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Purpose: Tumor capsule is an independent prognostic factor for patients with hepatocellular carcinoma (HCC) and used increasingly
to guide clinical decision-making. Considering the genetic complexity for capsule formation and its potential association with hypoxia,
the significance of the polymorphisms of hypoxia-related genes in capsule formation and HCC prognosis remains to be elucidated.
Patients and Methods: Peripheral blood samples from HCC patients were collected in this study. Single nucleotide polymorphism
(SNP) genotyping was conducted by the iPLEX chemistry on a matrix-assisted laser desorption/ionization time-of-flight mass
spectrometer (Sequenom, Inc.). The demographic and clinical data for the patients were obtained through medical chart review and/
or consultation with the treating physicians. SPSS 25.0, R 4.1.1, and PLINK toolset were used to perform statistical analysis.
Results: A total of 183 patients were enrolled, including 88 patients assigned to the capsule group and 95 to the non-capsule group.
SLC2A1 rs841858 T allele, SLC2A1 rs2297977 T allele, STAT1 rs1547550 C allele, and STAT1 rs34997637 G allele were associated
with significantly increased risk of capsule formation. The genotypes of SLC2A1 rs841858, SLC2A1 152297977, STAT1 rs34997637,
and STAT1 rs1914408 were significantly associated with the formation of HCC capsule. The polymorphisms of STAT1 rs2066802,
STAT1 rs12693591, and HIF1A rs2057482 showed close relationship with the prognosis of HCC patients in the capsule group, while
the genotype distributions of CTNNBI rs4135385, IFNG rs1861494, and SERPINE1 152227631 were closely related to the survival of
patients in the non-capsule group. Further haplotype analysis suggested that SLC2A1 block 1 and STAT1 block 2 were related to the
susceptibility of HCC capsule.

Conclusion: The polymorphisms of the hypoxia-related genes (HIF1A, SERPINEI1, IFNG, STAT1, CTNNBI, and SLC2A1) were
correlated with the formation of HCC capsule. Several SNPs in these genes also showed association with HCC prognosis except
SLC2A1. Further functional studies are warranted to explore the underlying mechanisms.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common tumors in the digestive system, accounting for 85-90% of
primary liver cancers.! The morbidity and mortality rates of HCC are increasing yearly.” Although resection and ablation
could achieve the effect of radical cure, since most HCC patients are diagnosed at an advanced stage, they usually have
lost the radical opportunity with limited treatment options. In recent years, various advanced medical treatments have
been applied in HCC management due to the development of science and medical technology. Currently, the commonly
used local therapies for HCC include transarterial chemoembolization (TACE) and transarterial radioembolization
(TARE).*>* In terms of systematic therapy, various molecular-targeted drugs and immune-oncology drugs have been
developed to improve the quality of life and prolong the survival time of patients.”® However, the progression and
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recurrence rates of HCC remain high, and growing attention has been paid to the mechanism of HCC development. It has
been reported that various factors (eg, genetic susceptibility, immune response, and environmental factors) are involved
in HCC carcinogenesis and progression.”® Tumor capsule, composed primarily of collagen and myofibroblast-like cells
with elongated morphology and aSMA positivity in immunohistochemistry (IHC), is one of the pathological features of
HCC.”' Capsule formation has been confirmed to be an independent risk factor for the prognosis of HCC patients.'"'?
Ng IO et al reported that the disease-free and actuarial survival times of patients with encapsulated tumors were
significantly better than those with nonencapsulated ones.'? Our previous study revealed a correlation between poly-
morphisms in several genes and the formation of tumor capsule.'?

Mediated by hypoxia-inducible factor (HIF), hypoxia usually contributes to a series of changes in the microenviron-
ment of HCC. As one of the most important components of the tumor microenvironment, hepatic stellate cells (HSCs)
can be transformed into myofibroblast-like cells after activation, which are the most predominant cell types to form
capsules.'® The production of extracellular matrix (ECM), especially collagen, is essential for fibrous capsule formation
in tumor. Fibrocytes participate in tissue remodeling by producing ECM proteins and secreting various cytokines.'> It has
been confirmed that the HIF-1o/LOX pathway is involved in remodeling the ECM.'® In addition, several enzymes
involved in capsule formation and ECM remodeling, including prolyl hydroxylase, lysyl oxidase (LOX) family of
secreted enzymes, and matrix metalloproteinases (MMPs), are regulated by HIF.!”

Hypoxia-inducible factor 1 subunit alpha (HIF1A) encodes HIF-1a, which is the master regulator of hypoxic response
and known to activate diverse signaling pathways in TME. One of its key downstream genes is serine protease inhibitor clade
E member 1 (SERPINE1), encoding plasminogen activator inhibitor-1 (PAI-1) and acting on ECM. A recent study revealed
that the stimulation with cancer-associated fibroblasts (CAFs) could promote the upregulation of PAI-1 in tumor-associated
macrophages (TAMs) and enhance the malignant behavior of the HCC cells.'® Interferon gamma (IFNG) encodes IFN-y,
contributing to tumor immunity. A study confirmed that hypoxic conditions could lead to the downregulation of IFN-y gene
derived from CD8+ T lymphocytes, indicating a potential impact on tumor immune response by the hypoxic
microenvironment.'® Our previous findings showed that IFN-y was capable of inhibiting B-catenin signaling activity in
HCC cells and inducing apoptosis.?’ Several studies have demonstrated that IFN-y involves in matrix deposition and fibrosis
adhesion through regulation of PAI-1.>"** Signal transducer and activator of transcription 1 (STAT1) is a key component
of IFN-y responses and has been considered to promote tumor development by enhancing tissue injury, remodeling, fibrosis,
and inflammation.”® There is a complicated crosstalk between hypoxia signaling and Wnt/B-catenin pathway.>* B-catenin is
encoded by catenin beta 1 (CTNNBI). Given its role in hepatic stellate cell biology and hepatic fibrosis development,
mutations in CTNNBI require due attention.”> Dickkopf-1 (DKK1) is a negative regulator in Wnt/B-catenin signaling
pathway. Blocking the canonical Wnt pathway with DKK1 could affect HSC differentiation and liver fibrosis.*® The gene
solute carrier family 2 member 1 (SLC2A1) codes for glucose transporter 1 (GLUT1) and participate in the basal uptake and
storage of glucose in most cells. The transcription of the GLUT1 gene can be enhanced during prolonged exposure to
hypoxia.”” GLUT1 expression has shown tight association with MMP-2 expression and cell invasiveness in human cancer
cell lines, suggesting a potential role in capsule formation.”®*’

Tumor capsule has been shown as a prognostic factor for HCC patients and used increasingly to guide clinical
decision-making.>*>' The above mentioned studies suggest that hypoxia-related genes may play an important role in the
formation of HCC capsule. In light of the genetic complexity of capsule formation and its potential association with
hypoxia, the significance of the polymorphisms of hypoxia-related genes in capsule formation remains to be elucidated
and needs further investigation. Therefore, we conducted this study to explore the potential correlation between single
nucleotide polymorphisms (SNPs) in critical hypoxia-related genes and capsule formation.

Patients and Methods

Study Population

The study used peripheral blood samples and clinical data obtained from HCC patients treated at a major tertiary teaching
hospital in Beijing from May 2019 to January 2020. All procedures were performed according to the Declaration of
Helsinki with the approval of the Ethics Committee. The participants signed a written informed consent before inclusion
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in the study. All cases were newly diagnosed and confirmed by pathological or radiological examination as HCC. Patients
were classified into two groups according to absence or presence of HCC capsule. Patients with a history of any other
malignancy were excluded from the study.

Demographic and Clinical Data

The following information was collected through medical chart review and/or consultation with the treating physicians:
age, gender, etiology, cirrhosis, HBV DNA, Child-Pugh classification, Barcelona Clinic Liver Cancer (BCLC) stage,
tumor conditions (including tumor number, maximum tumor diameter, vascular invasion, and extrahepatic metastasis),
laboratory tests (including alanine aminotransferase [ALT], aspartate aminotransferase [AST], total bilirubin [TBIL],
albumin [ALB], and alpha fetoprotein [AFP]), and subsequent treatment.

Tag SNP Selection
Tag SNPs were selected based on dbSNP database (www.ncbi.nlm.nih.gov/SNP) and Ensembl website (http:/grch37.

ensembl.org/index.html). The SNP data of Chinese Han Beijing population were downloaded, and the SNP selection was

performed using Haploview software. The cut-off of minor allele frequency (MAF) was set as>0.05, and linkage
disequilibrium (LD) patterns with r* were set as>0.8. In combination with the candidate SNPs previously reported,
a total of 52 SNPs were finally selected in our study.

SNP Genotyping

The iPLEX chemistry on a matrix-assisted laser desorption/ionization time-of-flight mass spectrometer (Sequenom, Inc.)
was used for SNP genotyping. The genomic DNA extracted from peripheral blood samples was used as the template for
polymerase chain reaction (PCR), and PCR assays were performed as previously described.'® Three primers were
designed for each SNP, two for PCR amplification of approximately 120 bp product adjacent to the SNP site and one
for single base extension. SNP genotypes were determined by analyzing primer extension products on mass spectrometry.

Statistical Analysis

SPSS 25.0, R 4.1.1, and PLINK toolset were used to perform statistical analysis. Hardy—Weinberg equilibrium (HWE)
for each SNP in controls was evaluated using the chi-square test. Data were presented as mean + standard deviation,
median (interquartile range), or number (%) as appropriate. Student’s ¢-test was used to compare quantitative data, while
Chi-square and Fisher’s exact tests were used for qualitative data. For non-normal continuous variables, Mann—Whitney
U-test was conducted. Various genetic models (genotypic, dominant, and recessive) were estimated by PLINK toolset.
Odds ratios (ORs) and 95% confidence intervals (CIs) were evaluated by logistic regression. Stratification analyses were
further performed based on relevant clinical variables. Survival curves were obtained using the Kaplan—Meier method,
and the survival outcomes were compared using the Log rank test. P < 0.05 was considered statistically significant. LD
analyses and pairwise LD plots were generated using Haploview software.

Results

Patient Characteristics

A total of 183 patients were included in this study, of which 88 were assigned to the capsule group and 95 to the non-
capsule group. The mean age for the study population was 59.10 + 10.53 years. The baseline characteristics of the 183
patients are listed in Table 1. There were no significant differences between the two groups in demographics, tumor
characteristics, laboratory tests, and treatment modalities.

SNP Screening

Among the 52 SNPs selected to develop Fluidigm SNP assays, two SNPs (rs116908431 and rs12565724) failed
genotyping. The genotype of 151957757 was out of HWE in the control group (P <0.01) and excluded from subsequent
statistical analyses, as well as nine SNPs (rs1385129, rs77156365, rs1799889, rs118134071, rs2069717, rs2069709,
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Table | Demographical Characteristics and Clinical Data of the Patients

Variables Capsule (n=88) | Non-Capsule (n=95) P value
Demographics
Age (y, Mean % SD) 58.68 + 10.63 59.48 + 10.48 0.61
Gender (Male/Female) 68/20 79/16 0.32
Cirrhosis 74 (84.1%) 87 (91.6%) 0.12
HBV DNA (copies) (<1000/=1000) 73/15 80/13 0.57
Child-Pugh class (A/B/C) 79/8/1 71/23/1 > 0.05
BCLC stage (0/A/B/C/D) 6/24/28/29/1 13/16/30/35/1 0.79
Tumor
Tumor number (Solitary/Multinodular) 46/42 43/52 0.34
Maximum tumor diameter (cm) 4.6 (3.2-7.0) 3.7 (2.3-6.5) 0.10
Vascular invasion 20 (22.7%) 29 (30.5%) 0.23
Extrahepatic metastasis 11 (12.5%) 10 (10.5%) 0.68
Laboratory test
ALT (U/L) (=50/>50) 74/14 75/20 0.37
AST (U/L) (240/>40) 59/29 63/32 0.92
TBIL (umol/L) (<17.1/>17.1) 52/36 45/50 0.11
ALB (g/L) (<40/240) 56/32 71124 0.10
AFP (ng/mL) 59.7 (5.4-1260.0) 23.3 (3.4-1397.0) 0.62
Treatment
Minimally invasive interventional therapy 86 (97.7%) 87 (91.6%) 0.13
Surgical resection 8 (9.1%) 9 (9.5%) 0.93
TKI 34 (38.6%) 36 (37.9%) 0.92
Immunotherapy 13 (14.8%) 14 (14.7%) > 0.99
Radiotherapy I (1.1%) 3 (3.2%) 0.67

Abbreviations: SD, standard deviation; BCLC, Barcelona Clinic Liver Cancer; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; TBIL, total bilirubin; ALB, albumin; AFP, alpha fetoprotein; TKI, tyrosine kinase inhibitor.

1s2069707, rs41508050, and rs34005929) with MAF <0.01. After SNP quality control, a total of 40 SNP loci were
analyzed (Supplementary Table 1).

Individual SNP Association Analysis

The results of comparison of the allele distribution are shown in Supplementary Table 1. There were significant differences
in the allele distribution of four SNPs between the two groups: SLC2A1 rs841858 (P = 0.015), SLC2A1 rs2297977 (P =
0.016), STAT1 151547550 (P = 0.042), and STAT1 rs34997637 (P = 0.016). Three genetic models (genotypic, dominant,
and recessive) were used to compare the distribution of genotypes between groups (Supplementary Table 2). The genotype
distribution of STAT1 rs1914408 was significantly different under the genotypic model (P = 0.048) and dominant model
(P = 0.038). Significant difference was also observed in genotype distribution of STAT1 rs34997637 (P = 0.035) under the
dominant model.

Shown in Figures 1 and 2 were the results of logistic regressions for the association with capsule formation. It was
revealed that SLC2A1 rs841858 T allele (T/G, OR = 2.11, 95% CI: 1.14-3.91, P = 0.018), SLC2A1 rs2297977 T allele
(T/G, OR = 1.80, 95% CI: 1.08-3.02, P = 0.025), STAT1 rs1547550 C allele (C/G, OR = 2.07, 95% CI: 1.01-4.26, P =
0.048), and STAT1 1534997637 G allele (G/A, OR = 1.59, 95% CI: 1.07-2.37, P = 0.023) were significantly related to
capsule formation (Figure 1). Compared with wildtype carriers, capsule formation was significantly associated with
SLC2A1 rs841858 (GT/GG, OR = 2.15, 95% CI: 1.07-4.31, P = 0.032), SLC2A1 152297977 (GT/GG, OR = 2.23, 95%
CL: 1.13-4.39, P = 0.020), STAT1 rs34997637 (GG/AA, OR = 2.53, 95% CIL: 1.13-5.65, P = 0.023), and STAT1
rs1914408 (CT/CC, OR = 2.18, 95% CI: 1.15-4.11, P = 0.017) (Figure 2).

We further explored the association between each SNP and capsule formation stratified by host characteristics
(Supplementary Tables 3A-3I). The variant genotypes of SLC2A1 rs841858 GT, SLC2A1 rs2297977 GT, STATI
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SNP A1 TEST OR (95%Cl) P value
rs841858 T ADD  211(1.14-391) —e———— 0018
rs2207977 T ADD  1.80(1.08-3.02) —e— 0.025
rs1547550 C  ADD  2.07 (1.01-4.26) — 0.048
rs34997637 G ADD  1.59(1.07-2.37) _— 0.023
1914408 T ADD  1.32(0.86-2.03) — — 0.200

Odds ratio

Figure | Logistic regression analysis of associations between the alleles of selected SNPs and capsule formation.

SNP_____ Genotype Capsule Non—capsule OR (95%Cl) ____ P value
rs841858 GG 67 77 ® 1

GT 27 17 f L 2.15(1.07-4.31) 0.032

TT 3 1 f — 4.05 (0.41-39.98) 0.231
rs2297977 GG 51 72 o 1

GT 30 19 —e—— 2.23 (1.13-4.39) 0.020

TT 6 4 } * 2.12 (0.57-7.89) 0.263
rs1547550 GG 66 82 o 1

GC 19 13 } L i 1.82 (0.84-3.95) 0.132
rs34997637 AA 18 33 ® 1

AG 40 41 —eo—— 1.79 (0.87-3.68) 0.114

GG 29 21 e 2.53 (1.13-5.65) 0.023
rs1914408 CC 37 55 o 1

CT 41 28 ———— 218 (1.15-4.11) 0.017

TT 9 12 —— 1.12 (0.43-2.91) 0.824

QOdds ratio

Figure 2 Logistic regression analysis of associations between the genotypes of selected SNPs and capsule formation.

rs34997637 GG, and STAT1 rs1914408 CT were consistently associated with a significantly increased odds of capsule
formation in most subgroups. Notably, the variant genotypes of SERPINE1 152227667 GA and SERPINE1 rs2227692
TC were shown significant association with a decreased odds of capsule formation both in tumor diameter >5 cm
subgroup and BCLC stage B subgroup. Furthermore, the TC genotype of HIF1A rs11549465 was significantly correlated
with high capsule formation in subgroups of age <60 years, liver cirrhosis, and multinodular tumor, and a similar
significant correlation was observed for the CT genotype of HIF1A rs2057482 in the subgroup of tumor diameter <5 cm.
Other correlations with capsule formation reached significance including SLC2A1 rs841847 TC in multinodular tumor
and bilobular involvement, STAT1 rs10173099 CC in male gender and absence of extrahepatic metastasis, STAT1
rs10208033 TC in male gender, solitary tumor, single lobar involvement, and absence of vascular invasion, STAT1
rs1547550 CG in absence of extrahepatic metastasis, STAT1 rs2280232 CA in presence of vascular invasion and BCLC
C, and IFNG 152430561 TA in bilobular involvement. Significant associations with absence of capsule were found with
STAT1 rs3771300 GT in presence of extrahepatic metastasis, IFNG rs1861494 CC in age >60 years, CTNNBI
rs75288535 GA in female gender and BCLC C, and CTNNBI1 rs4135385 AA in presence of extrahepatic metastasis,
presence of vascular invasion, and BCLC C. The AG genotype of IFNG rs2069705 was significantly associated with
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capsule formation in bilobular involvement, while in single lobar involvement, it was significantly associated with
absence of capsule.

Survival Analysis

The survival analysis showed that in capsule group, two variant genotypes (STAT1 rs2066802 GG and AG and STAT1
rs12693591 AA and CA) were risk factors for poor overall survival (OS) (median OS: 56.3 vs 108.6 months, P = 0.013;
44.7 vs 108.6 months, P = 0.001), while variant HIF1A rs2057482 TT and CT were protective factors (median OS: 108.6
vs 45.8 months, P = 0.004). In the non-capsule group, the homozygous variant genotypes CTNNBI1 rs4135385 AA and
IFNG rs1861494 CC were significantly associated with worse OS (median OS: 50.3 vs 96.8 months, P = 0.012; 45.6 vs
96.8 months, P = 0.022), while variant SERPINEI 152227631 AA and GA could prolong OS (median OS: 96.8 vs 50.3
months, P = 0.019) (Figure 3 and Supplementary Table 4).

Haplotype Block Structure and LD Analysis

Haplotype block structures were shown in Figures 4 and 5, Supplementary Figures 1-5. LD analysis was performed, and

significant differences were indicated in several blocks between the cases and controls. Strong LD blocks were identified:
block 1 (rs3864004 and rs75288535) and block 2 (rs1798802, rs11564465, rs4135385, and rs2293303) in CTNNBI;
block 1 (rs2241529 and rs1569198) in DKKI1; block 1 (rs1861494, rs2430561, and rs2069705) in IFNG; block 1
(rs2227667, 152227692, and rs7242) in SERPINEI1; block 1 (rs3754219, rs841853, and rs841847) in SLC2A1; block 1
(rs3771300, rs1914408, and rs2066804) and block 2 (rs34997637, rs12693591, rs10173099, rs2066802, rs10208033, and
rs1467199) in STAT1. Among the blocks, there were significant differences in SLC2A1 block 1 (ACT, P = 0.047),
STAT1 block 2 (GACGTC, P = 0.034), STAT1 block 2 (GCCATC, P = 0.013), and STAT1 block 2 (GATGCC, P =
0.028) between the cases and controls.

52066802 < AA = GG+AG 1512693591 =+ AA+CA = CC 152057482 <~ CC = TT+CT

Cumulative OS
Cumulative OS
Cumulative OS

P=0.001
™ 00 ®

] E) E) E) 180 130 [ E) ) E) ) 60 130 1] 0 E) 160 o

Time (months) Time (months) Time (months)

Number at risk Number at risk Number at risk

s mfas 4 28 12 7 4 1 gancal 44 35 2 4 2 1 [) g ool a9 38 21 6 3 2 1
§oouns| 42 33 17 6 3 2 0 & ccfas 40 2 14 8 5 1 §rrerl 38 37 2 12 7 4 0
] E) X E) E) 180 130 [ E) X E) ) 160 130 3 E) X E) E) 160 %

Time (months) Time (months) Time (months)

154135385 = AA = GGoAG 151861494 = CC = TToTC 152227631 = AAGA = GG

Cumulative OS

Cumulative OS

& E)
Time (months)

E) E) E) )
Time (months) Time (months)

Number at risk Number at risk Number at risk
g M 27 19 7 4 1 0 0 g ccqi 18 " 9 2 0 0 0 gAancAL 59 49 29 21 14 6 3
& comnc] 68 58 38 2 14 6 3 Smacl 17 66 36 2 15 6 3 ]

GG+ 36 28 16 5 1 0 0

g ) E) 180 1% ] E) E) & 150 1% [ ) & E)
Time (months) Time (months) Time (months)

Figure 3 Survival analysis by different genotypes. STAT | rs2066802 (A), STAT| rs12693591 (B), and HIFIA rs2057482 (C) in the capsule group. CTNNBI rs4135385 (D),
IFNG rs1861494 (E), and SERPINEI rs2227631 (F) in the non-capsule group.
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Discussion

Tumor capsule is recognized as one of the pathological characteristics of HCC. Encapsulated HCC usually exhibits lower
invasiveness due to the physical barrier effect of capsule. Capsule formation has been reported to be related to the
developmental mode of HCC, the clinical manifestation of symptoms, and the prognosis of the disease.'? The presence of
tumor capsule can often be detected by means of modern imaging techniques as well as ultrasound-guided or laparo-
scopy-guided needle biopsy of the liver. The mechanism of capsule formation is complex, involving multiple genes and
signaling pathways. Given the important roles of hypoxia-related signaling pathways on ECM remodeling and tumor
microenvironment, we have focused on the significance of SNPs of hypoxia-related genes in HCC capsule formation.
HIF1A is one of the major regulators of hypoxic response, and SERPINEI1, IFNG, STAT1, CTNNBI, and SLC2A1 are
all critical downstream targets of HIFI1A that could be involved in capsule formation. SERPINE1 encodes PAI-1 and
affects ECM remodeling. IFNG has been reported to participate in the process of fibrosis and cooperate with activated
STAT1 to function in tumor development. CTNNB1 and DKKI1, important components of the Wnt pathway, deserve
attention in HSC differentiation and fibrotic changes. SLC2AI1 is closely related to MMP-2 expression and tumor
invasion. Based on hypoxia-related signaling pathways, we selected the above seven genes (HIF1A, SERPINEI1, IFNG,
STAT1, CTNNBI, DKKI1, and SLC2A1) and identified the association of the SNPs with the formation of HCC capsule.

HIF1A plays a central role in the formation of a hypoxic microenvironment within solid tumors. It can regulate multiple
biological processes through the activation of numerous downstream target genes. The genetic association of HIF 1 A with cancer
risk has been universally confirmed over the past few years.>>** Guo et al have assessed the associations of three functional SNPs
(rs2057482, rs1957757, and rs2301113) with clinicopathological parameters and prognosis of surgical HCC patients and found
that HIF1 A rs2057482 is significantly associated with clinical outcomes of Chinese HCC patients after surgery, especially in
those with aggressive status.>* In addition, functional assay indicated the potential effect of rs2057482 on gene expression.>* In
this study, HIF1A rs11549465 and HIF1A rs2057482 showed significant correlation with capsule formation in specific HCC
patient subgroups, respectively. Further exploration from studies with larger sample size is required.

Cellular adaptation to hypoxia usually contributes to the transcriptional induction of a series of genes that participate in
angiogenesis, glucose metabolism, and cell proliferation/survival.>> SLC2A1 which codes for GLUTI, is an important
member involved in maintaining the growth and metabolism of cancer cells. Previous studies indicated that SLC2A1
(GLUT1) was highly expressed in a variety of cancer tissues and might be involved in the process of cancer
development.>**” The tumor metabolism status is determined by the expression of GLUT1 and ASCT2, and their metabolic
index has also been identified as a promising prognostic predictor for HCC patients.*® Notably, SLC2A 1 has a tight association
with MMP2, a key gene for capsule formation. SLC2A1/MMP2 signaling pathway has been reported to be related to the
invasiveness of various malignancies.”®?° Our findings suggested differences in genotype distribution of SLC2A1 rs841858
and SLC2A1 152297977, and this might provide the explanation for genetic variation of HCC capsule between the cases.

There is growing evidence that affirms the contribution of the pro-/anti-inflammatory cytokine balance and genetic
factors to HCC and IFNG has been identified as such a susceptibility gene and risk factor.>*** Although no study has yet
investigated the association between IFNG gene polymorphisms and HCC capsules, IFN-y, the protein encoded by
IFNG, has been repeatedly confirmed to participate in the process of organ and tissue fibrosis.*'*** For example, the
elevated levels of IFN-y inhibit the expression of miR-351 in HSCs and interfere with hepatic fibrosis through activation
of signal transducer and activator of transcription 1 and induction of IFN regulatory factor 2.*' Furthermore, IFN-y
pathway can play a role in cancer development through the activation of one of its major signal transducers STAT1.*?
Significant association has been observed between polymorphisms in IFNG and STAT1 gene and HCC susceptibility.***>
Our study suggested that STAT1 rs1547550, STAT1 rs34997637, and STAT1 rs1914408 were significantly associated
with the formation of tumor capsule. In subgroup analyses, rs1861494, rs2430561, and rs2069705 of IFNG, and
rs2280232, rs10208033, rs10173099, and rs3771300 of STAT1 also showed similar significance. Further research is
needed to investigate the exact underlying mechanisms.

As a downstream target of hypoxia signaling pathways, SERPINEI1 and its encoded protein PAI-1 mainly work in
extracellular matrix and participate in the process of fibrin deposition and degradation. Mediated by plasminogen

activation (PA) system, extracellular matrix remodeling is a critical step for changes in tumor biological characteristics.
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Therefore, SERPINELI is probably involved in the formation of tumor capsule and affects the invasion and metastasis of
HCC. Different from the other subgroups, the variant genotypes of SERPINE!I rs2227667 and SERPINE1 rs2227692
were shown significant association with capsule formation in tumor diameter >5 cm subgroup and BCLC B subgroup.
We speculate that this may be correlated with the tumor status of patients. Cong et al found that changes of DNA
stemlines and biological characteristics would occur along with the tumor size variations.*® In another study, more
tumors were observed to be encapsulated in the larger group with diameter above 2 cm when compared to the smaller
group with diameter below 2 cm.*” More researches should be performed to explore the effects of SNPs on capsule
formation of certain HCC populations.

Wnt/B-catenin signaling pathway is well known to play an important role in cancer biology. In our previous studies,
IFN-y and B-catenin signaling have been proven to interrelate and influence each other in cancer cells.”****° However,
its crosstalk with hypoxia signaling pathway remains controversial. Genetic polymorphisms in CTNNBI1 genes have been
demonstrated to be closely associated with HCC risk and progression in a Chinese Han population.®® To our knowledge,
this is the first study that has evaluated the association between polymorphisms in the Wnt/p-catenin pathway genes and
HCC capsules. Significant results were observed in CTNNBI1 rs75288535 (in subgroups of female and BCLC C) and
CTNNBI rs4135385 (in subgroups of presence of extrahepatic metastasis, presence of vascular invasion, and BCLC C).
Further research on a larger sample size is needed.

Intratumoral hypoxia and genetic alterations can influence gene expression profiles, which have been associated with the
prognosis of cancer patients.’'>* In our study, the genotypes of STAT1 52066802, STAT1 rs12693591, and HIF1A rs2057482
have shown prognostic value in the capsule group, and the genotypes of CTNNB1 rs4135385, IFNG rs1861494, SERPINE1
rs2227631 have shown prognostic value in the non-capsule group, suggesting that these hypoxia-related genes may be
involved in the progression and prognosis of HCC patients with different phenotypes of tumor capsule. Encapsulation is able
to limit tumor invasion to surrounding normal liver parenchyma, and patients with encapsulated tumors usually tend to have
longer survival and lower recurrence rates after hepatectomy.”=* In addition, tumor capsule can be used for evaluating the
efficacy of TACE treatment for intermediate-stage HCC.>' For colorectal liver metastases, the good prognosis of encapsulated
group seemed to be associated with reduced HIF-1a expression by the cancer.”® The related SNPs as prognostic markers for
guiding medical decision-making deserved further investigation in future studies.

The proposed mechanism affecting capsule formation and HCC prognosis is shown in Figure 6 and the regulatory
network is centered on HIF1A (HIF-1a). HIF1A (HIF-1a) could act on its targets SLC2A1 (GLUTI), IFNG (IFN-y),

HCC prognosis

A

IFNG (IFN-y) \

STAT1

SLC2A1 (GLUT1) «———— HIF1A (HIF-1a)

SERPINE1 (PAI-1)

CTNNB1 (B-catenin)

~

| Capsule formation |

Figure 6 Proposed mechanism affecting capsule formation and HCC prognosis. One-way arrows represent unidirectional effects and two-way arrows represent
bidirectional interactive relationships.
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STAT1, SERPINE1 (PAI-1), and CTNNBI1 (B-catenin), respectively, and then engage on capsule formation. IFN-y
activates JAK1/2 and induces STAT1 phosphorylation. In addition, IFN-y has crosstalks with the fibrinolytic system in
which PAI-1 is a major component and the Wnt signaling where B-catenin plays key roles. STAT1 and PAI-1 interact and
affect each other. All of them were proved to be associated with OS of HCC patients except SLC2A1 in this study. The
precise mechanisms involved need to be verified through further studies.

Several limitations still existed in our research. Firstly, the relatively small sample size could have led to spurious
association and low statistical power. More large prospective studies are warranted to identify genetic variants and
confirm our findings. Secondly, some functional SNPs might be left out because our SNP selection was limited and did
not cover all loci of the candidate genes, which might lead to low discriminatory power. Further future research should be
more focused on the unknown SNP loci related to HCC capsule formation. Moreover, since our study was focused on
association analysis instead of functional annotation, additional functional studies are needed to explore the underlying
mechanism. At present, it is difficult to understand the actual functions of gene polymorphisms on HCC capsules and
other biological behaviors without the exploration of the molecular mechanism. Despite these limitations, our work helps
establish a foundation to better understand the association between the polymorphisms of hypoxia-related genes and
HCC capsule, which is hopeful to provide more guidance for clinical assessment and decision-making.

Conclusion

Advancements in sequencing technologies and completion of the Human Genome Project have contributed to identifying
genetic variation in human populations. SNP represents the most abundant class of genetic variations in the human genome
and directly affects tumorigenesis and a series of malignant biological behaviors. In view of the genetic complexity of HCC
capsule, a deep exploration of correlation between SNPs of hypoxia-related genes and capsule formation provides new
references for guiding HCC prevention, diagnosis, and treatment in clinical practice. To conclude, our results demonstrated
that the polymorphisms of hypoxia-related genes (HIF1A, SERPINEI, IFNG, STAT1, CTNNBI, and SLC2A1) were
associated with the formation of HCC capsule, especially for SLC2A1 rs841858, SLC2A1 12297977, STAT1 151547550,
STATT1 rs34997637, and STAT1 rs1914408. We have also identified several SNPs related to prognosis in capsule group and
non-capsule group, respectively. These findings suggested that HIF 1 A-centric gene regulatory network might play a crucial
role in the formation of HCC capsule, as well as the development of HCC. Our research provides new insights for analyzing
HCC capsule, and future studies will be directed at increasing the sample size and mining more functional SNPs.
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