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Abstract
Background: Liver cancer is a highly malignant disease and the third leading 
cause of cancer death worldwide. Abnormal activation of PI3K/Akt signaling is 
common in cancer, but whether phosphoinositide-3-kinase regulatory subunit 3 
(PIK3R3) plays a role in liver cancer is largely unexplored.
Methods: We determined the expression of PIK3R3 in liver cancer by using 
TCGA data and our clinical samples and knocked it down by siRNA or overex-
pressing it by the lentivirus vector system. We also investigated the function of 
PIK3R3 by colony formation, 5-Ethynyl-2-Deoxyuridine, flow cytometry assay, 
and subcutaneous xenograft model. The downstream of PIK3R3 was explored by 
RNA sequence and rescue assays.
Results: We found that PIK3R3 was significantly upregulated in liver cancer and 
correlated with prognosis. PIK3R3 promoted liver cancer growth in vitro and in 
vivo by controlling cell proliferation and cell cycle. RNA sequence revealed that 
hundreds of genes were dysregulated upon PIK3R3 knockdown in liver cancer 
cells. CDKN1C, a cyclin-dependent kinase inhibitor, was significantly upregu-
lated by PIK3R3 knockdown, and CDKN1C siRNA rescued the impaired tumor 
cell growth. SMC1A was partially responsible for PIK3R3 regulated function, and 
SMC1A overexpression rescued the impaired tumor cell growth in liver cancer 
cells. Immunoprecipitation demonstrated there is indirect interaction between 
PIK3R3 and CNKN1C or SMC1A. Importantly, we verified that PIK3R3-activated 
Akt signaling determined the expression of CDKN1C and SMC1A, two down-
stream of PIK3R3 in liver cancer cells.
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1   |   INTRODUCTION

Liver cancer is the third leading cause of cancer deaths 
worldwide, with a growing incidence.1,2 Hepatocellular 
carcinoma (HCC) is the most common type of liver can-
cer, accounting for 90% of cases.3 The pathophysiology of 
HCC is very complex and covers multiple stages includ-
ing initiation, development, and progression.4 Oncogenic 
drivers and signaling pathways play important roles in 
each stage. Moreover, HCC can be classified by major mo-
lecular drivers and pathways, which are associated with 
specific genomic disorders, histopathological fingerprints, 
and clinical outcomes.5,6 The main signaling pathways 
that have been demonstrated include PI3K/Akt/mTOR 
signaling, Wnt/TGF-β signaling, Ras/MAPK signaling, 
and MET and IGF signaling.7–9

The PI3K signaling pathway is vital for growth, differ-
entiation, and survival. Recent research has uncovered 
isoform-specific regulation in class IA and IB PI3Ks10 
with regulatory subunits playing a crucial role. For ex-
ample, p85α inhibits p110α activity, while p85β enhances 
it.11 Furthermore, the p110α subunit interacts with other 
proteins to regulate cellular processes beyond PI3K sig-
naling.12 These advancements provide valuable insights 
into the regulation of the pathway and its impact on cell 
biology and disease. While the PI3K/Akt signaling path-
way is overactivated in different cancers and has been 
extensively studied in HCC. Abnormal activation of the 
PI3K/Akt signaling pathway is usually due to mutations 
in the activation of upstream and downstream Akt effec-
tor molecules.

Phosphoinositide-3-kinase regulatory subunit 3 
(PIK3R3) also called p55PIK, a part of the PI3K regulatory 
domain, is upregulated in various cancers and plays an im-
portant role in tumorigenesis, cell proliferation, and me-
tastasis.13 PIK3R3 has been confirmed to be a member of 
the PI3K/Akt/mTOR pathway by activating it. By targeting 
PI3K, miR-29a-3p modulates PI3K/Akt signaling and he-
patic stellate cell proliferation.14 Several studies explored 
the upstream molecules of PIK3R3, especially in a series 
of microRNAs, and the roles of PIK3R3 in cancers.13,15–21 
In HCC, PIK3R3 is overexpressed and could mediate cell 
proliferation, malignant progression, autophagy, and drug 

resistance through different upstream molecules, includ-
ing microRNAs and EVA1.22–25 The expression of alpha-
fetoprotein is regulated by PIK3R3 through the NF-κB 
signaling pathway.26 However, few studies are available 
on the downstream molecules of PIK3R3, and the specific 
molecular mechanism of PIK3R3 in the growth of HCC 
has not been clarified. Further work is paracancerous 
needed to explore the downstream molecules of PIK3R3 
and their role in the proliferation of HCC cells.

In this study, we further discovered that PIK3R3 acti-
vated Akt signaling to regulate downstream CDKN1C and 
SMC1A, promoting the proliferation of HCC cells. Our 
study sheds light on a new mechanism for HCC cell pro-
liferation, which may aid in diagnosis and treatment.

2   |   MATERIALS AND METHODS

2.1  |  Agents, cell lines, and human 
samples

MK-2206 2HCl was purchased from Selleck. MHCC97H 
and Hep3B cell lines were purchased from ZSBIO, 
China, and genotyping by STR was also performed by 
this company. The cells were cultured in DMEM supple-
mented with 10% fetal bovine serum and 1% penicillin–
streptomycin. The cells were cultured in a humidified 
incubator at 37°C and 5% CO2.

This study was authorized by the Ethics Committee of 
Taizhou Central Hospital (Taizhou University Hospital) 
and was carried out according to the approved guidelines. 
Written consent was obtained when using the patient's 
surgical specimen.

The cancerous tissues and paracancerous tissues of 22 
patients with diagnosed liver cancer were collected after 
surgical resection and were preserved at −80°C.

2.2  |  Gene expression analysis by RNA 
sequencing (RNA-Seq)

The quality of the extracted total RNA was checked for 
purity, concentration, and integrity. The initial amount of 
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total RNA was 1 μg for subsequent library construction. 
Novogene China was responsible for all library construc-
tion and sequencing work.

2.3  |  Quantitative real-time PCR  
(qRT-PCR)

TRIzol was used to extract the total RNA in each group, 
and RNA concentration was measured by NanoDrop. 
About 1000 ng of RNA was extracted from each group 
and reverse transcribed into cDNA by using the Thermo 
Scientific Maxima H Minus kit (Thermofisher). After mix-
ing primer and 2X Universal SYBR Green Fast qPCR Mix 
(Abclonal), LightCycle 96 (Roche) was used for qPCR. All 
primers were purchased from Sangon, and the expression 
levels were normalized by quantitative analysis of the 
GAPDH gene. Primer sequences used to amplify the gene 
encoding PIK3R3 were as follows: 5′- TTTCC​CAG​GAT​
GTT​CAA​GTGTA- 3′ and 5′- TTTGG​AAC​TGC​TGA​AGT​
CATTG- 3′; For CDKN1C are 5′- ATCCA​CGA​TGG​AGC​
GTCTTG-3′ and 5′- TCGTA​ATC​CCA​GCG​GTTCTG-3′; 
For SMC1A are 5’-GCTGG​AGA​AAT​TCA​ATC​GAGAC-3′ 
and 5′- TGCTA​GTG​GTG​ATG​TAT​TCCTC-3′. All experi-
ments were performed in triplicate.

2.4  |  Western blot (WB)

Cells were collected in RIPA buffer (Thermofisher) 
containing protease inhibitors and phosphatase inhibi-
tors (Thermofisher) for protein extraction. Protein con-
centration was determined using a BCA protein assay 
(Beyotime). The total lysate (50 μg each) was mixed with 
5× SDS loaded buffer, heated at 95°C for 10 min, separated 
on 12% or 10% SDS−polyacrylamide gel, transferred to a 
0.2 μm nitrocellulose membrane, and incubated in 5% 
bovine serum albumin at room temperature for 1 h. The 
following antibodies were used for WB analysis: PIK3R3 
(Abclonal), GAPDH (Abclonal), AKT (CST), p-AKT 
(CST), CDKN1C (Proteintech), and SMC1A (Proteintech).

2.5  |  Colony formation and  
5-Ethynyl-2-Deoxyuridine (EdU) assay

Cells in each group including PIK3R3 knockdown, 
PIK3R3 overexpression, CDKN1C+PIK3R3 knockdown, 
SMC1A overexpression+PIK3R3 knockdown, and con-
trol groups were prepared into single-cell suspension and 
plated onto a six-well plate at the density of 5000 cells per 
well. Colony formation was monitored continuously at 1, 
5, and 10 days after clone establishment was confirmed 

at 6 h. Clone size was measured using an inverted micro-
scope (ZEN2). For the EdU assay, cells undergoing DNA 
replication were detected using BeyoClick™ Edu-594 Kit 
(Beyotime) according to the manufacturer's instructions.

2.6  |  Immunohistochemistry (IHC)

The paraffin sections of HCC tissue (n = 22) and paracan-
cerous tissue (n = 22) were immunostained with PIK3R3, 
CDKN1C, and SMC1A antibodies. Preprocessing with 
dual endogenous enzyme blocker (Zsbio) for 30 min before 
staining. The primary antibody was incubated overnight 
at 4°C. After washing, the tissues were added with the ap-
propriate amount of secondary antibody and incubated 
at 37°C for 30 min, followed by dropping the appropriate 
amount of DAB solution and restaining with hematoxylin. 
Neutral gum was added to cover the slides, and the slides 
were sealed. The staining results were examined by an in-
verted microscope (ZEN2).

2.7  |  Flow cytometry assay

Cell cycle distribution was determined by flow cytometry 
using PI staining Kit (Glenview) according to the manufactur-
er's guidelines. Cells with various treatments were harvested, 
washed three times with PBS, and fixed with 70% alcohol for 
3 h at 4°C without light. The cell solution was centrifuged, 
and the supernatant was discarded. The residue was stained 
by PI solution for 30 min. Cells were harvested by centrifuga-
tion, and the percentage of each cycle was determined by BD 
FACS ARIA II flow cytometry (Becton Dickinson).

2.8  |  SiRNA, plasmid, and lentivirus 
transfection

For siRNA and plasmid transfection, the cells were seeded in 
six-well plates or 6 cm dish and cultured for 24 h. Transfection 
system containing transfection reagent Lipofectamine™ 
RNAiMAX or Lipofectamine™ 2000 (Thermofisher), siRNA 
or plasmid, and optimum medium (Thermofisher) were pre-
pared in 1.5 mL centrifuge tube and cultured for 30 min. The 
cells were added to the cocktail and mixed well by shaking. 
At 48 h after transfection, the cells were ready for use.

Lentiviral PIK3R3 and control vector were purchased 
from Genechem, Tec, and the sequences were copied from 
NM_001114172.1. MHCC97H and Hep3B cells were trans-
fected by lentiviral particles at a multiplicity of infection of 
20 followed by adding puromycin (2 μg/mL). The overex-
pression efficiency of PIK3R3 was evaluated by qRT-PCR 
and WB analyses after the selection of a single clone.
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2.9  |  Subcutaneous xenograft model

SPF-grade Balb/c nude mice were provided by the 
Experimental Animal Center of the Second Xiangya 
Hospital, Central South University. All animal experi-
ments followed the ethical principles of animal experi-
ments and were carried out in strict accordance with 
operating standards. MHCC97H cells were transfected 
with PIK3R3 overexpression or empty lentivirus, and sta-
ble transfection cells were established. About 5 × 106 cells 
were subcutaneously injected into the backside of mice. 
Tumor volume was measured every 5 days, and mice were 
sacrificed on Day 30. Tumor samples were collected for 
further examination.

2.10  |  Immunoprecipitation

To test protein interactions, immunoprecipitation was 
performed. MHCC97H cells were cultured and disrupted 
using sonication in NP-40 lysis buffer with added cocktail 
and PhosSTOP cocktail tablets. The supernatants were 
incubated with specific antibodies overnight, followed by 
incubation with protein A/G beads on a rotating platform 
at 4°C for 4 h. The resulting immunoprecipitates were an-
alyzed via western blotting after eliminating nonspecific 
adsorption using agarose beads.

2.11  |  Statistical analysis

Statistical analyses were performed with GraphPad soft-
ware version 6.0. T-test to assess significant differences 
between the two groups. For multiple-group data, one-
way ANOVA was used. Values with a p-value less than 
0.05 were considered statistically significant.

3   |   RESULTS

3.1  |  PIK3R3 is upregulated in HCC 
and correlated with clinicopathological 
characteristics and patient survival

To examine the expression of PIK3R3 in HCC and normal 
tissues, we retrieved the data from TCGA. A significant 
upregulation of PIK3R3 was observed in HCC compared 
with normal tissues (Figure  1A). The same result was 
obtained in the GSE database analysis (Figure  S1A). 
Besides, PIK3R3 displayed a more pronounced variation 
in liver cancer compared to normal tissues, in contrast 
to PIK3R1 and PIK3R2 (Figure S1B–D).In fresh clinical 
samples, we confirmed that PIK3R3 was overwhelm-
ingly upregulated in HCC compared with paired normal 
tissues (Figure  1B,C). The expression levels of PIK3R3 
are higher in MHCC97H, HepG2, and Hep3B cells com-
pared to normal human liver cells (Lo2) (Figure 1D).To 
determine the clinical significance of PIK3R3 in HCC, 
we correlated its expression with clinical parameters. 
Neither the expression of PIK3R3 RNA nor protein was 
significantly correlated with the T, M, N, or TNM stage 
of HCC (Figure  1E–G). Interestingly, the expression of 
PIK3R3 was associated with the patient's weight, that is, 
the higher expression indicates more weight (Figure 1H). 
PIK3R3 was elevated in hepatocholangial carcinoma 
compared with hepatocellular and fibrolamellar car-
cinoma (Figure  1I). To explore the prognostic value of 
PI3KR3 in HCC, we extracted data from the TCGA HCC 
program and reanalyzed using the Oncolnc online tool 
(www.oncol​nc.org). High expression of PIK3R3 indi-
cated poor survival for patients (Figure  1J). These data 
demonstrated that HCC upregulated the expression of 
PIK3R3, which was correlated with the patient's weight, 
histological subtype, and prognosis.

F I G U R E  1   Phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) is upregulated in hepatocellular carcinoma (HCC) and is 
correlated with clinicopathological characteristics and patient survival. (A) The TCGA Liver cancer program was used to compare the 
expression of PIK3R3 in HCC, and the result showed that PIK3R3 was significantly upregulated in liver cancer compared with normal 
tissue. (B) Immunohistochemistry assay was used to explore the expression of the PIK3R3 protein in clinical samples. Compared with 
paracancerous tissues, the staining of PIK3R3 in cancer tissues was stronger. The bar indicates 100 μm. (C) Fresh samples from 14 patients 
were used to compare the protein expression of PIK3R3 between cancer and paracancerous tissues. (D) The expression levels of PIK3R3 
in normal human liver cells (Lo2) and in MHCC97H, HepG2, and Hep3B cells. (E–G) Using TCGA clinic data, the expression of PIK3R3 
was not significantly correlated with TNM, T, N, and M stages. (H) Expression of PIK3R3 was significantly correlated with the patient's 
weight, that is, the higher expression indicates more weight. (I) PIK3R3 is highly expressed in hepatocholangial carcinoma, hepatocellular 
carcinoma, and fibrolamellar carcinoma compared to normal liver tissue. (J) Using the Oncolnc online tool, higher expression of PIK3R3 
indicated poor prognosis in patients with HCC. Ca, cancer; P, patient; Pa, paracancerous; *p < 0.05; ***p < 0.001.

http://www.oncolnc.org
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3.2  |  PIK3R3 controls HCC cell growth 
in vitro

Two cell lines were selected to explore the underlying 
function of PIK3R3 in HCC cells. PIK3R3 was cloned in 
a plasmid equipped with the GFP gene and packaged in 

lentivirus. Stably transfected cells were obtained followed 
by the manufacturer's guidelines. qRT-PCR and WB anal-
yses demonstrated that PIK3R3 was successfully over-
expressed in MHCC97H and Hep3B cells (Figure 2A,B). 
Colony formation assays showed that overexpression of 
PIK3R3 promoted cell growth compared with the control 
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F I G U R E  2   Phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) controls hepatocellular carcinoma (HCC) cell growth in vitro. 
(A) PIK3R3 was cloned into a plasmid and carried by lentivirus and transfected by MHCC97 and Hep3B cells. quantitative real-time-PCR 
confirmed that PIK3R3 was significantly upregulated by lentivirus in both cell lines. (B) Western blot (WB) showed that PIK3R3 was 
upregulated by lentivirus in both cell lines. (C) Colony formation assay showed that the overexpression of PIK3R3 increased the size of the 
colony formed compared with the empty in MHCC97 and Hep3B cells. (D) CCK-8 assay was used to determine the growth rate of HCC 
cells upon PIK3R3 overexpression and showed that PIK3R3 overexpression significantly improved the growth rate of HCC cells. The bar 
indicates 100 μm. (E) 5-Ethynyl-2-Deoxyuridine (EdU) assay showed that overexpression of PIK3R3 improved cell growth in HCC cells. (F) 
Cell cycle distribution showed that the obvious increased G2M was induced by PIK3R3 overexpression in HCC cells. (G) siRNA was used to 
knock down PIK3R3 in MHCC97H and Hep3B cells. WB showed that siRNA successfully knocked it down in both cells. (H) Knockdown of 
PIK3R3 impaired the colony formation of HCC cells. (J) EdU assay showed that the knockdown of PIK3R3 decreased cell growth in vitro. 
The bar indicates 100 μm. (I) Cell cycle distribution analyzed by flow cytometry showed an obvious decreasing trend of G2M in HCC cells. 
NC, negative control; OE, overexpression; Si, siRNA; ***p < 0.001.
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group in both cell lines (Figure  2C). Quantitatively, the 
cell growth rate was significantly improved upon PIK3R3 
overexpression (Figure  2D). EdU assay was also used, 
and the result showed the same trend in both cell lines 
(Figure  2E). Cell cycle distribution was determined by 
flow cytometry and showed that overexpression of PIK3R3 
improved G2M distribution compared with the control 
group (Figure 2F). Furthermore, we used siRNA to knock 
down PIK3R3 in HCC cells. An optimal siRNA was se-
lected by verification of protein expression (Figure  2G). 
As predicted, the knockdown of PIK3R3 significantly de-
creased the cell growth rate, impaired the ability of colony 
formation, and blocked the cell cycle in the G2M stage in 
MHCC97H and Hep3B cells (Figure 2H–J). Transfection 
of PIK3R3-siRNA was performed, and after digestion of 
the cells, they were replanted in a six-well plate. The fol-
lowing day, we observed that there were more floating 
cells, indicating that knocking down PIK3R3 did indeed 
affect cell replanting. However, we did not conduct fur-
ther research on this (data not shown). These data firmly 
demonstrated that PIK3R3 controlled HCC cell growth in 
vitro.

3.3  |  PIK3R3 controls HCC cell growth 
in vivo

We then examined the effect of PIK3R3 in vivo. MHCC97H 
cells with stable transfection of PIK3R3 and control were 
subcutaneously injected into BALB/c nude mice. Tumor 
volume was recorded every 5 days and showed that over-
expression of PI3KR3 significantly improved the tumor 
volume compared with the control (Figure 3A). Tumor tis-
sue was collected, and the tumor size of the PIK3R3 over-
expression group was larger than the control (Figure 3B). 
Ki67 staining confirmed that the overexpression of 
PIK3R3 promoted HCC cell growth in vivo (Figure 3C). 
These data demonstrated that overexpression of PIK3R3 
promoted HCC growth in vivo.

3.4  |  Dysregulation of 
CDKN1C and SMC1A is responsible for 
PIK3R3 knockdown-mediated effect 
on HCC

Global gene expression variations were determined by 
RNA sequence in PIK3R3 knockdown and control cells to 
explore the mechanism of PIK3R3-mediated cell growth 
in HCC (Figure 4A). Using the cut-off value of the abso-
lute value of log2 fold change = 1 and p < 0.05, 419 genes 
were dysregulated between PIK3R3 knockdown and con-
trol groups in MHCC97H and Hep3B cells (Figure  4B). 

As our aforementioned data indicated the strong growth 
control ability of PIK3R3, we focused on genes associ-
ated with tumor growth. Our results indicated a higher 
correlation between CDKN1C and PIK3R3 compared 
to CDKN1A and CDKN1B (Figure  S2A,B). CDKN1C is 
a cyclin-dependent kinase inhibitor playing an essen-
tial role in HCC. Knockdown of PIK3R3 significantly 
increased the RNA and protein expression of CDKN1C 
in MHCC97H and Hep3B cells (Figure  4C). We used 
CDKN1C siRNA to knock down it in MHCC97H cells, and 
we selected the most efficient one for the following experi-
ments (Figure 4D,E). Expectedly, CDKN1C siRNA could 
rescue the effect of PIK3R3 knockdown that the ability 
of colony formation was largely recovered (Figure  4F). 
The EdU assay showed the same trend in both cell lines 
(Figure 4G). These data clearly showed that the upregu-
lation of CDKN1C was partially responsible for PIK3R3 
knockdown-mediated effect on HCC.

In addition, we observed that SMC1A was significantly 
downregulated upon PIK3R3 knockdown in MHCC97H 
and Hep3B cells (Figure 5A,B). SMC1A is a member of the 
SMC superfamily and a core component of the cohesin 
complex essential for sister chromatid cohesion and plays 
an essential role in cancer. We used SMC1A plasmid to 
overexpress it in MHCC97H and Hep3B cells (Figure 5C). 
Consistent with previous work, the overexpression of 
SMC1A improved HCC cell growth in vitro illustrated by 
the EdU assay (Figure 5D). Furthermore, SMC1A largely 
rescued the effect of PIK3R3 knockdown on MHCC97H 
and Hep3B cells (Figure 5D). Thus, these data collectively 
showed that the dysregulation of CDKN1C and SMC1A 
is responsible for PIK3R3 knockdown-mediated effect 
on HCC cells. While the Immunoprecipitation experi-
ment demonstrated there is indirect interaction between 
PIK3R3 and CNKN1C or SMC1A. (Figure S2C).

3.5  |  Expression of PIK3R3 is intimately 
associated with CDKN1C and SMC1A in 
clinical and animal samples

To correlate the expression of PIK3R3 with CDKN1C 
and SMC1C in vivo, we examined the expression of these 
genes in clinical and animal samples. Consistent with the 
previous works, CDKN1C was significantly downregu-
lated in HCC compared with normal tissues, and the data 
from TCGA further confirmed it (Figure 6A,B). A signifi-
cant correlation between PIK3R3 and CDKN1C was ob-
served in clinical samples (Figure 6C). Higher expression 
of PIK3R3 indicated lower expression of CDKN1C in ani-
mal models (Figure 6D). In addition, the TCGA data and 
our clinical samples showed significant overexpression of 
SMC1A in HCC compared with the control (Figure 6E,F). 
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The relationship between PIK3R3 and SMC1A was also 
examined, and a significant correlation between them 
was found in clinical samples (Figure  6G). Compared 
with the control, the overexpression of PIK3R3 improved 
the expression of SMC1A in animal models (Figure 6H). 
These data demonstrated that PIK3R3 was intimately as-
sociated with CDKN1C and SMC1A in clinical and animal 
samples.

3.6  |  PIK3R3/Akt signaling regulates the 
expression of CDKN1C and SMC1A in 
HCC cells

As PIK3R3 is a member of the PI3K family, the aberrant 
activation of PI3K signaling is a common oncogenic event 
and triggers the activation of Akt in cancer. We found that 
knockdown of PIK3R3 could deactivate Akt in MHCC97H 

and Hep3B cells, but overexpression led to obvious activa-
tion of Akt (Figure 7A). MK-2206 2HCl is a highly specific 
inhibitor of Akt. The effect of Akt activation by overex-
pression of PIK3R3 was almost attenuated by MK-2206 
2HCl in HCC cells (Figure 7B). Interestingly, the admin-
istration of MK-2206 2HCl increased the expression of 
CDKN1C but decreased the expression of SMC1A in HCC 
cells (Figure 7C). Thus, PIK3R3 activated Akt signaling in 
HCC cells and determined the expression of CDKN1C and 
SMC1A, two downstream of PIK3R3. Further exploration 
showed the direct mechanism of PIK3R/Akt signaling on 
the regulation of CDKN1C and SMC1A in HCC cells.

4   |   DISCUSSION

HCC is one of the most common malignant tumors of the 
digestive system and has high mortality and increasing 

F I G U R E  3   Phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) controls hepatocellular carcinoma cell growth in vivo. (A) 
MHCC97 cells transfected with PIK3R3, or empty were subcutaneously injected into mice. Tumor volume was examined every 5 days, and 
the mice were sacrificed on Day 30. The tumor volume of the PIK3R3 overexpression group was significantly larger than that of the control 
group at Days 20, 25, and 30. (B) The tumor was cut out and displayed by the group. Overexpression of PIK3R3 improved the tumor size 
compared with the empty group. (C) Tumor tissue was analyzed by immunohistochemistry staining and showed that the overexpression of 
PIK3R3 improved the positive rate of Ki67 staining compared with the empty group. OE, overexpression; *p < 0.05.
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incidence. The tumor size of HCC determines the treat-
ment plan to a certain extent. Surgical liver resection, 
local ablation, and liver transplantation are promising for 

radical treatments of HCC. However, most clinical guide-
lines recommend these strategies to be appropriate only 
for the early stage of HCC.26 Therefore, early detection 

F I G U R E  4   Upregulation of CDKN1C is partially responsible for phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) knockdown-
mediated effect in hepatocellular carcinoma. (A) Global gene expression variations were determined by RNA sequence in MHCC97H and 
Hep3B cells upon PIK3R3 knockdown. The heatmap showed the overall expression of mRNA in both cell lines. (B) Using the cut-off value 
of the absolute value of log2 fold change = 1 and p < 0.05, 752 differentially expressed genes were screened. Among them, 419 genes were 
dysregulated upon PIK3R3 knockdown, and 333 genes were upregulated in MHCC97H and Hep3B cells. (C) Consistent with the result 
of RNA sequencing, Western blot showed that CDKN1C was upregulated when PIK3R3 was knocked down by siRNA in cell lines. (D) 
CDKN1C was knocked down by siRNA, and the efficiency was confirmed at RNA and protein levels in MHCC97H. (E) CDKN1C siRNA 
largely eliminated the effect of PIK3R3 knockdown upon the expression of CDKN1C. (F) As shown by the colony formation assay, CDKN1C 
siRNA increased tumor growth in vitro and largely rescued the effect of PIK3R3 knockdown in MHCC97H and Hep3B cells. (G) A similar 
result was observed by 5-Ethynyl-2-Deoxyuridine (EdU) assay, that is, CDKN1C knocked down significantly and rescued the inhibition 
effect of PIK3R3 knockdown on cell growth. NC, negative control; Si, siRNA; *p < 0.05; ***p < 0.001.
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and treatment of patients with HCC can achieve a better 
prognosis. Specific molecular mechanisms related to the 
growth of HCC should be explored to provide new targets 
for HCC treatments.

PIK3R3, also called p55PIK, is overexpressed in a vari-
ety of tumors and is associated with tumor development, 
metastasis, and prognosis. It is believed to have oncogene 
functions. For example, PIK3R3 expression has been up-
regulated in HCC, colorectal cancer, cervical cancer, and 
non-small cell lung cancer.18,20,21,25 A study showed that 
EVA1 could promote the growth and metastasis of HCC 
by regulating the ERBB signaling transduction complex 
including PIK3R3.25 However, most studies have explored 
the mechanism of upstream molecules of PIK3R3, espe-
cially the negative regulation of microRNA by targeting 
PIK3R3. The direct downstream molecules and specific 
mechanisms of PIK3R3 in HCC are still unclear. This 
study aims to explore the mechanism of PIK3R3 on the 
proliferation of HCC cells and the downstream mole-
cules of PIK3R3. We found that PIK3R3 upregulated the 

expression of CDKN1C, downregulated the expression of 
SMC1A, and activated Akt signaling, thereby promoting 
HCC cell proliferation and tumor growth.

First, we confirmed the upregulation of PIK3R3 in 
HCC by using the TCGA database and further verified it 
in clinical and animal samples. We found that the over-
expression and knockdown of PIK3R3 in HCC cells af-
fected their proliferation function in vitro and the growth 
of subcutaneous transplanted tumors in vivo, suggesting 
that the function of PIK3R3 is related to the cell prolif-
eration of HCC. Consistent with previous studies, the 
overexpression of PIK3R3 has been reported to bene-
fit cell proliferation of HCC, colorectal cancer, and oral 
squamous cell carcinoma, and vice versa.21,22,27 Therefore, 
we focused on the specific mechanism of the effect of 
PIK3R3 on the proliferation of HCC cells and discovered 
the dysregulated genes in HCC cells with PIK3R3 knock-
down by RNA sequence. Among 419 dysregulated genes, 
CDKN1C and SMC1A, which are closely related to the 
cell cycle, attracted our attention, and their expression 

F I G U R E  5   Downregulation of SMC1A is partially responsible for phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) knockdown-
mediated effect on hepatocellular carcinoma. (A) The result of quantitative real-time (qRT)-PCR confirmed that PIK3R3 knockdown 
significantly decreased the expression of SMC1A in MHCC97H and Hep3B cells. (B) SMC1A protein showed a consistent trend with the 
expression of PIK3R3 in both cell lines. (C) SMC1A was upregulated by SMC1A plasmid and confirmed by qRT-PCR and Western blot assay 
in Hep3B cells. (D) Overexpression of SMC1A significantly rescued the inhibition effect of PIK3R3 knockdown on Hep3B cells. NC, negative 
control; OE, overexpression; Si, siRNA; *p < 0.05; ***p < 0.001.
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levels significantly increased and decreased after PIK3R3 
knockdown, respectively. We hypothesized that PIK3R3 
regulates the proliferation ability by regulating the expres-
sion of CDKN1C and SMC1A and affecting the cell cycle 

of HCC. In the following experiments, we knocked down 
CDKN1C and overexpressed SMC1A to confirm the above 
hypothesis. The colony formation and cell growth capac-
ity of HCC cells damaged by the knockdown of PIK3R3 

F I G U R E  6   Phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) is intimately associated with CDKN1C and SMC1A in clinical 
and animal samples. (A) Immunohistochemistry (IHC) staining of CDKN1C in clinical samples showed that CDKN1C was downregulated 
in cancer tissue compared with the paired precancer tissue. (B) Data from the TCGA hepatocellular carcinoma (HCC) program confirmed 
the result of clinical samples. (C) The expression of CDKN1C and PIK3R3 was examined by IHC staining in 22 clinical samples, and the 
correlation analysis between them was determined. A clear negative correlation was found between CDKN1C and PIK3R3 in HCC samples. 
(D) In animal tissue, PIK3R3 overexpression inhibited the expression of CDKN1C. (E) IHC staining of SMC1A in clinical samples showed 
that SMC1A was downregulated in cancer tissue compared with that in the paired paracancerous tissue. (F) Data from the TCGA HCC 
program confirmed the result of clinical samples. (G) A positive correlation was found between PIK3R3 and SMC1A in clinical samples. (H) 
Overexpression of PIK3R3 increased the staining of SMC1A in animal samples compared with empty groups. OE, overexpression; The IHC 
staining intensity was represented by the positive area in a slide.
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were significantly restored. On the other hand, the co-
expression relationship between PIK3R3 and CDKN1C or 
SMC1A has been verified in clinical and animal samples 
as well as the TCGA database. Finally, we selected Akt sig-
naling as the specific signaling pathway. A previous study 
showed that the Akt pathway promoted liver tumorige-
nicity by downregulation of CDKN1C.28 Another study 
showed that SMC1A knockdown significantly inhibited 
the cell proliferation and activation of Akt in colorectal 
cancer.29

5   |   CONCLUSION

In conclusion, knockdown PIK3R3 inhibits the tumor 
growth of HCC by upregulating the expression of CDKN1C 
and downregulating the expression of SMC1A by deacti-
vating the Akt pathway and inhibiting cell proliferation 
and colony formation. Knockdown of CDKN1C or over-
expression of SMC1A could relieve this inhibition. These 
results suggest that PIK3R3, CDKN1C, and SMC1A could 
be promising treatment strategies for HCC that deserve 
further investigation. However, the current study only 
proved that CDKN1C and SMC1A are downstream mol-
ecules of PIK3R3/Akt through functional loss and func-
tional acquisition experiments. However, we need further 
research to clarify the specific mechanism of PIK3R3/Akt 
in regulating the expression of CDKN1C and SMC1A.
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