
dance with INTS6.38

In our previous research, AKR1B10 was found as an enhancer 
of HCC cell growth. Upon the intensive exploration for effect of 
AKR1B10, we advertently noticed its pseudogene ARK1B10P1 was 
transcribed in HCC.

AKR1B10P1 gene (chr10:67750284-67751225) is a processed 
pseudogene originated from mRNA retro-transposition, lacking in-
trons. According to the results from the Dataset of dreamBase analy-
sis, AKR1B10P1 transcript is barely detectable in most of the human 
tissues or organs, including hepatocytes. However, the RT-qPCR 
assay gave out a significant expression of AKR1B10P1 in both HCC 
tissues and cell lines, which prompts the activation of AKR1B10P1 
transcription.

Analysis of the clinicopathologic features indicated that 
AKR1B10P1 transcription associates with larger HCC tumour di-
ameters, higher serum AFP quantity, advanced TNM stages, higher 
incidence of liver cirrhosis and tumour microsatellite formation. This 
strongly indicated the function of AKR1B10P1, reciprocally in pro-
moting HCC process along with its parental gene.

Further findings demonstrate that depletion of AKR1B10P1 in 
HCC Hep3B cells induced tumour suppression in vitro, impacting 
cell growth and mobility, and inducing cell apoptosis. Orthotopic 
transplantation in mice further demonstrated dramatic decrease in 
tumour generation and growth in vivo. Moreover, AKR1B10P1 de-
pletion reduced the incidence of intrahepatic and lung metastasis in 
mice. According to these, we suppose AKR1B10P1 exerts enhancing 
effect on HCC.

On the basis of the findings above, we noticed a strong promo-
tional effect of AKR1B10P1 on cell motility which contributes to 
tumour invasion and migration. Significantly, the indicators related 
to EMT process (N-cadherin, vimentin, E-cadherin) were consequen-
tially affected when AKR1B10P1 depressed, and the immunoflu-
orescence assay definitely proved a suppressive effect on EMT in 
HCC cells through AKR1B10P1 inhibition.

SOX4 is a pivotal inducer of EMT in human malignancies con-
tributing to metastasis, which has been validated in various tu-
mours, such as breast cancer, gastric cancer, colon cancer and liver 
cancer.39,40 Considering the effect of AKR1B10P1 on EMT process 
in HCC, we further investigated and found SOX4 undoubtedly de-
creased in AKR1B10P1 depleted HCC cells.

The transcription factor SOX4 is a member of the group C 
subclass in the SOX family. According to the analysis through the 
Oncomine database (https://www.oncom​ine.org), SOX4 shows a 
significant overexpression in 107 out of 464 unique studies cover-
ing more than 20 solid tumours, including HCC, and is functionally 
involved in the activation of multiple signalling pathways regulating 
tumorigenesis and metastasis, such as PI3K, Wnt, and TGF-β path-
ways.41,42 By re-introducing SOX4 in the HCC cells treated with 
AKR1B10P1 depletion for a rescue experiment purpose, we ob-
served a remarkably reverse change in the phenotypes induced by 
AKR1B10P1 modulation. The EMT process was reactivated in accor-
dance with the increase in vimentin and E-cadherin, which strongly 
indicate the promotional effect of AKR1B10P1 on EMT and metas-
tasis in HCC through the up-streaming regulation of SOX4.

https://www.oncomine.org
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To make sure of the mechanism AKR1B10P1 regulating the 
expression of SOX4, we further investigated the sequence of 
AKR1B10P1 transcript. We discovered a sequence close to the 
3’ end of this pseudogene product, which was verified binding to 
miR-138, a regulating miRNAs upstream SOX4. We speculated that 
AKR1B10P1 transcript exerts the ceRNA effect on SOX4. The in-
teraction between miR-138 and SOX4 mRNA was then confirmed 
through the dual-luciferase report assay by mutating the potential 
binding site located in the 3’-UTR of SOX4 mRNA. Meanwhile, an-
other dual-luciferase report system was constructed by specific 
mutation on AKR1B10P1 transcript to explore the exact interac-
tion between AKR1B10P1 transcript and miR-138 seed sequence. 
Although the short sequence of AKR1B10P1 transcript was differ-
ent from the binding site of SOX4 mRNA, it exhibited strong acti-
vation, like a molecular sponge, interacting with miR-138. These 
findings supported the ceRNA effect of AKR1B10P1 on stabilization 
of SOX4 expression.

In summary, we discovered pseudogene AKR1B10P1 abnormally 
transcribed in HCC tissues and cells consistent with its parental 
gene, and confirmed the independent tumour enhancing effects of 
AKR1B10P1. AKR1B10P1 promotes tumour growth both in vitro and 
in vivo, and clearly facilitates EMT and tumour motility through sta-
bilizing the EMT inducer SOX4 via the sponge-like interaction with 
miR-138, while intensive understanding of the effects on EMT pro-
cess involve in AKR1B10P1 remains further investigation. We are 
aware that some mechanisms have not been illustrated for further 
understanding, not limited to the EMT process and tumour cell mo-
tility, such as the pseudogene-RNA or RNA binding protein-RNA 
interaction, and requiring intensive studying. Our findings certainly 
brought us some innovative strategies at a molecular level, for HCC 
research, as well as clinical diagnosis, prevention and therapeutic 
treatment.
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