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Abstract 

Background  The molecular targets and associated mechanisms of hepatocellular carcinoma (HCC) have been widely 
studied, but the roles of PDZK1 in HCC are unclear. Therefore, the aim of this study is to explore the role and associ-
ated mechanisms of PDZK1 in HCC.

Results  It was found that the expression of PDZK1 in HCC tissues was higher than that in paired paracancerous 
tissues. High expression of PDZK1 was associated with lymph node metastasis, degree of differentiation, and clinical 
stage. Upregulation of PDZK1 in HCC cells affected their proliferation, migration, invasion, apoptosis, and cell cycle, 
and also induced PI3K/AKT activation. PDZK1 is a downstream target gene of miR-101-3p. Accordingly, increase 
in the expression of miR-101-3p reversed the promotive effect of PDZK1 in HCC. Moreover, PDZK1 was found to accel-
erate cell proliferation and promote the malignant progression of HCC via the PI3K/AKT pathway.

Conclusion  Our study indicated that the miR-101-3p/PDZK1 axis plays a role in HCC progression and could be ben-
eficial as a novel biomarker and new therapeutic target for HCC treatment.
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Background
Hepatocellular carcinoma (HCC) is a malignant tumor 
that originates from hepatocytes. HCC occurs all over 
the world, and accounts for more than 90% of primary 
liver tumors [1, 2]. HCC is a malignant tumor with one 
of the highest incidence and mortality rates [2, 3]. Every 
year, more than 600,000 patients are diagnosed with HCC 
all over the world, and 10% of them die of HCC [4]. The 
main cause of HCC is currently considered to be viral 
infections (such as hepatitis B virus or C virus infections), 
non-viral factors (such as alcohol and aflatoxin), heredi-
tary hepatopathy, and cirrhosis [5, 6]. Although curative 
therapies are available for HCC, such as liver transplan-
tation, surgical resection, radiofrequency ablation, tran-
sarterial chemoembolization (TACE), and sorafenib, the 
overall long-term survival rate remains poor [7, 8]. There-
fore, it is crucial to investigate and elucidate the occur-
rence, development, and potential molecular mechanism 
of HCC. Although the pathogenesis of HCC has not been 
fully elucidated, the abnormal inactivation of tumor sup-
pressor genes and over-activation of oncogenes are con-
sidered to be the main factors that cause HCC [9].

PDZK1 (PDZ domain containing 1) is a scaffold pro-
tein with four PDZ domains that belongs to the sodium 
hydrogen exchange regulatory factor family [10]. This 
family is a recognized family of adaptor/scaffold pro-
teins that plays a role in interactions between a variety 
of diseases and proteins by targeting and recruiting vari-
ous factors [11–13] and is mainly expressed in the liver, 
kidney, pancreas, and adrenal gland. PDZK1 is also a 
cell membrane adaptor protein that regulates interac-
tions between a large number of proteins [14] and plays 
a role in cell–cell interaction, cell differentiation, growth 
regulation, and signal transduction [10]. PDZK1 was 
originally found in the apical brush border membrane 
of the proximal tubules of the kidney [15], and in recent 
years, it has also been found to play a role in high-density 
lipoprotein transport, esophageal cancer, renal cell car-
cinoma, small intestine, estrogen-related pigmentation, 
and ER( +) breast cancer [16–20].

At present, microRNAs (miRNAs) are deemed to be 
vital regulators of mRNA and influence tumor progres-
sion through their effects on the differentiation, cell 
cycle, and apoptosis of cells [21]. Numerous studies 
have revealed that targeting miRNAs may be an alter-
native strategy to control or inhibit tumor progression. 
For example, the miRNA miR-101-3p was found to be 
involved in diverse cancers as a suppressor [22, 23]. Fur-
ther, miR-101-3p was found to suppress the progression 
of non-small cell lung cancer by inhibiting the PI3K/AKT 
signaling pathway [23], and it also blocked the progres-
sion of bladder cancer by regulating the SPRY4-IT1/
EZH2 axis [24]. In serous ovarian cancer, miR-101-3p 

was found to inhibit epithelial–mesenchymal transition 
and tumor invasion and metastasis by regulating the 
PTAR/ZBE1 axis [25]. miR-101-3p has also been found 
to be involved in HCC progression and radiosensitivity 
[26, 27]. However, there is very little research about the 
interaction between PDZK1 and miR-101-3p in HCC. 
Therefore, this study aimed to explore the roles of and 
interactions between PDZK1 and miR-101-3p in HCC, in 
order to identify novel targets for HCC treatment.

Results
High expression of PDZK1 in HCC tissues and cell 
lines and association of PDZK1 expression 
with the clinicopathological features of HCC
To explore the role of PDZK1 in the development of 
HCC, data on PDZK1 expression in HCC tissues and 
normal tissues were obtained from the Starbase database 
(http://​starb​ase.​sysu.​edu.​cn/). The data demonstrated 
that PDZK1 expression was significantly upregulated 
in HCC samples (Fig.  1A). PDZK1 expression was also 
examined in the HCC tissues and normal tissues col-
lected from the patient cohort. PDZK1 expression was 
found to be highly upregulated in HCC tissues compared 
to paracancerous tissues (P < 0.01, Fig.  1B, C). The IHC 
results also indicated obvious upregulation of PDZK1 
in HCC tissues compared to normal tissues (Fig.  4D). 
As shown in Table  1, the PDZK1 level in HCC tissues 
was closely associated with lymph node metastasis, 
the degree of tumor differentiation, and clinical stage. 
Further, PDZK1 expression was higher in the HCC cell 
lines than in the normal liver cell line (Fig.  1E, F). All 
these results are in agreement and imply that PDZK1 is 
a potential tumor promoter gene in HCC. Importantly, 
high PDZK1 expression may be an important marker for 
the development of HCC.

PDZK1‑mediated regulation of the proliferation, migration, 
and invasion ability of HCC cells
In order to explore further the influence of PDZK1 on 
HCC cells, MHCC-97H cells were employed for PDZK1 
knockdown experiments and Huh7 cells were used 
for PDZK1 overexpression experiments, based on the 
expression of PDZK1 in the HCC cell lines observed in 
the previous experiments. The PDZK1 level in the si-
PDZK1 group, that is, the PDZK1-knockdown group, 
was significantly decreased (P < 0.001, Fig.  2A, B), 
while the level in the pcDNA3.1-PDZK1 group, that 
is, the PDZK1-overexpression group, was significantly 
increased (P < 0.001, Fig. 2C, D).

A series of functional experiments were then per-
formed. Proliferation of tumor cells is a major indicator of 
malignant phenotype. Therefore, the influence of PDZK1 
on HCC cell proliferation was investigated using the 

http://starbase.sysu.edu.cn/
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Fig. 1  Upregulation of PDZK1 in HCC tissues and cell lines. A Data analysis showing higher PDZK1 expression in HCC samples than in normal tissue 
samples from the TCGA database in Starbase (http://​starb​ase.​sysu.​edu.​cn/). B PDZK1 mRNA expression in HCC tissues and paracancerous tissues. 
C Protein expression of PDZK1 in HCC tissues and paracancerous tissues. D IHC results for PDZK1 expression in HCC tissues and normal tissues. E 
PDZK1 mRNA expression in HCC cell lines and normal liver cells. F Protein expression of PDZK1 in HCC cell lines and normal liver cells. T: Tumor; N: 
Normal. *P < 0.05, ***P < 0.001

http://starbase.sysu.edu.cn/
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MTT and BrdU assays. As expected, PDZK1 knockdown 
significantly inhibited HCC cell proliferation (Fig. 2E, F), 
while PDZK1 overexpression significantly elevated the 
proliferation of HCC cells (Fig.  2G, H). Next, the effect 
of PDZK1 on the migration or invasion of HCC cells was 
assessed by scratch and Transwell chamber assays. In 
these experiments, too, PDZK1 knockdown was found 
to significantly inhibit tumor cell migration (Fig. 3A) and 
invasion (Fig. 3B) in MHCC-97H cells, while overexpres-
sion of PDZK1 promoted the migration and invasion of 
Huh7 cells (Fig. 3C, D).

PDZK1‑mediated modulation of cell cycle and apoptosis 
in HCC cells
The influence of PDZK1 on apoptosis and cell cycle pro-
gression in HCC cells was further investigated with flow 
cytometry. The apoptosis rate [28] in si-PDZK1-treated 
MHCC-97H cells was significantly higher than that in 
si-NC-treated MHCC-97H cells (P < 0.001, Fig.  4A). 
Accordingly, PDZK1 overexpression in Huh7 cells 
resulted in a significant decline in apoptosis (P < 0.01, 
Fig.  4B). These results demonstrate that PDZK1 knock-
down can promote apoptosis of HCC cells.

The cell cycle study demonstrated that downregula-
tion of PDZK1 expression resulted in an increase in the 
percentage of MHCC-97H cells in the G0/G1 phase 
(P < 0.05, Fig.  4C) and a significant decrease in the 

distribution of cells in the G2/M and S phase (Fig. 4C). In 
contrast, overexpression of PDZK1 promoted the transi-
tion of Huh7 cells from the G0/G1 phase to the S phase 
(Fig. 4D). These findings indicate that downregulation of 
PDZK1 induced cell cycle arrest of HCC cells in the G0/
G1 phase.

Activation of the PI3K/AKT pathway by PDZK1 in HCC cells
It has been reported that PDZK1 is associated with the 
PI3K/AKT signaling pathway [29]. Therefore, to explore 
the possible molecular mechanisms of PDZK1 and its 
relevant pathways in HCC, we performed western blot 
analysis of key proteins involved in PI3K/AKT signaling 
in PDZK1-knockdown and PDZK1-overexpression HCC 
cells. The results showed that phosphorylation of AKT or 
PI3K was decreased after PDZK1 knockdown (Fig.  5A), 
while the level of p-AKT and p-PI3K was increased after 
PDZK1 overexpression (Fig.  5B). Thus, higher expres-
sion of PDZK1 was associated with an increase in the 
phosphorylation of AKT and PI3K, and this implies that 
PDZK1 is involved in the activation of the PI3K/AKT 
pathway.

PDZK1 as a direct target of miR‑101‑3p
The interaction between mRNAs and miRNAs is consid-
ered to be a vital factor in the development of tumors. 
The Starbase, TargetScan, and miRDB databases were 
utilized for prediction of the target miRNAs of PDZK1 
(Fig.  6A). Three candidate miRNAs were considered, 
namely, hsa-miR-30a-5p, hsa-miR-2114-3p, and hsa-
miR-101-3p. Next, we compared the levels of these 
miRNAs in the Starbase and clinical samples. As shown 
in Figure S1 (Additional file  1), miR-30a-5p had lower 
levels of expression in HCC tissues than in normal tis-
sues in the Starbase samples, but the opposite trend was 
observed in samples obtained from our hospital. How-
ever, miR-2114-3p was expressed at higher levels in HCC 
tissues than in normal tissues in the Starbase samples, 
while there was no significant difference in the samples 
from our hospital. As observed for miR-30a-5p, miR-
101-3p had significantly lower expression levels in HCC 
tissues than in normal tissues in the Starbase samples; 
moreover, this trend was also observed in the samples 
from our hospital. Based on these findings, we selected 
miR-101-3p for the following studies. The binding sites 
between PDZK1 and miR-101-3p are depicted in Fig. 6B, 
and their interaction effect was demonstrated by the 
luciferase reporter assay (Fig.  6C). Relative luciferase 
activity was lower in the miR-101-3p + pGL3-PDZK1-
wt group than in the miR-101-3p + pGL3-PDZK1-mut 
group. Further, the miR-101-3p level was low in HCC 
samples from the Starbase database (Fig.  6D) and from 
the samples we collected (Fig. 6E). As shown in Fig. 6F, a 

Table 1  Analysis of the association of PDZK1 expression with the 
clinicopathological features in 30 HCC patients

a  Two-sided chi-squared test

Characteristics No. of cases PDZK1 expression P-value

High 
(≤ medium)

Low 
(≥ medium)

Number 30 15 15

Age (y) 0.7125a

  < 60 13 7 6

  > 60 17 8 9

Gender 0.1432a

 Female 14 9 5

 Male 16 6 10

TNM stage  < 0.05a

 I–II 18 6 12

 III–IV 12 9 3

Degree 
of differentiation

 < 0.01a

 Well/moderate 17 5 12

 Poor 13 10 3

Lymph node 
metastasis

 < 0.01a

 No 19 6 13

 Yes 11 9 2
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negative relationship was observed between miR-101-3p 
and PDK1 levels in samples from the current cohort. In 
addition, miR-101-3p expression was significantly lower 
in HCC cells than in normal liver cells (Fig. 6G).

miR‑101‑3p‑mediated effect of PDZK1 on the proliferation, 
migration, and invasion ability of Huh7 cells
Rescue experiments were conducted to explore the inter-
action between PDZK1 and miR-101-3p in HCC. First, 
the transfection efficiency of miR-101-3p mimics was 
determined. As shown in Fig.  7A, B, miR-101-3p mim-
ics could downregulate PDZK1 expression. In addi-
tion, transfection with miR-101-3p mimics was found 
to reduce the increase in PDZK1 expression, which was 
reversed by pcDNA3.1-PDZK1. According to the results 
of the MTT, BrdU, and Transwell assays, the miR-101-3p 
mimics significantly suppressed HCC cell proliferation 
and reduced the proliferation (Fig.  7C, D), migration 
(Fig.  7E), and invasion (Fig.  7F) abilities of Huh7 cells, 
which were reversed by pcDNA3.1-PDZK1 transfection. 

Thus, PDZK1 reversed the influence of miR-101-3p mim-
ics on HCC cell proliferation, migration, and invasion. 
Taken together, these findings imply that miR-101-3p and 
PDZK1 have an interactive effect on HCC cell function.

Role of PDZK1 in HCC mediated via the PI3K/AKT pathway
Rescue experiments were conducted to confirm that 
PDZK1 played a role in HCC via the PI3K/AKT path-
way. PI3K-IN-6, as a potent PI3K inhibitor, was used for 
inactivation of the PI3K/AKT pathway. As demonstrated 
by the western blot results in Fig.  8A, PI3K-IN-6 could 
significantly reduce the phosphorylation levels of PI3K 
and AKT that were elevated by PDZK1. The increased 
proliferative ability of HCC cells induced by pcDNA3.1-
PDZK1 was also remarkably inhibited by PI3K-IN-6 
according to the results of the MTT and BrdU assays 
(Fig. 8B, C). PI3K-IN-6 was found to have a similar effect 
on the migratory (Fig. 8D) and invasive (Fig. 8E) abilities 
of PDZK1-overexpression Huh7 cells. These findings sug-
gest that PDZK1 plays a role in HCC via the PI3K/AKT 

Fig. 2  PDZK1-mediated regulation of the proliferation ability of HCC cells. Transfection efficiency of si-NC and si-PDZK1 determined by qRT-PCR 
(A) and western blot analysis (B) in MHCC-97H cells. Transfection efficiency of pcDNA3.1 and pcDNA3.1-PDZK1 determined by qRT-PCR (C) 
and western blot analysis (D) in Huh7 cells. MTT assay (E) and BrdU incorporation assays (F) for the evaluation of MHCC-97H cell proliferation. MTT 
assay (G) and BrdU incorporation assays (H) for the evaluation of Huh7 cell proliferation. Data are shown as the mean ± SD values (n = 3). **P < 0.01, 
***P < 0.001
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Fig. 3  PDZK1-mediated regulation of the migration and invasion ability of HCC cells. A Scratch assay of MHCC-97H cell migration. B Transwell assay 
of MHCC-97H cell invasion. C Scratch assay of Huh7 cell migration. D Transwell assay of Huh7 cell invasion. Data are expressed as the mean ± SD 
values (n = 3). **P < 0.01, ***P < 0.001
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Fig. 4  PDZK1-mediated modulation of cell apoptosis and cell cycle arrest in HCC cells. Cell apoptosis assay results for different treatments 
in MHCC-97H cells (A) and Huh7 cells (B). Cell cycle assay results for different treatments in MHCC-97H cells (C) and Huh7 cells (D). Data are 
expressed as the mean ± SD values (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001



Page 8 of 15Gao et al. Cell Division            (2024) 19:9 

pathway and inhibition of PDZK1 resulted in decreased 
cell proliferation and malignant progression of HCC.

Discussion
Aberrant PDZK1 expression has been observed in several 
kinds of cancers. However, the role of PDZK1 in HCC is 
largely unknown. In the present study, we have explored 
the interaction between PDZK1 and miR-101-3p in HCC 
tissues and cells and the associated effects on HCC pro-
gression. The qRT-PCR results of the present study and 
HCC data deposited in the Starbase database demon-
strated that PDZK1 expression was significantly higher 
in HCC tissues than in paracancerous and normal tis-
sues. Further, the level of PDZK1 in HCC tissues was 
positively correlated with clinical stage, degree of differ-
entiation of the tumor, and lymph node metastasis. In 
agreement with the findings of our study, Guo et al. used 

the publicly available online TGCA database and showed 
that the expression of PDZK1 is increased in HCC tissues 
compared with normal tissues and increases with cancer 
stage and tumor grade [30]. Further, the Kaplan–Meier 
analysis results demonstrated that the prognosis of HCC 
with high PDZK1 expression is poor [30]. These data sug-
gest that PDZK1 might be a potential marker of HCC.

Based on the above studies, we have proved that 
PDZK1 was up-regulated in various HCC cells compared 
with LO2 cell, PDZK1-knockdown MHCC-97H cells and 
PDZK1-overexpression Huh7 cells were used for subse-
quent functional experiments and related pathway stud-
ies. The results of MTT and BrdU experiments in the 
present study demonstrated that PDZK1 can promote 
the proliferation of HCC cells, and scratch experiments 
and Transwell assays showed that PDZK1 accelerated 
the migration and invasion of HCC cells. These findings 

Fig. 5  PDZK1-mediated activation of the PI3K/AKT pathway in HCC cells. Protein expression of p-PI3K, PI3K, p-AKT, and AKT in MHCC-97H cells (A) 
and Huh7 cells (B) were determined by western blot. Data are expressed as the mean ± SD values (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001
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indicate that high PDZK1 expression in HCC cells pro-
motes HCC progression. Previous studies have revealed 
that PDZK1 is an oncogene for tumorigenesis and the 
development of papillary thyroid cancer and esophageal 
cancer [20, 31]. On the other hand, Zheng et al. reported 
that low level of PDZK1 predicts poor clinical outcome 
in patients with clear cell renal cell carcinoma [32], and 
this suggests that PDZK1 may play different biological 
roles in different cancers. All these findings imply the 
potential of PDZK1 as a marker of HCC progression and 
malignancy.

The cell cycle is a regulatory network that controls 
the sequence and timing of cell cycle events. There are 
three major cell cycle phases: the G1/S, G2/M, and S 
phases [33]. Flow cytometry analysis in the present study 
showed that the percentage of cells in the G0/G1 phase 
was increased after PDZK1 knockdown, while the distri-
bution of cells in the G2/M and S phases was decreased. 
In contrast, PDZK1 overexpression had the opposite 
effect. This suggests that low expression of PDZK1 inhib-
its the cell cycle progression of liver cancer cells and, 
therefore, tumor progression.

The PI3K/AKT pathway is in a state of activation and 
is closely associated with cancer progression and the 
regulation of cancer cell proliferation and tumorigenesis 

[34, 35]. Western blot analysis in the present study con-
firmed that the expression of PDZK1 was correlated 
with the phosphorylation of AKT and PI3K, and demon-
strated that the high expression of PDZK1 activated the 
phosphorylation of AKT and PI3K. We also found that 
PDZK1 played a role in HCC via the PI3K/AKT pathway 
and resulted in decreased cell proliferation and malig-
nant progression of HCC.

As miRNAs have emerged as key factors associated 
with the development of tumors, the Starbase, TargetS-
can, and miRDB databases were scanned for miRNA tar-
gets of PDZK1 and miR-101-3p was identified as a target. 
It has been reported that miR-101-3p targets CUL4B to 
block the PI3K/AKT/mTOR pathway in prostate cancer 
cells [36]. In the present study, low expression of miR-
101-3p was detected in the HCC tissues and HCC cells. 
Further, miR-101-3p mimics were found to suppress 
HCC cell proliferation, migration, and invasion, which 
were reversed by PDZK1. These findings imply that miR-
101-3p targets PDZK1 in HCC and, thereby, deepens our 
understanding of the role of miR-101-3p in cancers.

Taken together, the results of our study show that high 
expression of PDZK1 is associated with lymph node 
metastasis, degree of tumor differentiation, and clinical 
stage of HCC. The result further demonstrate that the 

Fig. 6  Interaction between miR-101-3p and PDZK1. A The Venn diagram represents overlapping miRNAs, as predicted by the miRDB, Starbase, 
and TargetScan databases. B Binding sites of miR-101-3p and PDZK1. C Dual-luciferase assay of miR-101-3p and PDZK1. D miR-101-3p expression 
in HCC samples from the TCGA database in Starbase (http://​starb​ase.​sysu.​edu.​cn/). E miR-101-3p expression in HCC tissues and paracancerous 
tissues. F The negative relationship between PDZK1 and miR-101-3p expression in HCC tissues and paracancerous tissues can be observed. G 
miR-101-3p expression in HCC cell lines and normal liver cells. Data are expressed as the mean ± SD values (n = 3). ***P < 0.001

http://starbase.sysu.edu.cn/


Page 10 of 15Gao et al. Cell Division            (2024) 19:9 

Fig. 7  miR-101-3p-mediated proliferation, migration, and invasion of Huh7 cells via targeting of PDZK1. Transfection efficiency determined 
by qRT-PCR (A) and western blot analysis (B). MTT assay (C) and BrdU incorporation assays D were performed to determine cell proliferation. 
E Scratch assay of Huh-7 cell migration. F Transwell assay of Huh-7 cell invasion. Data are expressed as the mean ± SD values (n = 3). *P < 0.05, 
***P < 0.001 compared to the NC group. #P < 0.05, ##P < 0.01 compared to the pcDNA 3.1-PDZK1 group
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Fig. 8  Role of PDZK1 in HCC mediated via the PI3K/AKT pathway. A Protein expression of p-PI3K, PI3K, p-AKT, and AKT under different experimental 
conditions. MTT assay (B) and BrdU incorporation assays (C) to determine cell proliferation. D Scratch assay of HCC cell migration. E Transwell assay 
of HCC cell invasion. Data are expressed as the mean ± SD values (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 compared to the NC group
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miR-101-3p/PDZK1 axis plays a role in regulating the 
proliferation, migration, and invasion ability of HCC cells 
by modulation of the PIK/AKT pathway, and suggest that 
miR-101-3p/PDZK1 may be a new therapeutic target for 
HCC. However, further cellular and animal experiments 
are required to explore the correlation between the miR-
101-3p/PDZK1 axis and the occurrence and develop-
ment of HCC, as well as the precise underlying molecular 
mechanism. Such research in the future can help identify 
new targets and treatment strategies for HCC.

Conclusion
The findings of our study indicate that the miR-101-3p/
PDZK1 axis plays a role in HCC and may be a novel bio-
marker of HCC progression and a new therapeutic target 
for HCC treatment.

Methods
Patient samples
HCC tissues and paracancerous tissues (that is, tissue 
within the range of 0.5–1  cm around the tumor) were 
acquired from 30 HCC patients diagnosed at the Sec-
ond Affiliated Hospital of Jiaxing University between 
January 2015 and January 2016. This project received the 
approval of the Ethics Committee of the Second Affili-
ated Hospital of Jiaxing University and was conducted 
in accordance with the tenets of the 1964 Helsinki Dec-
laration. All the patients signed informed consent forms 
before participating in this study.

RNA extraction and qRT⁃PCR
Quantitative real-time reverse transcription PCR was 
used to detect PDZK1 expression as described in Min 
Luo et  al. [37]. The primers were obtained from San-
gon Biotech Co. Ltd. (China), and the sequences were 
as follows: PDZK1, F: 5′‐GAA​TGG​GGT​GAA​TGT​
GCT​AGATG‐3′, R: 5′‐CCA​GGG​AGG​AAA​CAA​TAG​
GGA‐3′; GAPDH, F: 5′‐CTT​TGG​TAT​CGT​GGA​AGG​
ACTC‐3′, R: 5′‐GTA​GAG​GCA​GGG​ATG​ATG​TTCT‐3′. 
miR-101-3p, F: 5′-TGC​GGC​TAC​AGT​ACT​GTG​ATA-3′, 
R: 5′-GTG​CAG​GGT​CCG​AGGT-3′, U6, F: 5′-CTC​GCT​
TCG​GCA​GCACA-3′, R: 5′-AAC​GCT​TCA​CGA​ATT​
TGC​GT-3′. Data analysis was performed using the 2⁃ΔΔCt 
relative quantification method.

Western blot analysis
Briefly, RIPA buffer (Beyotime Biotechnology, China) 
was used to extract proteins, which were then quanti-
tated with the bicinchoninic assay kit (Beyotime Bio-
technology, China). The proteins (20 µg) were separated 
using 10% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (Genscript, China) and then transferred 
to a polyvinyl difluoride membrane (Millipore, USA). 

Later, the membrane was blocked with Tris-buffered 
saline (TBS) and 0.1% Tween 20 (TBS-T) containing 5% 
bovine serum albumin for 2  h at 37  °C. The membrane 
was incubated with rabbit polyclonal anti-PDZK1 (1:100, 
10507-2-AP; PROTEINTECH, USA), anti-PI3K (1:2000, 
ab32089; Abcam, USA), anti-phospho-PI3K (Y-607) 
(1:1000, ab278545; Abcam), anti-AKT (1:10000, ab8805; 
Abcam), anti-phospho-AKT (1:800, ab38449; Abcam), 
and anti-GAPDH (1:10000, 60004-1-Ig; PROTEIN-
TECH) antibodies at 4℃ overnight and then with horse-
radish peroxide-conjugated IgG (1:2000, SAB90100H, 
SAB90200H; FRDBIO, China) at 37 ℃ for 1  h. Next, a 
chemiluminescence assay was performed with the ECL 
kit (Millipore, USA). GAPDH was used as an internal 
control to normalize the expression of the assayed pro-
teins. The results of immunoblot analysis were quanti-
tated with Image J.

Immunohistochemical staining
Slices of HCC and normal tissue were dewaxed, dehy-
drated, and rehydrated. Primary antibody against 
PDZK1(10507-2-AP, PROTEINTECH, USA) was added 
to the sections and incubated overnight at 4  °C. Then, 
biotinylated secondary antibody (F2761; Thermo Fisher 
Scientific, Waltham, MA, USA) was applied according to 
the protocol of the SP-immunohistochemistry (IHC) test 
[38].

Cell lines and transfections
The human normal liver cell line LO2 and the HCC cell 
lines MHCC-97H, MHCC-97L, Huh7, and HCCLM3 
were purchased from Shanghai Institute for Biological 
Sciences. These cell lines are free from mycoplasma con-
tamination and were validated by short tandem repeat 
(STR) profiling within 5  years. Except for the MHCC-
97L/H cell line, the STR profiles of the other cell lines 
were matched with the published reference map (DSMZ 
database). Since the MHCC-97L/H cell line has not been 
stored in the cell bank, the STR profiles of the MHCC-
97L/H cell line do not match other STR data in the data-
base. The cells were cultured in Dulbecco modified Eagle 
medium at 37 °C in an incubator with a 5% volume frac-
tion of CO2 and saturated humidity.

siRNA against PDZK1 was designed based on previ-
ously published literature [21]: sense: 5′-CAA​AGA​AAC​
UGA​CAA​GCG​UdTdT-3′, anti-sense: 5′-ACG​CUU​
GUC​AGU​UUC​UUU​GdTdT-3′. si-PDZK1, full-length 
PDZK1, an miR-101-3p mimic, and the correspond-
ing negative controls were obtained from Sangon Bio-
tech Shanghai (China), and the related sequence primer 
were as shown in Additional file 1. When the Huh7 cells 
in each well reached a confluence rate of 60–80%, trans-
fection procedures were performed with Lipofectamine 
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2000 (11668-019, Invitrogen) according to the manufac-
turer’s instructions. The PI3K-IN-6 (MCE, HY-101115; 
5  nM) was added after pcDNA3.1-PDZK1 transfection 
at different time points to detect cell proliferation activ-
ity, and in 48 h detection ability of cell proliferation and 
migration.

Cell proliferation assay
The MTT assay was utilized to evaluate cell proliferation, 
with 1 × 104 cells seeded per well. The cells were treated 
with 5  μg/μL MTT solution at 0, 24, 48, and 72  h after 
transfection and incubated for 4 h. After incubation, the 
medium was discarded, and DMSO was added to termi-
nate the reaction. Absorption was measured at a wave-
length of 570 nm with a microplate reader.

Bromodeoxyuridine (BrdU) incorporation experiments 
were also used to determine cell proliferation. After 48 h 
of cell transfection, cells were incubated for 4  h, fixed 
with 4% paraformaldehyde, and stained with BrdU and 
DAPI antibodies provided with the BrdU kits (ST1056-
100  mg; Beyotime, China). The experiments were con-
ducted in triplicate, and the BrdU-positive rate was 
calculated as the number of BrdU-stained cells divided by 
the number of DAPI-stained cells.

Scratch test
Transfected Huh7 and MHCC-97H cells were inocu-
lated at a density of 1 × 104 cells per well. When the cells 
reached confluence (90–100%), scratches were made on 
the surface of the culture, and then the cells were cul-
tured in FBS-free medium [39]. After 0 and 48 h, images 
of the scratched area were obtained from five fields of 
view. The scratched area was measured using the Image 
J software, and the relative interval between cells was 
calculated.

Cell invasion assay
The cell invasion assay was performed in triplicate using 
24-well Transwell chambers (no. 3422; Corning, USA) 
based on the manufacturer’s instructions and previ-
ously reported protocols [37]. After 24  h, the cells on 
the underside of the inserts were fixed in methanol for 
10  min and stained with 0.1% crystal violet. Only the 
stained cells are the ones that go through the Matrigel.

Apoptosis and cell cycle assay
Transfected cells were seeded at a density of 1 × 104 cells 
per well. After the cells were attached, they were stained 
for apoptosis and cell cycle detection based on the 
instructions of the Annexin-V FITC/PI apoptosis detec-
tion kit (40302ES20, Yeasen; Shanghai, China) and cell 
cycle staining kit (40302ES50, Yeasen) separately. After 

staining, analysis was conducted using a FACSVerse flow 
cytometer (Becton Dickinson, CA).

Luciferase reporter assay
Wild-type (WT) PDZK1 3′-UTR and mutant (MUT) 
PDZK1 3′-UTR oligonucleotides containing the puta-
tive binding site for miR-101-3p were cloned into the 
luciferase-expressing pGL3 vector (GenePharma Co., 
Ltd, China).  The sequences of oligo PDZK1 3′-UTR and 
mutant (MUT) PDZK1 3′-UTR were shown in Addi-
tional file  2. Following this, WT-PDZK1 3′-UTR or 
Mut-PDZK1 3′-UTR were co-transfected with the miR-
101-3p mimic or miRNA negative control (miR-NC) into 
293  T cells (1 × 105  cells/well) in 48-well plates, using 
the Lipofectamine® 2000 reagent. The relative luciferase 
activity was determined using a Dual-Luciferase Reporter 
assay system (RG043S, Beyotime) after transfection for 
48 h according to the manufacturer’s protocol. The fire-
fly luciferase activity was normalized to Renilla lucif-
erase activity.The sequences of oligo PDZK1 3′-UTR and 
mutant (MUT) PDZK1 3′-UTR  was shown in Addi-
tional file 2.

Bioinformatics prediction
The online bioinformatics analysis websites Starbase 
(https://​starb​ase.​sysu.​edu.​cn) [40], TargetScan (http://​
www.​targe​tscan.​org) [41], and miRDB (http://​mirdb.​org) 
[42] were used to predict miRNA binding to miR-101-3p.

Statistical analysis
Data were analyzed with Graphpad Prism 7.0 (Graphpad, 
USA) or SPSS11.0 (SPSS Inc., USA) and presented as the 
mean ± SD value from three independent experiments. 
The chi‐square test was used to evaluate the influence 
of PDZK1 on the clinicopathological characteristics of 
HCC. Survival curves were produced with the Kaplan–
Meier method. Student’s t-test or one-way ANOVA 
was used for statistical comparison between groups. 
P < 0.05 was considered to indicate statistically significant 
differences.
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