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Abstract 

Background  The progression of liver cancer is a complicated process that involves genetic and epigenetic changes. 
Paired box 6 (PAX6) is a critical transcription factor for embryonic development. PAX6 is abnormally methylated 
in human cancer. The role of the PAX6 gene in the pathogenesis of hepatocellular carcinoma (HCC) is still unclear.

Methods  Transcriptional silencing of PAX6 mediated by promoter methylation was confirmed using quantitative 
methylation-specific polymerase chain reaction (PCR) and reverse-transcription (RT)-PCR. Then we conducted gain-
and-loss of function approaches to evaluate the function of PAX6 in HCC progression in vitro. Moreover, we designed 
xenograft mouse models to assess the effect of PAX6 on tumor growth and metastasis. Finally, we used RNA sequenc-
ing (RNA-seq) strategy and phenotypic rescue experiments to identify potential targets of PAX6 performing tumor-
suppressive function.

Results  Constitutive expression of PAX6 suppressed anchorage-independent growth and cell invasion in vitro as well 
as tumor growth and metastasis in xenograft mouse models. In contrast, the inhibition of PAX6 using knockout 
and knockdown strategies increased tumor growth both in vitro and in vivo. Downregulation of PAX6 by doxycycline 
depletion partially reversed the malignant phenotypes of HCC cells induced by PAX6. Moreover, we identified E-cad-
herin (CDH1) and thrombospondin-1 (THBS1) as targets of PAX6. Ultimately, we demonstrated that the knockdown 
of CDH1 and overexpression of THBS1 in PAX6-expressing HCC cells partly reversed the tumor-suppressive effect.

Conclusion  PAX6 functions as a tumor suppressor partly through upregulation of CDH1 and downregulation 
of THBS1. Promoter hypermethylation-mediated suppression of PAX6 reduces the tumor suppressor function 
in the progression of liver cancer.

Keywords  Hepatocellular carcinoma, PAX6, Tumor suppressor, CDH1, THBS1

†Ti Hui Wu and Shan Yueh Chang These two authors equally contributed to 
this work.

*Correspondence:
Yu‑Lueng Shih
albreb@ms28.hinet.net
Ya‑Wen Lin
ndmc.yawen@msa.hinet.net
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13148-024-01789-6&domain=pdf


Page 2 of 18Yeh et al. Clinical Epigenetics          (2024) 16:174 

Introduction
Hepatocellular carcinoma (HCC) is a serious disease with 
a poor prognosis and high mortality rate due to obsta-
cles in early detection [1–5]. The risk factors associated 
with hepatocarcinogenesis include chronic hepatitis B or 
C viral infection, alcohol, aflatoxin B1, and others [6–8]. 
Inactivation of tumor suppressor genes (TSGs) through 
promoter hypermethylation plays an essential role in 
carcinogenesis [9–12]. Although many studies have 
investigated the development of HCC, the genetic and 
epigenetic alterations that result in the initiation and pro-
gression of HCC remain unknown [6–14].

Epithelial-mesenchymal transition (EMT) is a complex 
process involving the loss of epithelial cell features and 
the acquisition of a mesenchymal phenotype [15–17]. 
This process is important in cancer progression, drug 
resistance and cancer progenitor cells [16, 17]. Many 
transcriptional regulators, such as Twist, Snail, Slug, and 
ZEB1/ZEB2, can induce EMT via a decrease in epithelial 
markers and an increase in mesenchymal markers [16, 
17]. Moreover, the Wnt/β-catenin pathway, transforming 
growth factor-β pathway, receptor tyrosine kinase path-
way, Notch pathway, and Sonic hedgehog signaling path-
way are often dysregulated and lead to EMT in cancer[16, 
17].

Paired box 6 (PAX6), a member of the homeobox gene 
superfamily, is a critical transcription factor for embry-
onic development [18–21]. PAX6 plays an important role 
in eye development via the Wnt/β-catenin, TGF-beta, 
Notch, and extracellular matrix (ECM)-related signal-
ing pathways. Abnormal PAX6 expression contributes 
to developmental disorders and the formation of tumors 
[18–22]. In human cancer, the expression and biological 
function of PAX6 differ depending on the cancer type. 
PAX6 is downregulated in glioblastoma and prostate 
cancer and acts as a tumor suppressor [23–25]. In con-
trast, PAX6 acts as an oncogene in pancreatic cancer, ret-
inoblastoma, and breast cancer cell lines [26–28]. PAX6 
was shown to promote proliferation and cell cycle pro-
gression in human non-small cell lung cancer (NSCLC) 
cell lines [29]. Moreover, PAX6 overexpression notably 
enhanced EMT and metastasis via ZEB2 and the PI3K/
AKT signaling pathway in NSCLC [30].

Our previous study demonstrated that the promoter 
of the PAX6 gene is frequently methylated in HCC [31]. 
Hypermethylation of gene promoters is frequently asso-
ciated with transcriptional silencing and results in tumor 
suppressor gene (TSG) inactivation in cancer cells [9, 
11, 14]. Elucidation of the role of the PAX6 gene in the 
pathogenesis of HCC requires further study. In this study, 
we investigated the role of PAX6 in liver cancer. We con-
firmed that PAX6 downregulation is significantly cor-
related with promoter hypermethylation. Furthermore, 

PAX6 protein overexpression suppressed anchorage-
independent growth (AIG) and invasion in HCC cells. 
In xenograft mouse models, PAX6 also repressed tumor 
growth and metastasis. Moreover, PAX6 suppresses 
metastasis through the upregulation of E-cadherin 
(CDH1) and downregulation of thrombospondin-1 
(THBS1) in HCC. Collectively, our findings suggest 
that PAX6 functions as a tumor suppressor in HCC 
progression.

Materials and methods
Clinical tissue samples
A total of 60 paired samples of HCC and adjacent non-
tumor tissues were obtained from the Taiwan Liver Can-
cer Network (TLCN). TLCN is funded by the National 
Science Council to provide researchers in Taiwan with 
primary liver cancer tissue specimens and their associ-
ated clinical information. These specimens were obtained 
during surgery and frozen immediately in liquid nitrogen 
and/or at − 80 °C until DNA extraction and RNA extrac-
tion. The diagnosis of HCC was confirmed by histology. 
The deidentified demographic data was anonymously 
collected by the staff of the TLCN to protect all subjects’ 
privacy. The use of clinical samples in this study was 
approved by the TLCN User Committee and Tri-Service 
General Hospital (TSGH) Institutional Review Board 
(TSGHIRB: B-109–02.)

Bioinformatics analysis
Bioinformatics analysis was carried out by using the fol-
lowing websites: UALCAN (http://​ualcan.​path.​uab.​edu) 
[32] and DNA Methylation Interactive Visualization 
Database (DNMIVD, http://​119.3.​41.​228/​dnmivd/) [33]. 
UALCAN were used to assess the PAX6 methylation lev-
els in datasets from The Cancer Genome Atlas (TCGA). 
We used DNMIVD to analyze the correlation between 
PAX6 gene expression and methylation.

Cell lines
Nine human liver cancer cell lines (HepG2, Hep3B, 
Huh6, SK-Hep1, Mahlavu, TONG, PLC/PRF5, HA22T, 
and Huh7) were used in this study. HepG2, Hep3B and 
SK-Hep1 cells were purchased from the American Type 
Culture Collection (ATCC, Rockville, MD, USA). Mahl-
avu, TONG, PLC/PRF5, HA22T, Huh6, and Huh7 cells 
were obtained from Professor K.H. Lin (Chuang-Gung 
University, Taiwan). The culture conditions and other 
components used were described in the Supplementary 
Materials and Methods.

DNA methylation and gene expression analysis
Genomic DNA from tissues and HCC cell lines was 
extracted, and bisulfite was used for conversion as 

http://ualcan.path.uab.edu
http://119.3.41.228/dnmivd/
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previously described [31, 34]. Genomic DNA was 
extracted from cell lines and tissue samples by using 
a commercial DNA extraction kit (QIAmp Tissue Kit; 

Qiagen, Hilden, Germany). We treated DNA with 
bisulfite using an EZ DNA methylation kit (Zymo 
Research, Orange, CA) as described previously[35–37]. 

Fig. 1  Promoter hypermethylation of PAX6 contributes to PAX6 downregulation in HCC A The promoter methylation and mRNA expression 
levels of PAX6 were determined in 60 paired HCC tissues and adjacent nontumor tissues (NT) by qMSP and qRT‒PCR. The results are presented 
as the relative expression of PAX6 mRNA and the difference in the MI. The black lines indicate the mean PAX6 mRNA and MI levels. The P value 
for methylation levels among the groups was determined by the Wilcoxon signed rank test. The correlation between PAX6 mRNA and promoter 
methylation was analyzed in HCC tissues with PAX6 promoter hypermethylation by Spearman’s rho analysis. (B) The gene expression levels of PAX6 
and the internal reference gene GAPDH were analyzed by qRT‒PCR. The DNA methylation levels of PAX6 in normal liver tissue and seven HCC 
cell lines were determined by qMSP. (C) Gene expression levels of PAX6 and the internal reference gene GAPDH in HA22T, SK-Hep1, and Huh7 
cells treated with 0.5 µM DAC or 0.5 µM DAC combined with 0.3 µM trichostatin A (TSA) were analyzed by qRT‒PCR. At the same time, the DNA 
methylation levels of PAX6 were determined by qMSP. The results are represented as differences in the MI.** p < 0.01, *** p < 0.001, and **** 
p < 0.0001 (Student’s t test)
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Quantitative methylation-specific polymerase chain 
reaction (qMSP) was performed as previously described 
[31, 34, 35]. RNA extraction and reverse transcrip-
tion polymerase chain reaction (RT-PCR) were con-
ducted as previously described [35–37]. Supplementary 
Table S1showed the primer sequences. Detailed explana-
tions are available in the Supplementary Materials and 
Methods.

Plasmids and shRNA clones
The full-length PAX6 open reading frame (ORF) was 
cloned and inserted into the pLAS2.1 constitutive expres-
sion vector (termed pLAS2.1-PAX6) or the inducible 
expression vector pAS4.1 (termed pAS4.1-PAX6) as pre-
viously described [38]. All-in-one CRISPR vector, pAll-
Cas9.Ppuro (from the C6 RNAi core facility, Academia 
Sinica, Taiwan), was digested with BsmBI and ligated 
with annealed oligonucleotides (GGC​CCC​ATA​TTC​
GAG​CCC​CG and GGC​TTG​GCT​CTT​CTCG ATAC) 
for expression of PAX6 sgRNAs, which could bind to the 
targeting regions of PAX6 gene. pLKO.1-shLacZ, CDH1-
shRNAs and THBS1-shRNAs were purchased from the 
National RNAi Core Facility of Taiwan. The pcDNA3.1-
V5-THBS1 plasmid was purchased from Thermal ViGene 
BioSciences. The shRNA sequences are described in Sup-
plementary Table S1.

Western blot, cell viability, AIG, and invasion assays
Western blot, MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium, Inner Salt] cell viability, AIG and invasion assays 
were conducted as described previously [34, 39, 40]. 
Detailed descriptions are available in the Supplemen-
tary Materials and Methods. The following antibodies 
were used for western blotting: anti-PAX6 (Cell Signaling 
Technology), anti-THBS1 (Cell Signaling Technology), 
anti-V5 (Cell Signaling Technology), anti-CDH1 (BD Bio-
sciences), anti-CDH2 (BD Biosciences), anti-Vimentin 
(Santa Cruz Biotechnology), anti-Twist (GeneTex), anti-
Snail (GeneTex), and anti-beta-actin (GeneTex).

Immunofluorescence staining
Immunofluorescence staining was described as reported 
previously [34, 40].

In vivo tumor xenograft and metastasis model
We used Six-week-old nonobese diabetic severe-com-
bined immunodeficiency (NOD-SCID) female mice to 
perform tumorigenicity and metastasis analyses. Ani-
mal studies were approved by the Institutional Animal 
Care and Use Committee of the National Defense Medi-
cal Center (Taipei, Taiwan). Details regarding xenograft 
mouse experiments were performed as described previ-
ously [34, 39, 40].

RNA sequencing (RNA‑seq) analysis
RNA-seq data generation and normalization were per-
formed on an Illumina NovaSeq 500 platform. The data 
analysis was performed as described in our previous 
report [41]. Next, Gene Ontology (GO) analysis and 
KEGG pathway analysis were performed with DAVID 
(https://​david.​ncifc​rf.​gov/). [42] Gene set enrichment 
analysis (GSEA) was performed with GSEA software 
download form website (https://​www.​gsea-​msigdb.​org/​
gsea/​index.​jsp) [43, 44].

Statistical analysis
We used GraphPad Prism software (version 5; GraphPad 
Software, La Jolla, CA) and SPSS software (IBM SPSS 
Statistics 21; Asia Analytics Taiwan, Taipei, Taiwan) to 
perform statistical analyses. All values are expressed as 
the mean ± SE. We used the Wilcoxon signed rank test to 
determine differences in disease status and gene methyla-
tion levels (MI). The correlation between PAX6 mRNA 
and promoter methylation was analyzed by Spearman’s 
rho analysis. Mann‒Whitney U test and the Student’s 
t test were used to compare AIG number, cell invasion 
and relative gene expression between the different stable 
clones. We used unpaired two-tailed t test to analyze the 
in vivo data. In all cases, p < 0.05 was defined to indicate 
statistical significance.

Results
Promoter hypermethylation of PAX6 contributes to PAX6 
silencing/or downregulation in liver cancer.
First, we performed qMSP to investigate the methyla-
tion levels of PAX6 in 60 pairs of HCC samples from 
the Taiwan Liver Cancer Network (TLCN) biobank 
and found that PAX6 methylation was significantly 

Fig. 2  Ectopic expression of PAX6 inhibits AIG and invasion in a constitutive expression system in liver cancer cells. A The endogenous 
protein expression of PAX6 in liver cancer cell lines was determined by western blotting using an anti-PAX6 antibody. B Stable overexpression 
of pLAS2.1-PAX6 was established in different liver cancer cell lines and confirmed by western blotting. β-Actin was used as an internal control. C Cell 
proliferation (MTS) assays D and AIG assays were performed in HAT22T, SK-Hep1 and Huh7 cells expressing PAX6. E Matrigel invasion assays were 
performed in HAT22T, SK-Hep1 and Huh7 cells expressing PAX6. The data are expressed as the mean ± SE. Significant differences were determined 
using the Mann‒Whitney U test. ** p < 0.01, *** p < 0.001

(See figure on next page.)

https://david.ncifcrf.gov/)
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp


Page 5 of 18Yeh et al. Clinical Epigenetics          (2024) 16:174 	

Fig. 2  (See legend on previous page.)
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Fig. 3  Knockout and knockdown of PAX6 notably reversed the AIG of HepG2 cancer cells. A For generation of PAX6 knockout cells, HepG2 cancer 
cells were transfected with the All-in-one CRISPR vector pAll-Cas9.Ppuro with PAX6 sgRNAs. Moreover, HepG2 cells were transduced with lentiviruses 
harboring control shRNA (shCtrl) or PAX6 shRNA. PAX6 expression was analyzed by western blot analysis. β-Actin was used as an internal control. 
B Cell proliferation (MTS) assays and C AIG assays were performed in PAX6 knockout and PAX6 knockdown HepG2 cells. The data are expressed 
as the mean ± SE. Significant differences were determined using the Mann‒Whitney U test. ** p < 0.01, *** p < 0.001
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greater in the tumors than in the corresponding non-
tumor samples (Fig. 1A). Next, we confirmed the PAX6 
methylation level in 377 liver hepatocellular carcinoma 

Fig. 4  The restoration of PAX6 inhibited the colony formation and invasion of HA22T cancer cells in an inducible expression system. A Dox (1 µg/
mL)-induced PAX6 expression was established in HA22T cells, and PAX6 expression after treatment with Dox for 7 days or Dox depletion for another 
7 days was determined by western blot analysis. Then, MTS and AIG assays were performed on schedule. B MTS assays were used to examine 
the effect of PAX6 on the proliferation of HA22T cells. C A colony formation assay was used to determine the effect of PAX6 on cell growth. D 
Matrigel invasion assays were performed on HA22T cells treated with Dox (1 µg/mL) or with Dox depleted. The data are expressed as the mean ± SE. 
Significant differences were determined using the Mann‒Whitney U test. ** p < 0.01, *** p < 0.001
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(LIHC) samples from TCGA using the UALCAN web-
site (http://​ualcan.​path.​uab.​edu). The average beta 
value was greater in the LIHC group than in the nor-
mal control group (p < 0.0001) (Supplementary Figure 
S1). Using quantitative reverse transcription polymer-
ase chain reaction (qRT‒PCR), we confirmed that the 
PAX6 mRNA (NM_000280.4) level in the 60 pairs of 
HCC tissues was significantly lower than that in their 
nontumor counterparts (Fig.  1A). Furthermore, we 
identified an inverse correlation between PAX6 mRNA 
expression and methylation in seventeen HCC tissues, 
which showed hypermethylation at the PAX6 pro-
moter (Fig. 1A). Based on these data, promoter hyper-
methylation might contribute to the downregulation of 
PAX6 in HCC. Then, we analyzed the mRNA expres-
sion of PAX6 and its methylation level in HCC cell 
lines using qRT‒PCR and qMSP (Fig.  1B). The results 
confirmed that PAX6 was poorly methylated in normal 
liver tissues and HepG2 and Hep3B cells and highly 
methylated in Mahlavu, SK-Hep1, HA22T, Huh6, and 
Huh7 cells. Moreover, three HCC cell lines (HA22T, 
SK-Hep1, and Huh7) with low PAX6 expression were 
treated with 5-aza-2’-deoxycytidine (DAC) to confirm 
that promoter methylation is involved in the regula-
tion of PAX6. We found a decreased methylation sta-
tus of PAX6 and re-expression of PAX6 mRNA in all 
cell lines examined (Fig. 1C), further revealing that the 
transcriptional silencing of PAX6 was mediated by pro-
moter methylation.

PAX6 overexpression inhibits liver cancer cell growth 
and invasion.
To explore the role of PAX6 in liver cancer, we evalu-
ated endogenous PAX6 expression in these cell lines, 
namely, HepG2, Hep3B, SK-Hep1, Mahlavu, PLC/
PRF5, TONG, Huh6, Huh7, and HA22T. PAX6 pro-
tein expression was undetectable in all liver cancer 
cell lines, except for HepG2 and Hep3B, and normal 
liver tissues (Fig.  2A). To further confirm the tumor-
suppressive function of PAX6, we examined the effect 
of PAX6 overexpression on HAT22T, Huh7 and SK-
Hep1 cancer cells. Stable expression of pLAS2.1-PAX6 

in HAT22T, Huh7 and SK-Hep1 cells was verified by 
western blot analysis (Fig.  2B). Ectopic expression of 
PAX6 in HA22T cells significantly decreased cancer 
cell growth (Fig. 2C). As shown in Fig.  2D and E, res-
toration of PAX6 expression in HAT22T, Huh7 and SK-
Hep1 cells significantly suppressed AIG and cancer cell 
invasion.

Inhibition of PAX6 notably increases AIG
To further verify the effect of PAX6 on tumor pro-
gression, we reduced PAX6 expression in HepG2 cells 
using CRISPR/Cas9 knockout and shRNA knockdown 
strategies. Silencing/downregulation of PAX6 was con-
firmed by western blotting (Fig.  3A). The reduction in 
PAX6 expression in HepG2 cells did not affect cancer 
cell growth (Fig.  3B) but significantly increased AIG 
(Fig. 3C).

PAX6 overexpression inhibits colony formation 
and invasion of HA22T cancer cells in an inducible 
expression system
Then, we used an inducible expression system in HA22T 
cancer cells to confirm the suppressive effect of PAX6. 
We treated the cells with 1 µg/mL doxycycline (Dox) to 
induce PAX6 expression and performed western blotting 
to confirm that PAX6 protein expression was induced 
after Dox treatment (Fig. 4A). We evaluated the effect of 
PAX6 restoration on cell growth, AIG, and cell invasion 
after Dox induction for seven days and Dox depletion 
for seven days. The viability of the PAX6-overexpress-
ing cells significantly differed from that of the controls 
(Fig. 4B). PAX6 restoration decreased AIG (Fig. 4C) and 
invasion (Fig.  4D). These results were accordant with 
the data acquired in PAX6 overexpression in a constitu-
tive system. Moreover, the inhibitory effects of PAX6 on 
colony formation and cell invasion were reversed after 
PAX6 expression was decreased by withdrawal of Dox. 
In summary, these data supported that PAX6 represses 
cell transformation and the invasive phenotype in liver 
cancer.

(See figure on next page.)
Fig. 5  PAX6 overexpression inhibited tumor growth and metastasis in vivo. A A graph demonstrating the time schedule of the xenograft 
experiments. B The detailed operations of xenograft mice are illustrated. PAX6-HA22T cells or vector-HA22T cells were subcutaneously injected 
into the left and right flanks of NOD/SCI) mice. C The tumor growth curves of PAX6-expressing cells were compared with those of vector-only cells. 
D The tumor weight from the PAX6 group was compared to those of vector-alone group. E F The time schedule of the in vivo assay and the detailed 
procedures are illustrated in the diagrams. PAX6-HA22T cells or control vector-HA22T cells were injected into mice via the tail vein. G Eight weeks 
after injection, lung tissues were excised from the mice; the arrows indicate lung nodules. The data are expressed as the mean ± SE. Significant 
differences were determined using the unpaired two-tailed t test. * p < 0.05 and *** p < 0.001. (H) Representative images of hematoxylin and eosin 
(H&E)-stained lungs (original magnification, × 200) from the mice

http://ualcan.path.uab.edu
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Fig. 5  (See legend on previous page.)
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Fig. 6  PAX6 knockout in HepG2 cells promoted tumor growth in xenograft NOD/SCID mice. A A diagram demonstrating the time schedule 
of the xenograft experiments. B The detailed operations of xenograft mice are illustrated. PAX6 knockout HepG2 cells or vector-HepG2 cells were 
subcutaneously injected into the left and right flanks of NOD/SCID mice. C The tumor growth curves of PAX6 knockout cells were compared 
with those of vector-only cells. D The weights of the PAX6 knockout tumors were compared to those of the vector-treated tumors. The data are 
expressed as the mean ± SE. Significant differences were determined using the unpaired two-tailed t test. ** p < 0.01

(See figure on next page.)
Fig. 7  Identification of potential target genes regulated by PAX6 overexpression in HCC. A The mRNA expression levels of genes related to EMT, 
such as CDH1, CDH2, and vimentin, were analyzed by qRT‒PCR. The data were normalized to the housekeeping gene GAPDH and are shown 
relative to the vector control. The data are expressed as the mean ± SE. Statistical significance was determined using the Mann–Whitney U test. 
* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001, ns: not significant. B Protein levels were determined by western blotting. C KEGG analysis 
of the most representative pathways controlled by PAX6. The pathway analysis was accomplished with DAVID (https://​david.​ncifc​rf.​gov/). D Gene 
set enrichment analysis (GSEA) was performed to search for key signaling pathways related to PAX6 TSG function, and the results revealed that ECM 
receptor interactions (P = 0.021) and cell adhesion molecules (P = 0.017) are key pathways

https://david.ncifcrf.gov/
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Fig. 7  (See legend on previous page.)



Page 12 of 18Yeh et al. Clinical Epigenetics          (2024) 16:174 

Restoration of PAX6 expression inhibits tumor growth 
and metastasis in NOD/SCID mice
To assess the influence of PAX6 expression on tumor 
development, we subcutaneously injected HA22T cells 
with PAX6 expression into NOD/SCID mice (Fig.  5A. 
B). The subcutaneous tumor in the PAX6 group grew 
slower than in the empty vector (Fig.  5C). The mean 
tumor volume in the PAX6-overexpressing group was 
significantly smaller than in the vector group (Fig. 5C). 
After ten weeks, the tumors were cut off and weighed. 
The mean tumor weight in the PAX6-overexpressing 
group was significantly lower than in the vector control 
group (Fig. 5D). To further validate the effect of PAX6 
on metastasis in  vivo, we injected HA22T cells with 
PAX6 expression or HA22T cells with control vector 
into mice through the tail vein (Fig. 5E, F ). Eight weeks 
after injection, the metastatic lung nodules in the PAX6 
group were fewer than in the vector group (Fig.  5G, 
H). Our data further proved that the overexpression of 
PAX6 suppresses tumor growth and tumor metastasis 
in xenograft mouse models.

Inhibition of PAX6 in HepG2 cells increases tumor growth 
in a xenograft mouse model
To further confirm the effect of PAX6 expression on 
tumor growth, we subcutaneously injected PAX6 knock-
out HepG2 cells into NOD/SCID mice (Fig. 6A, B). The 
subcutaneous tumor growth of HepG2 cells with the 
empty vector or PAX6 knockout in NOD/SCID mice was 
shown in Fig.  6C. The mean tumor volume was signifi-
cantly greater in the PAX6 knockout group than in the 
vector group (p < 0.01) (Fig.  6C). After six weeks, the 
tumors were removed and weighed. The mean tumor 
weight was significantly greater in the PAX6 knockout 
group than in the vector group (p < 0.01) (Fig. 6D).

PAX6 functions as a tumor suppressor partly through CDH1 
and THBS1
During the early stage of metastasis, a subset of cancer 
cells undergoes EMT, disseminate from their primary 
sites and travel to distant organs [17]. We first investi-
gated whether the effect of PAX6 on invasion is associ-
ated with regulation of EMT. PAX6 overexpression did 
not significantly change the expression of the EMT-
related transcription factors Snail, Twist1, or Slug but 

did change the expression of CDH1 and vimentin at the 
mRNA level, as indicated in Fig. 7A, B, and Supplemen-
tary Figure  S2. Furthermore, CDH1 protein expression 
was concordant with CDH1 mRNA expression in the 
HCC cell lines, HA22T and Huh7.

To further explore the possible downstream signaling 
pathways regulated by PAX6 that mediate the tumor sup-
pressor effects, we performed RNA-seq analysis of PAX6-
expressing HA22T cells. Consistent with the tumor 
suppressor function of PAX6, Gene Ontology (GO) 
analysis and KEGG pathway analysis using DAVID soft-
ware (https://​david.​ncifc​rf.​gov/) revealed enrichment in 
pathways such as transcriptional misregulation in cancer, 
PI3K-Akt, ECM receptor interaction, cell adhesion mol-
ecules, the TGF-β pathway, and focal adhesion (Fig. 7C, 
Supplementary Figure  S3, Supplementary Table  S2). 
Gene set enrichment analysis (GSEA) revealed that ECM 
receptor interactions and cell adhesion molecules are key 
pathways (Fig. 7D). Among these genes, we identified and 
confirmed one putative target gene, THBS1, that plays a 
role in the ECM receptor interactions and cell adhesion 
molecules. THBS1 was inhibited in PAX6-expressing 
HA22T cells at the mRNA and protein levels (Supple-
mentary Figure S4, S5).

To investigate whether CDH1 is related to the tumor-
suppressive function of PAX6, we knocked down CDH1 
in PAX6-overexpressing cells (HA22T and Huh7). Fig-
ure  8A showed that CDH1 was successfully downregu-
lated using CDH1-shRNA. Then, we performed colony 
formation and invasion assays in PAX6-overexpressing 
HCC cells (HA22T and Huh7 cells). Knockdown of 
CDH1 in PAX6-overexpressing HCC cells significantly 
reversed the malignant phenotypes (Fig. 8B, C).

To further elucidate the role of THBS1 expression 
in HCC progression, THBS1 was knocked down using 
THBS1-shRNA. Then we performed colony formation 
and invasion assays in HA22T cells (Fig. 9A–C). Our data 
further suggest that PAX6 inhibits AIG and cell invasion 
by partly regulating the expression of THBS1. To test 
this hypothesis, we conducted phenotypic rescue experi-
ments. Compared with that in the control cells, the over-
expression of THBS1-V5 in the PAX6-expressing HA22T 
cells significantly reversed the antitumor effect on PAX6 
expression (Fig.  9D–F). Taken together, these data 

Fig. 8  Knockdown of CDH1 in PAX6-expressing HCC cells repressed the tumor suppressive function of PAX6. The expression of CDH1 
in PAX6-expressing HCC cells (HA22T and Huh7) transfected with shCtrl or CDH1 shRNAs (shRNA CDH1-1 and shRNA CDH1-2) was analyzed 
by western blotting analysis. β-Actin was used as an internal control. B Colony formation and C Matrigel invasion assays were used to analyze 
the malignant phenotypes. The data are presented as the mean ± SE. Statistical significance was calculated with the Mann‒Whitney U test. * p < 0.05 
and ** p < 0.01

(See figure on next page.)
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suggest that CDH1 and THBS1 contribute to the tumor-
suppressive function of PAX6 in HCC.

Discussion
We investigated the function of the transcription factor 
PAX6 in the progression of HCC, and the results sug-
gested that PAX6 functions as a tumor suppressor. We 
provide in  vitro and in  vivo data demonstrating that 
PAX6 represses tumorigenicity and cancer metastasis. 
Interestingly, CDH1 upregulation and THBS1 downreg-
ulation contributed to the inhibitory effect of PAX6 on 
tumor growth and metastasis in HCC.

The hypermethylation of PAX6 was inversely correlated 
with its mRNA expression (NM_000280.4) in HCC tissue 
samples from TLCN. However, due to the limited clinical 
information and sample numbers, we did not analyze the 
correlation between PAX6 mRNA expression and clinical 
parameters. Furthermore, we confirmed the significant 
PAX6 promoter methylation in the LIHC groups in the 
TCGA database. However, there was no significant corre-
lation between patient survival and PAX6 mRNA expres-
sion in the TCGA cohort using the DNMIVD website 
(http://​119.3.​41.​228/​dnmivd/) [33]. This difference might 
be due to the presence of many splicing variants of PAX6.

HepG2, Hep3B, and Huh6 cells were characterized 
as hepatoblastoma cells in the Cellosaurus database (a 
knowledge resource on cell lines, https://​www.​expasy.​
org/​resou​rces/​cello​saurus) [45]. HepG2 was originally 
thought to be an HCC cell line but was recently shown to 
be derived from hepatoblastoma. Owing to the low inva-
sive ability of HepG2 cells, we did not perform an inva-
sion assay. Knockdown and knockout of PAX6 in HepG2 
cells partially restored AIG. Thus, we used an inducible 
system to mimic the knockdown of PAX6 via the deple-
tion of Dox in the HCC cell line HA22T. Induction of 
PAX6 using Dox treatment suppressed the malignant 
phenotype in an inducible system, whereas PAX6 down-
regulation via depletion of Dox significantly restored AIG 
and invasion in HA22T HCC cells.

EMT has been shown to promote cancer progression 
[15–17]. During the EMT process, an upregulation in 
mesenchymal markers and downregulation of epithelial 
markers are usually identified [15–17]. Several EMT-
related transcription factors, including TWIST, SNAIL, 
SLUG, and ZEB1 can directly or indirectly increase 

mesenchymal markers and decrease E-cadherin expres-
sion [15–17, 46]. PAX6 did not affect EMT-related tran-
scription factors but increased CDH1 expression at the 
mRNA and protein levels in HCC. However, the protein 
levels of mesenchymal markers CDH2 and VIM were not 
significantly affected. To date, increasing evidence has 
indicated the presence of a transitional status between 
epithelial and mesenchymal phenotypes, e.g., the “hybrid 
epithelial–mesenchymal (hybrid E/M)” state [47–49], 
providing a possible explanation for these incompatible 
results. Furthermore, CDH1 knockdown promoted the 
invasive phenotype in PAX6-overexpressing HCC cells. 
PAX6 exerts its TSG function partly through the upregu-
lation of CDH1. Using the Eukaryotic Promoter Database 
(EPD) (http://​epd.​vital-​it.​ch) [50], we identified three 
putative Pax6 binding sites in the CDH1 promoter, which 
are located -1148, -365, and -292 bp from the transcrip-
tional start site (TSS). These data confirm that CDH1 is a 
potential target of PAX6.

RNA-seq data revealed that the ECM might be impor-
tant for downstream signaling regulated by PAX6. ECM 
has been shown to play a crucial role in tumor growth 
and metastasis [51, 52]. THSB1 is a component of the 
ECM that is involved in regulating cancer development 
and the tumor vasculature. Moreover, high THBS1 
expression was associated with tumor invasiveness and 
progression in HCC. THBS1 was upregulated in high-
grade gliomas and was associated with poor prognosis 
[53]. Thomas Daubon et al. showed that TGFβ1 increased 
THBS1 expression via direct transcriptional activation 
through SMAD3 in glioblastoma (GBM) [54]. In this 
study, compared with the control, the overexpression 
of THBS1-V5 in PAX6-expressing HA22T cells signifi-
cantly reversed the antitumor effect of PAX6 expression 
in phenotypic rescue experiments (Fig. 9D–F). Using the 
EPD (http://​epd.​vital-​it.​ch), we identified three putative 
homeobox binding sites in the distal promoter of THBS1 
at approximately 4 kb. The data confirms that THBS1 is 
also a potential target of PAX6.

However, our study has limitations. First, we did not 
perform an orthotopic xenograft mouse model to prove 
the tumor suppressor function of PAX6 in vivo. Second, 
we failed to find the optimum PAX6 antibody for chro-
matin immunoprecipitation-PCR experiments. Whether 

(See figure on next page.)
Fig. 9  Overexpression of THBS1 in PAX6-expressing HCC cells inhibited the antitumor function of PAX6. A We check the expression of THBS1 
in HA22T cells transfected with THBS1 shRNAs (shTHBS1-1 and shTHBS1-2) or shCtrl via western blotting analysis. B Colony formation assays and C 
invasion assays were performed in HA22T cells. D We analyze the protein level of HA22T cells transfected with the specific combination of vectors, 
control vector, PAX6, or THBS1-V5. E AIG assays and F Matrigel invasion assays were employed to analyze the malignant phenotypes. The data are 
shown as the mean ± SE. We used the Mann‒Whitney U test to perform statistical analysis. * p < 0.05 and ** p < 0.01

http://119.3.41.228/dnmivd/
https://www.expasy.org/resources/cellosaurus
https://www.expasy.org/resources/cellosaurus
http://epd.vital-it.ch
http://epd.vital-it.ch
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PAX6 directly or indirectly controls the expression of 
CDH1 and THBS1 requires further investigation.

In summary, these results demonstrated that PAX6 is 
frequently downregulated by promoter hypermethylation 
in HCC, which may lead to aberrant expression of CDH1 
and THBS1. PAX6 overexpression reduced the malig-
nant phenotype of HCC cells. These findings suggest that 
PAX6 may function as an important TSG by regulating 
CDH1 and THBS1 during the progression of HCC.
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