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Background: Wolf-Hirschhorn syndrome candidate gene-1 (WHSC1) plays key regulatory

roles in cancer development and progression. However, its specific functions and potential

mechanisms of action remain to be described in hepatocellular carcinoma (HCC).

Materials and Methods: WHSC1 expression in HCC was evaluated using The Cancer

Genome Atlas and verified in HCC tissues and cell lines using qRT-PCR, Western blotting,

and immunohistochemistry. Functional assays were performed to explore the role of WHSC1

in HCC progression. Immunoprecipitation-mass spectrometry, co-immunoprecipitation,

immunofluorescence, and immunohistochemistry were conducted to evaluate the interaction

between WHSC1 and prolyl 4-hydroxylase subunit beta (P4HB). Pathway enrichment was

performed using gene set enrichment analysis.

Results: WHSC1 was markedly overexpressed in HCC tissues and cell lines. The level of

expression was strongly associated with adverse clinicopathological characteristics. Survival

analyses revealed that WHSC1 upregulation predicted poor overall survival and higher

recurrence rates in patients with HCC. Functional studies revealed that WHSC1 significantly

stimulated HCC proliferation, migration, and invasion in vitro and in vivo. WHSC1 was

shown to interact with P4HB to stimulate P4HB expression and subsequently activate

mTOR1 signaling.

Conclusion: We determined the oncogenic role of WHSC1 in HCC, via P4HB interaction,

which activates mTOR1 signaling, and identified WHSC1 as a promising therapeutic target

for HCC.
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Introduction
Hepatocellular carcinoma (HCC) is the sixth most prevalent malignant tumor and

the second leading cause of cancer-related deaths worldwide.1–3 A total of 854,000

liver cancer cases and 810,000 deaths were reported worldwide in 2015, with half

of them from China.4 Liver resections and transplantations are performed to

manage the disease, however, rates of postoperative recurrence and distant metas-

tasis remain high and current therapies do not noticeably improve survival.5–7

Therefore, the molecular mechanisms underlying the initiation and development

of HCC need to be investigated further to facilitate the development of novel

strategies for the prevention and treatment of this lethal disease.

Wolf-Hirschhorn syndrome candidate 1 (WHSC1) belongs to a family of nuclear

receptor SET domain (NSD) proteins, members of which possess a SET domain
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encoding lysine methyltransferase activity. Although the

substrate specificity of the NSD proteins was previously

considered as controversial, it was recently narrowed

down to the dimethylation of histone H3 lysine 36, a mark

commonly associated with active transcription.8 Increasing

evidence suggests that the dysregulation of WHSC1 expres-

sion is associated with the progression of malignancy, che-

moresistance, and poor overall survival.9–11 In prostate

cancer, AKT-mediated stabilization of WHSC1 is impli-

cated in metastasis.12 WHSC1 may also activate TWIST1

and contribute to epithelial-mesenchymal transition (EMT)

and invasion in prostate cancer.8 It is known to act as an

oncogene and its overexpression is associated with poor

prognosis in cervical cancer.9 The protein also promotes

the progression of squamous cell carcinoma of the head and

neck, through regulation of NIMA-related kinase-7.13

Additionally, WHSC1-induced DNA damage repair contri-

butes to chemoresistance.14 It has also been reported that

WHSC1 serves as a tumor suppressor through the regula-

tion of cell differentiation.15 Overexpression of WHSC1 is

also correlated with a poor prognosis of HCC.16 However,

its expression profile and the potential mechanisms of

action in HCC remain unclear.

Here, we report a significant overexpression of WHSC1

in HCC tissues and cell lines. Our survival analyses

revealed that the upregulation of WHSC1 predicted a poor

overall survival and higher recurrence rate in patients with

HCC.WHSC1 was observed to promote HCC proliferation,

migration, and invasion, possibly through an interaction

with prolyl 4-hydroxylase subunit beta (P4HB) and the

stimulation of its expression, thus promoting HCC malig-

nancy via P4HB-induced activation of mTOR1 signaling.

These findings suggest that WHSC1 may provide a novel

therapeutic strategy and diagnostic biomarker for HCC.

Materials and Methods
HCC Tissues and Cell Lines
A total of 70 paired HCC samples were collected through

surgical resection at the Department of Hepatobiliary

Surgery of the First Affiliated Hospital of Nanjing

Medical University (Nanjing, China), between 2017 and

2019. HCC cell lines (SMMC7721, Hep3B, HepG2, Huh7,

MHCC97L, and Focus) and the human hepatic cell line

(L02) were obtained from the Shanghai Institutes for

Biological Sciences (China). All cell lines were cultured

in DMEM containing 10% FBS, supplemented with

100 U/mL of penicillin and 100 μg/mL of streptomycin

(HyClone, Logan, UT, USA). The cells were maintained at

37°C in a humidified atmosphere with 5% CO2.

Lentiviral Transfection
The lentiviral vectors for encoding WHSC1 and P4HB

(LV-WHSC1 and LV-P4HB), the short hairpin RNAs

(shRNAs) against WHSC1 and P4HB (LV-shWHSC1

and LV-shP4HB), and the empty vectors (LV-vector and

LV-shNC) were synthesized by GenePharma Biotech

(Shanghai, China). The shRNA sequences of WHSC1

and P4HB are described in Supplementary Data 1. Stable

cell lines were obtained using 5 μg/mL puromycin (Sigma-

Aldrich).

Cell Viability and Clonogenic Assays
Cell viability was assessed using Cell-Counting Kit-8

(CCK-8; Dojindo, Kumamoto, Japan). A cell counter

device (Countstar, Ruiyu Bio-science and Technology,

Shanghai, China) was utilized to determine the cell con-

centration. To summarize the process, SMMC7721 and

Hep3B cells were seeded into 96-well plates (500 cells/

well), and 10 μL CCK-8 solution was added to each well

before incubating the plates for 2 h. Following the incuba-

tion, the absorbance was measured at 450 nm. For the

clonogenic assay, the SMMC7721 and Hep3B cells were

seeded in 6-well plates (1000 cells/well) and incubated for

14 days. Next, proliferating colonies were stained with

crystal violet solution (Beyotime, Guangzhou, China),

and counted and photographed for statistical analysis.

The assay results were confirmed via three independent

experiments.

Apoptosis Assay
An apoptosis assay was performed using flow cytometry

(FACSCalibur, Becton Dickinson, San Jose, CA, USA).

The SMMC7721 and Hep3B cells were collected and

incubated after staining with propidium iodide and FITC-

conjugated Annexin V (BD Pharmingen), in the absence

of light at 37°C for 15 min, before being subjected to flow

cytometric analysis. Ten thousand cells were detected in

the apoptosis assay to determine the apoptosis index. The

results were analyzed with FlowJo software (Tree Star

Inc.). The assay results were confirmed through three

independent experiments.

Transwell Migration and Invasion Assays
Transwell migration and invasion assays were also per-

formed on SMMC7721 and Hep3B cells. Transwell plates
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(8-μm pore size), with or without coated Matrigel (BD

Biosciences, San Jose, CA, USA), were used to assess the

cell invasion and migration, respectively. To summarize

the process, 200 μL of serum-free medium was added to

the upper chamber, whereas 500 μL of complete culture

medium supplemented with 10% fetal bovine serum was

added to the lower chamber. After 24 h incubation, the

cells were stained with crystal violet solution (Kaigen,

Nanjing, China) for 15 min. The HCC cells on the upper

side of the membrane were removed with a cotton swab,

whereas those on the lower surface were visualized under

a light microscope. The assays were confirmed through

three independent experiments.

Quantitative Reverse Transcription-

Polymerase Chain Reaction (qRT-PCR)
The target mRNA in the sample cells and tissues was

assessed with the qRT-PCR method. The total RNA was

extracted using TRIzol® reagent (Thermo Fisher Scientific,

USA), according to the manufacturer’s instructions. β-actin
was used as the internal control. The qRT-PCR reactions

were performed using the SYBR Green One-Step qRT-PCR

kit (Thermo Fisher Scientific, USA), according to the man-

ufacturer’s instructions. The primer sequences are detailed

in Supplementary Data 1.

Western Blotting
Antibodies against WHSC1 (1:1000, 65127S; Cell Signaling

Technology, Beverly, MA, USA), mTOR (1:1000, 2983T;

Cell Signaling Technology, Beverly, MA, USA), P70S6K

(1:1000, 9204S; Cell Signaling Technology, Beverly, MA,

USA), S6 (1:1000, 9204S; Cell Signaling Technology,

Beverly, MA, USA), p-mTOR (1:1000, 5536T; Cell

Signaling Technology, Beverly, MA, USA), p-P70S6K

(1:1000, 9204S; Cell Signaling Technology, Beverly, MA,

USA), p-S6 (1:1000, 4858T; Cell Signaling Technology,

Beverly, MA, USA), OXCT1 (1:1000, 12,175-1-AP;

Proteintech, Wuhan, Hubei, China), RUVBL2 (1:1000,

10,195-1-AP; Proteintech, Wuhan, Hubei, China), TXNRD1

(1:1000, 11,117-1-AP; Proteintech, Wuhan, Hubei, China),

HSD17B4 (1:1000, 15,116-1-AP; Proteintech, Wuhan,

Hubei, China), PKM (1:1000, 10,078-2-AP; Proteintech,

Wuhan, Hubei, China), EIF3A (1:1000, 26,178-1-AP;

Proteintech, Wuhan, Hubei, China), TPM4 (1:1000, 13,741-

1-AP; Proteintech,Wuhan, Hubei, China), and P4HB (1:1000,

ab2792; Abcam, Cambridge, UK) were used in this study.

Western blotting was performed as previously described.17

Immunoprecipitation-Mass Spectrometry

(IP-MS)
The SMMC7721 cells were harvested for total protein

extraction. The protein aliquots were pre-cleared through

incubation with protein A/G-agarose beads (Santa Cruz

Biotechnology, Santa Cruz, CA, USA). The pre-cleared

samples were then immunoprecipitated with the WHSC1

antibody (1:200, 65127S; Cell Signaling Technology,

Beverly, MA, USA), according to the manufacturer’s

instructions. The immunoprecipitated proteins were then

subjected to a MS analysis to determine the binding pro-

tein number in WHSC1.

Co-Immunoprecipitation (Co-IP)
Co-IP assays were utilized to test the interaction between

WHSC1 and P4HB, and the complexes were precipitated

with protein A/G-agarose beads (Santa Cruz Biotechnology),

according to themanufacturer’s protocol. The complexes were

then subjected to Western blotting. Antibodies against

WHSC1 (1:200, 65127S; Cell Signaling Technology,

Beverly, MA, USA) and P4HB (1:100, ab2792; Abcam,

Cambridge, UK) were utilized.

Immunohistochemical (IHC) Staining
IHC staining was performed using anti-WHSC1 (1:100,

ab223694; Abcam, Cambridge, UK) and anti-P4HB

(1:200, ab2792; Abcam, Cambridge, UK) antibodies. The

scoring system for IHC staining was applied as previously

described.17

Confocal Laser Scanning Microscopy
Cells were seeded on slides, at a density of 2 × 104 cells/

well, and incubated overnight. Following incubation, the

cells were washed with phosphate buffer saline (PBS),

fixed with 4% paraformaldehyde solution, permeabilized

with 0.1% Triton X, and blocked with bovine serum albu-

min (BSA) for 1 h. The cells were then incubated with

WHSC1 (1:100, ab223694; Abcam, Cambridge, UK) and

P4HB (1:100, ab2792; Abcam, Cambridge, UK) primary

antibodies at 4°C overnight. The slides were then washed

with PBS and treated with Alexa Fluor® 488 AffiniPure

Goat Anti-Rabbit IgG (H+L) (Jackson, Carlsbad, USA),

and Alexa Fluor® 594 AffiniPure Goat Anti-Mouse IgG

(H+L) (Jackson, Carlsbad, USA) secondary antibodies.

The slides were then placed under a confocal laser scan-

ning microscope (ZEISS, Germany) for the immunofluor-

escence study. The magnification used in our study was
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10X and the sampling size was XY. The color Red was

generated with a 532 nm laser and LP550 filter; Green

with a 488 nm laser and LP505 filter; and Blue with a

mercury lamp and BP415-480 filter. We used the Pearson

coefficient analysis for our study.

Animal Experiments
Four-week-old male BALB/c-nude mice were purchased

from the Animal Core Facility of Nanjing Medical

University (Nanjing, China). For tumor growth analysis,

a total of 1×106 tumor cells (SMMC7721 and Hep3B)

were suspended in 100 μL serum free-DMEM and then

subcutaneously injected into the mouse flank (six mice per

group). All the mice were monitored once every four days

and were euthanized 24 days later. The tumor length and

width were monitored and the tumor volume was calculated

according to the following equation: Volume (mm3) = 0.5 ×

Length (mm) × Width2 (mm2). The xenograft tumors were

resected, weighted, and dissected. The partial tumor tissues

were then fixed in 4% phosphatebuffered neutral formalin

and embedded in paraffin for immunostaining analysis.

For the metastasis model, 1×106 tumor cells (SMMC7721

and Hep3B) labeled with RFP-firefly luciferase were injected

via the mouse tail vein (eight mice per group). The mice were

assessed after six weeks for metastasis via an intraperitoneal

injection of D-Luciferin (Caliper LifeSciences). All the animal

studies conducted in this study were reviewed and approved

by the Institutional Animal Care and Use Committee of

Nanjing Medical University.

Bioinformatics Analysis
The Cancer Genome Atlas (TCGA) gene dataset for HCC

(with 371 HCC tissues and 50 normal tissues) was down-

loaded from the UCSC cancer browser (https://xenabrow

ser.net/datapages/). We obtained the normalized WHSC1

expression values from the TCGA gene dataset. The data

employed for gene set enrichment analysis (GSEA) were

also acquired from the TCGA dataset, using the GSEA

v3.0 software (http://software.broadinstitute.org/gsea/

downloads.jsp). A false discovery rate (FDR) < 0.25, and

a P value < 0.05 for the normalized enrichment score

(NES) were considered statistically significant.

Statistical Analyses
At least three biological replicates were used in each

experiment. Data were presented as mean ± standard

error of the mean (SEM), and analyzed with unpaired or

paired (for matched comparisons) two-tailed Student’s

t-test or analysis of variance (ANOVA). A P-value of

< 0.05 was considered statistically significant.

Results
Elevated WHSC1 Expression in HCC and

Association with Poor Prognosis
To analyze the WHSC1 expression in HCC, normalized

RNA sequencing data of 371 HCC tissues and 50 non-

tumor tissues were obtained from TCGA. This showed

that WHSC1 was markedly elevated in the tumor tissues

compared with the adjacent normal tissues (Figure 1A).

We then employed qRT-PCR to assess the WHSC1 expres-

sion in the 70 paired samples of HCC-affected and adja-

cent non-cancerous liver tissue. We discovered that the

WHSC1 mRNA levels were markedly elevated in the

HCC tissues (Figure 1B). Western blotting and IHC of

eight randomly selected paired HCC specimens confirmed

that the WHSC1 protein expression was significantly upre-

gulated in tumor tissues (Figure 1C and D). Levels of

WHSC1 mRNA and protein were also significantly higher

in the six HCC cell lines than in the normal hepatic cell

line L02 (Figure 1E and F). As shown in Table 1, WHSC1

expression was distinctly associated with tumor size,

microvascular invasion, tumor multiplicity, the tumor-

node-metastasis (TNM) stage, and the Edmonson stage.

Survival analysis using the GEPIA database (http://gepia2.

cancer-pku.cn/#analysis) demonstrated that a higher

WHSC1 expression was associated with shorter overall

survival and a higher recurrence rate in HCC patients

(Figure 1G and H). These results show that WHSC1

expression increases in HCC and may act as a prognostic

indicator in patients with the disease.

Increased Proliferation, Migration, and

Invasion of HCC
The SMMC7721 cells, which expressed the highest levels

of WHSC1 among the six HCC cell lines, were transfected

with shRNA to downregulate WHSC1 expression. Based

on the qRT-PCR and Western blotting results, sh2 dis-

played the highest knockdown efficiency and was chosen

for subsequent experiments (Figure 2A and B). Low

WHSC1-expressing Hep3B cells were transfected with

LV-WHSC1 to enhance WHSC1 expression. The upregu-

lation of WHSC1 mRNA and protein levels was verified

using qRT-PCR and Western blotting, respectively

(Figure 2A and B). CCK-8 and clonogenic assays showed

that WHSC1 knockdown markedly inhibited the cell
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proliferation and colony-forming ability of SMMC7721

cells (Figure 2C and D). Flow cytometric analyses

revealed that WHSC1-depleted HCC cells had higher

apoptotic rates (Figure 2E), while Transwell assays indi-

cated that WHSC1 knockdown impaired the invasive and

migratory abilities of the HCC cells (Figure 2F).

Conversely, upregulation of WHSC1 dramatically pro-

moted cell proliferation, inhibited apoptosis, and rein-

forced the invasive and migratory capabilities of Hep3B

cells (Figure 2C–E, G). The results suggest WHSC1 as an

oncogenic factor that promotes HCC proliferation, migra-

tion, and invasion.

Stimulation of HCC Progression Through

P4HB Interaction
To uncover the deeper mechanism underlying the

WHSC1-mediated HCC progression, we performed an

immunoprecipitation/mass spectrum (IP/MS) analysis to

identify the proteins bound to WHSC1. Combining pre-

vious research with the current study, we selected some

Figure 1 Overexpression of WHSC1 in HCC. (A) Relative expression of WHSC1 in HCC obtained from TCGA database. (B) WHSC1 expression in HCC and adjacent

non-tumor liver tissue, as measured with qRT-PCR. (C) WHSC1 expression in eight tumor pairs (T) and corresponding normal (N) tissues, as detected with Western

blotting. (D) Representative images of IHC staining for WHSC1 in HCC and adjacent non-tumor liver tissues. (E) WHSC1 expression levels in different HCC cell lines and

L02 cells detected using qRT-PCR. (F) WHSC1 expression levels in different HCC cell lines and L02 cells detected with Western blotting. (G, H) Prognostic analysis of HCC

patients using GEPIA database. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. P-values were determined using a two tailed t-test.
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candidates that could affect the malignant biological beha-

vior of HCC (Supplementary Data 2). Of these, P4HB was

downregulated in WHSC1-sh2 SMMC7721 cells and

upregulated in LV-WHSC1 Hep3B cells, while the other

candidates remained unchanged (Figure 3A, Figure S1A

and B). Our results identified P4HB as the binding partner

of WHSC1 (Figure 3B). We then explored the possible

role of WHSC1/P4HB interaction in the malignancy pro-

gression of HCC. P4HB immunoprecipitated with an anti-

WHSC1 antibody, and vice versa (Figure 3C), and the two

proteins were co-localized in the HCC cells (Figure 3D).

Moreover, P4HB expression was higher in HCC tissues

than in corresponding non-tumor tissues (Figure 3E). A

Spearman analysis revealed that the WHSC1 and P4HB

levels were positively correlated (Figure 3F and G).

The expression of P4HB was upregulated in

SMMC7721-shWHSC1 cells, to clarify its potential role

in WHSC1-induced HCC progression. The overexpression

of P4HB reversed decreased proliferation, migration, and

invasion of SMMC7721-shWHSC1 cells, and decreased

apoptotic rates (Figure S2A–C). The malignant pheno-

types discussed earlier were also rescued successfully in

Hep3B-WHSC1 cells by downregulating P4HB expression

(Figure S2D–F).

Facilitation of HCC Growth and

Metastasis in vivo
To verify the effects of WHSC1 on the HCC growth in

vivo, a murine xenograft HCC model was developed.

Downregulation of WHSC1 in the HCC cells decreased

tumor size and weight (Figure 4A, B, D), whereas its

overexpression had the opposite effect (Figure 4A, C, E).

Western blotting revealed that WHSC1 expression was

lower in the SMMC7721-shWHSC1 group and higher in

the Hep3B-WHSC1 group, compared to the control, and

that the WHSC1 and P4HB levels in the xenografts were

positively correlated (Figure 4F and G). Additionally, Ki-

67 and TUNEL staining revealed that SMMC7721-

shWHSC1 xenografts proliferated more rapidly and had

a higher apoptosis rate than Hep3B-WHSC1 xenografts

(Figure 4H and I). Nude mice injected with luciferase-

expressing HCC cells were subjected to bioluminescence

imaging, to evaluate the role of WHSC1 in HCC metas-

tasis in vivo. WHSC1 downregulation considerably

decreased lung metastasis, whereas its overexpression

had the opposite effect (Figure 4J and K). Collectively,

our results demonstrate that WHSC1 plays a pivotal role in

accelerating HCC growth and metastasis in vivo.

Stimulation of mTORC1 Signaling via

P4HB
We performed a GSEA using data from TCGA to assess the

downstream signal transduction mechanisms. The WHSC1

and P4HB expression levels were set according to their

respective phenotype labels. The activation of the

mTORC1 signaling pathway was observed to be positively

Table 1 Correlations Between WHSC1 Expression and Clinical

Characteristics in HCC Patients (n = 70)

Characteristics Number WHSC1

Expression

P-value

Low

Group

High

Group

Age (years)

<50 25 12 13 0.803

≥50 45 23 22

Gender

Female 21 9 12 0.434

Male 49 26 23

Cirrhosis

Present 52 23 29 0.101

Absent 18 12 6

HBV infection

Positive 50 27 23 0.290

Negative 20 8 12

Tumor size(cm)

<5 36 24 12 0.004**

≥5 34 11 23

Microvascular

invasion

Presence 30 10 20 0.016*

Absence 40 25 15

Tumor multiplicity

Simple 47 28 19 0.022*

Multiple 23 7 16

α-fetoprotein (ng/mL)

≤20 29 13 16 0.467

>20 41 22 19

TNM stage

I 39 24 15 0.030*

II/III 31 11 20

Edmonson stage

I/II 41 27 14 0.002**

III/IV 29 8 21

Notes: *P<0.05, **P<0.01.
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associated with WHSC1 and P4HB expression levels in

HCC tissues (Figure 5A, Figure S3A). To validate the

GSEA results, the mTORC1-relevant effectors were

detected with Western blotting. Phosphorylation of mTOR

(at Ser2448), P70S6K (at Thr389), and S6 (Ser240/244)

was significantly downregulated in the SMMC7721-

shP4HB cells, and upregulated in the Hep3B-P4HB cells

(Figure 5B). Furthermore, downregulation of WHSC1

impaired the mTORC1 signaling, whereas its upregulation

activated it (Figure 5C and D). The inhibition of mTORC1

signaling seen in the SMMC7721-shWHSC1 cells was

nullified when P4HB was overexpressed. Similarly, the

activation of mTORC1 observed in Hep3B-WHSC1 cells

was inhibited after downregulation of P4HB expression

(Figure 5E and F). These results reveal that WHSC1 posi-

tively regulates mTORC1 signaling by interacting with

P4HB.

Discussion
The significance of WHSC1 in cancer progression was first

emphasized with the identification of t(4;14) translocation

in almost 15–20% of multiple myeloma cases.18 This

Figure 2 Promotion of HCC malignancy by WHSC1. (A, B) Transfection efficacy of WHSC1 knockdown and overexpression analyzed using qRT-PCR and Western blotting,

respectively. (C, D) Cell proliferation following WHSC1 knockdown or overexpression, as assessed with CCK-8 and colony formation assays. (E) Flow cytometric analysis

of apoptosis following WHSC1 knockdown or overexpression. (F, G) Migratory and invasive abilities of HCC cells following alteration of WHSC1 expression, as determined

using Transwell assays. Data are presented as mean ± SEM. **P < 0.01, ***P < 0.001. P-values were determined with a two tailed t-test.
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mutation fuses the WHSC1 gene to the immunoglobulin

heavy chain enhancer, resulting in significant overexpres-

sion of WHSC1. WHSC1 regulates tumor maintenance and

chemoresistance, and its expression correlates with overall

survival in a variety of malignancies.19,20 However, its

functions and associated molecular mechanisms in HCC

have not been investigated in detail. In this study, we

assessed the WHSC1 expression in HCC using TCGA

data, before validating the results in HCC tissues and cell

lines. Functional assays showed that WHSC1 stimulates

cell proliferation, migration, invasion, and the metastasis

of HCC cells while inhibiting their apoptosis. To delineate

the mechanisms through which WHSC1 promotes the HCC

malignancy, we examined the proteins it interacts with. IP-

MS, co-immunoprecipitation, immunofluorescence, and

IHC analyses confirmed P4HB as the WHSC1 binding

partner. P4HB, which has been observed to be upregulated

in various malignancies, including HCC,21 gastric cancer,22

renal carcinoma,23,24 and colon cancer,25 can influence sev-

eral cancer cell functions, like proliferation, migration, and

invasion. Xia et al reported that P4HB promotes HCC

tumorigenesis via a downregulation of GRP78 and subse-

quent upregulation of epithelial-mesenchymal transition.21

A recent study also revealed that P4HB downregulation

Figure 3 WHSC1 interaction with P4HB and the upregulation of their expression in HCC. (A) P4HB expression levels, as measured with Western blotting. (B) IP-MS

results showing P4HB as the interacting protein for WHSC1. (C) Co-immunoprecipitation assays showing that WHSC1 interacts with P4HB. (D) Representative images

showing co-localization of WHSC1 and P4HB in SMMC7721 cells. (E) Representative images of IHC staining for P4HB in HCC and adjacent non-tumor liver tissues. (F)
Representative images of WHSC1 and P4HB expression. (G) Spearman analysis revealing the positive correlation of WHSC1 and P4HB expression levels with HCC patients

(n = 70). Data are presented as mean ± SEM. The relationship between WHSC1 and P4HB expression was determined with Spearman analysis.
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Figure 4 Facilitation of HCC growth and metastasis in vivo due to WHSC1. (A) Representative xenograft HCC tumors derived from SMMC7721-sh2 and -shNC or

Hep3B-WHSC1 and -vector. (B, C) Growth curves of xenograft HCC tumors. (D, E) Weight of xenograft HCC tumors. (F, G) WHSC1 and P4HB expression levels

determined with Western blotting. (H, I) Ki-67 and TUNEL staining of xenograft HCC tumors. (J) Representative images of the tail vein injection mouse model. (K) Number

of pulmonary metastases in mice. Data are presented as mean ± SEM. *P < 0.05, ***P < 0.001. P-values were determined with a two tailed t-test.
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Figure 5 Positive regulation of mTORC1 signaling by WHSC1, via P4HB. (A) GSEA of data from TCGA to determine the signaling pathways influenced by P4HB. (B)
mTORC1-related effectors (mTOR, P70S6K, and S6) in SMMC7721-P4HB control cells, SMMC7721-sh P4HB cells, Hep3B-P4HB vector cells, and Hep3B-P4HB cells, as

measured by Western blotting. (C, D) mTORC1-related effectors (mTOR, P70S6K, and S6) in SMMC7721-shNC and SMMC7721-sh2 cells with or without P4HB

upregulation, as detected by Western blotting. (E, F) mTORC1-related effectors (mTOR, P70S6K, and S6) in Hep3B-vector and Hep3B-WHSC1 cells with or without P4HB

knockdown, as detected by Western blotting. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01. P-values were determined using a two tailed t-test.
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increased the generation of reactive oxygen species (ROS),

thereby promoting cancer cell apoptosis.25 P4HB overex-

pression is correlated with a poor prognosis in various

cancers, including HCC, clear cell renal cell carcinoma,

diffuse gliomas, and gastric cancer.24,26,27 We observed

that WHSC1 may interact with P4HB to mediate its stimu-

latory effects on the progression of HCC malignancy.

To further explore the molecular pathways implicated

in HCC progression, we performed GSEA and discovered

a positive association between the mTORC1 signaling

pathway and WHSC1 expression. mTOR (comprising

two main complexes, mTORC1 and mTORC2) exhibits

a complicated dynamic behavior to influence the fate of

cancer cells.28–30 The mTORC1 branch is the central

driver of cell progression via protein modulation, lipid

synthesis, and energy metabolism in mammals, and is

found to be deregulated in various malignancies. After

the activation of mTORC1, the phosphorylation and acti-

vation of a key downstream effector, namely ribosomal

protein S6 kinase (S6K), was also observed. Next, the

ribosomal S6 protein was phosphorylated by S6K, which

regulates basic cell processes including cell proliferation

and metastasis. The influence of mTORC1 signaling on

tumor progression, due to its effect on cell proliferation,

cell survival, cell cycle, cell death, and metabolic repro-

gramming, has been widely reported.31–34 In our study,

we observed that WHSC1 upregulated the P4HB expres-

sion levels and subsequently activated mTORC1 signal-

ing to promote HCC development and progression.

However, the precise mechanism (direct or indirect)

through which WHSC1 and P4HB regulate mTORC1

signaling remains to be described and requires further

investigation.

Conclusion
In conclusion, our study demonstrated that WHSC1 was

significantly upregulated in HCC tissues and cell lines, and

that high expression levels strongly correlated with

adverse clinicopathological parameters, poor overall survi-

val, and higher recurrence rates in patients with HCC.

Functional studies confirmed the oncogenic role of

WHSC1 in HCC. Mechanistically, WHSC1 increased

P4HB expression levels and subsequently activated

mTOR1 signaling. Considered together, these findings

prove the clinical significance and functional importance

of WHSC1 in HCC.
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