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Abstract

Background: Src family kinases (SFKs) belong to the non-receptor protein tyrosine kinase family and are generally dysregulated in a
variety of tumors. This study aimed to thoroughly investigate the mutation status, expression level, prognostic value and relationship
with immune infiltration of SFKs in hepatocellular carcinoma (HCC). Methods: TIMER2.0, UALCAN, cBioPortal, Gene Expression
Profiling Interactive Analysis (GEPIA) and Kaplan-Meier Plotter were used to analyze the differential expression, genetic alteration,
prognostic value and immune cell infiltration of SFKs in HCC patients. Furthermore, we used quantitative real-time PCR (qPCR)
and western blot (WB) analysis to measure SFKs mRNA and protein expression in matching specimens of normal tissue and HCC.
We analyzed the biological effects of FYN in Huh7 cells and subcutaneous xenograft tumor model. We also studied the biological
effects of SRC on Huh7 cells. Results: The mRNA expression levels of LYN, SRC and SRM were elevated in HCC tissues, whereas
FYN was reduced. Approximately 10% genetic alterations rate of SFKs was observed in HCC. The mRNA levels of BLK, BRK, FRK,
FYN, LCK, LYN, SRC, SRM and YES were correlated with clinical cancer stage. Elevated FYN mRNA levels in HCC were positively
correlated with overall survival (OS), whereas SRC was negatively correlated with OS. All SFKs members in HCC were significantly
associated with at least half of the six immune-infiltrating cells, including B cells, macrophages, dendritic cells, neutrophils, CD4+ T
cells and CD8+ T cells. Furthermore, we confirmed that the protein expression level of FYN was decreased in patients with HCC and
in a human hepatoma cell line. Overexpression of FYN suppressed Huh7 cell proliferation, migration, invasion, and tumorigenesis in
xenograft nude mice. Knockdown of SRC inhibited Huh7 cell proliferation, migration and invasion. Conclusions: Dysregulated FYN
and SRC expression in HCC is associated with poor prognosis and may be used as novel prognostic biomarkers in patients with HCC.
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1. Introduction in signal transduction pathways triggered by a diverse set of
cell surface receptors, including receptor tyrosine kinases,
cytokines, immune cell receptors, growth factors, integrins
and G-protein-coupled receptors [7-9]. Evidence suggests
that changes in SKFs protein expression and/or kinase ac-
tivity are related to the development of multiple types of
cancer [10,11], such as colorectal cancer [12], breast can-
cer [13], gastric cancer [14], melanoma [15], ovarian can-
cer [16], lung cancer [17], hematological malignancies [18]
and hepatocellular carcinoma [19]. However, the prognos-

Primary liver cancer is the sixth most commonly di-
agnosed cancer and the third leading cause of cancer death
worldwide in 2020 [1]. Hepatocellular carcinoma (HCC)
comprises 75%—85% of primary liver cancer cases [1]. Al-
though surgical resection with curative potential is the most
effective treatment, the high recurrence and incidence of
HCC metastasis have hindered improved survival [2]. The
identification of novel prognostic and therapeutic predictors

is of great clinical interest.

Src family kinases (SFKs) belong to the non-receptor
protein tyrosine kinase family and eleven family members
have been reported [3]. SFKs mostly share a similar struc-
ture: a Src homology (SH) 4 domain, a unique region, a SH3
domain, a SH2 domain, a catalytic (SH1) domain, and a C-
terminal regulatory tail [4,5]. The four closely related group
I enzymes consist of FGR, FYN, SRC and YES, and group 11
enzymes are made up of BLK, HCK, LCK, and LYN. Group
III enzymes, which are distantly correlated with these two
groups, include BRK, FRK and SRM [6]. SFKs are involved

tic roles of SFKs and their functions in the immune mi-
croenvironment of HCC remain unknown.

The tumor microenvironment (TME) in HCC is a
complex mixture of tumor cells within the extracellular ma-
trix, combined with a complex mix of stromal cells (im-
mune cells, angiogenic cells, cancer-associated fibroblas-
tic cells) and the proteins they secrete [20]. Immune cells
have been shown to play a vital role in HCC [21]. Immune
cells in the HCC microenvironment are considered impor-
tant determinants of clinical outcomes and response to im-
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munotherapy [22]. Early tumor infiltration by immune cells
such as CD8+ T and B cells is key to inhibit HCC develop-
ment. However, the anticancer immune response generated
by these cells is suppressed by the action of immunosup-
pressive cells, such as M2 macrophages, which are intrin-
sically linked to facilitate the HCC TME [23]. Modulation
of TME signaling and molecules is a potential strategy for
HCC prevention and treatment.

In this study, we systematically explored SFKs in
HCC using bioinformatics analysis combined with verifi-
cation experiments in HCC cell lines, tissues, and a mouse
model. We found that dysregulated FYN and SRC expres-
sion in HCC is associated with poor prognosis. Overex-
pression of FYN suppressed Huh7 cell proliferation, migra-
tion, invasion, and tumorigenesis in xenograft nude mice.
Knockdown of SRC inhibited Huh7 cell proliferation, mi-
gration and invasion. Certain SFKs members, such as FYN
and SRC might sever as novel prognostic biomarkers for
HCC.

2. Materials and Methods
2.1 Human Samples

Twenty pairs of HCC and matched peritumor liver tis-
sues were collected from patients who underwent surgical
resection and were pathologically diagnosed with HCC at
Zhongshan Hospital, Fudan University (Shanghai, China),
and used to detect the mRNA and protein expression levels
of SFKs by quantitative real-time PCR (qPCR) and western
blot (WB). The clinical characteristics of the 20 resected pa-
tients with HCC were shown in Supplementary Table 1.
This study was approved by the Research Ethics Commit-
tee of Zhongshan Hospital, Fudan University, and informed
consent was obtained from each patient before use.

2.2 TIMER2.0

TIMER2.0 (http://timer.comp-genomics.org/) is a
comprehensive tool that provides modules for systematic
analysis of immune infiltrates and gene expression across
multiple cancer types [24]. The Cancer Genome Atlas
(TCGA) samples were used by this tool for data analysis.
We compared the expression levels of SFKs between tumor
and normal tissues in multiple cancers via the ‘Gene.DE
Module’ of Cancer Exploration Component. Statistical sig-
nificance evaluated by the Wilcoxon test was annotated
by the number of stars (*p < 0.05, **p < 0.01, ***p <
0.001). The ‘sCNA (Somatic Copy Number Alterations)
Module’ and ‘Gene Module’ of Immune Associated Com-
ponent were used to analyze the interrelated proportion of
different sSCNA states and the correlation between SFKs
with the immune cell types, including B cells, macrophages,
dendritic cells, neutrophils, CD4+ T cells and CD8+ T cells.
Meanwhile, the‘purity adjusted’option was selected and the
relationship between gene expression level and tumor pu-
rity appeared on the left-most panel. Partial Spearman’s
correlation was used to perform association analysis and p

< 0.05 was considered statistically significant.

2.3 UALCAN

UALCAN (http://ualcan.path.uab.edu/index.html) is
a free web resource for analyzing cancer OMICS data
(TCGA, CPTAC and CBTTC) [25]. UALCAN allows users
to perform gene expression analysis and identify biomark-
ers, as well as graphs representing expression profiles and
patient survival information. The transcriptional expres-
sion of SFKs and their relationship with HCC stage and
prognosis were analyzed through this website using TCGA
dataset. The significance of the difference in the transcrip-
tional levels was assessed by Student’s ¢-test, and p-value
< 0.05 was considered statistically significant.

2.4 cBioPortal

cBioPortal (https://www.cbioportal.org/) is an open
access tool for research, visualization, and analysis of mul-
tidimensional cancer genomic data [26]. The tool integrates
data from 126 tumor genome studies, including large tumor
studies such as TCGA, covering data from 28,000 samples,
some of which also include clinical prognostic and pheno-
typic information. In this study, the genetic alterations in
SFKs and their relationship with mRNA expression were
obtained from cBioPortal based on the HCC dataset includ-
ing 973 patients (TCGA, 372 samples; three studies, 601
samples).

2.5 Kaplan-Meier Plotter

The Kaplan-Meier plotter (https://kmplot.com/analysi
s/), an online tool that contains gene expression data and
survival information of 21 cancer types, was used to as-
sess the effect of SFKs mRNA levels on the overall sur-
vival (OS) of patients with HCC [27]. The resources used
by this tool for HCC survival analysis were sourced from
TCGA database. Information on the number-at-risk case,
median mRNA expression level, hazard ratio (HR), 95%
confidence interval (CI), and p-value were displayed on the
Kaplan-Meier plotter web page. Statistical significance was
considered when the p-value was < 0.05.

2.6 Gene Expression Profiling Interactive Analysis
(GEPIA)

GEPIA (http://gepia.cancer-pku.cn/index.html) is an
interactive web application that provides fast and customiz-
able functions based on TCGA and Genotype Tissue Ex-
pression (GTEx) data [28]. OS analysis of SFKs based on
gene expression was achieved through GEPIA using these
samples (TCGA, 369 tumor samples, 50 normal samples;
GTEx, 110 samples). The log-rank test was used for hy-
pothetical tests. The median expression level was used to
divide the high- and low-expression cohorts. The Cox pro-
portional HR and 95% CI information were included in the
survival plot. p < 0.05 was considered statistically signifi-
cant.
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2.7 Cell Culture and Transfection

The HCC cell line Huh7 was obtained from Shang-
hai Cell Bank, Type Culture Collection Committee, Chi-
nese Academy of Sciences. Huh7 was cultured in DMEM
medium (#D6429, Sigma-Aldrich, Taufkirchen, Germany)
supplemented with 10% fetal bovine serum (Gibco, Carls-
bad, CA) at 37 °C in a humidified incubator with 5% CO..

Full-length cDNA of FYN or SRC were cloned into
the empty lentiviral vector pCDH-CMV-MCS-EF1-Puro.
Recombinant plasmids (psPAX2 and pMD2.G) were co-
transfected into 293T cells using Lipofectamine 3000 (In-
vitrogen, Carlsbad, CA). The lentivirus was collected from
the complete medium two days after transfection.

To establish stably overexpressing cell lines, an ap-
propriate amount of virus was added to Huh7 cells, fol-
lowed by puromycin selection 48 h later. To establish
knockdown cells, small interfering RNA (siRNA) targeting
FYN (siFYN: GGUGGAUACUACAUUACCA) and SRC
(siSRC: GAAUCUGAUCAACAGUUUAUU) was used in
huh7 cells. The overexpression and knockdown efficien-
cies of FYN and SRC were verified by WB.

2.8 qPCR Analysis

Total RNA was extracted from 20 pairs of HCC and
matched peritumor liver tissues using the RNA-easy Isola-
tion Reagent (#R701-01, Vazyme, Nanjing, China). RNA
was reverse-transcribed into cDNA using the HiScript® 11
Q RT SuperMix for qPCR (+gDNA wiper) kit (#R223-01,
Vazyme, Nanjing, China). For qPCR, the ChamQ Uni-
versal SYBR qPCR Master Mix kit (#Q711-02, Vazyme,
Nanjing, China) was used according to the manufacturer’s
instructions. DNA amplification and detection were per-
formed using a 7900 Sequence Detection System (Applied
Biosystems, Foster City, CA). The primer sequences used
are listed in Supplementary Table 2. Relative gene expres-
sion levels were calculated using the 2~ 24 method and
were normalized with GAPDH. Data were analyzed using
GraphPad Prism (version 8.3.0, Dotmatics, Boston, MA,
USA). p < 0.05 was considered as statistically significant
using Student’s -test.

2.9 Western Blot

Total proteins were extracted in RIPA lysis buffer, sep-
arated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and electrotransferred onto
polyvinylidene fluoride (PVDF) membranes. The mem-
brane was blocked with 5% nonfat milk for one hour at
room temperature and then incubated with primary anti-
body (3-actin, #abs137975, Absin, Shanghai, China; FYN,
#sc-365913, Santa Cruz, CA, USA; SRC, #2109, CST,
Danvers, MA, USA) overnight at 4 °C, followed by HRP-
conjugated secondary antibody for one hour at room tem-
perature. Immunoreactive bands on the membrane were
detected using an enhanced chemiluminescence (ECL)
reagent.
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2.10 Cell Proliferation, Cell Migration and Invasion
Assays

Huh7 cells were seeded in 96-well plates at 103
cells/well and observed for seven days. Ten uL. CCKS so-
lution (#8-500T, FTC Life Science, Shanghai, China) was
added to each well and the plate was incubated for one hour
at 37 °C. The absorbance of each well was measured at a
wavelength of 450 nm using a Microplate Reader (AMR-
100, Allsheng, Hangzhou, China).

For the colony formation assay, Huh7 cells were
seeded in 6-well plate at 103 cells per well. After incubation
for two weeks, the cells were fixed with 4% paraformalde-
hyde (#P0099, Beyotime, Shanghai, China) and stained
with 0.05% crystal violet (#C0121, Beyotime, Shanghai,
China).

Transwell assays were performed in chambers with a
pore size of 8 um (#3422, Corning, NY, USA). For the
cell migration assay, 1 x 10* Huh7 cells in 200 L serum-
free DMEM were placed in the upper chamber, and 600
1L DMEM with 20% FBS was added to the lower cham-
ber. After incubation for 48 h, the cells on the bottom sur-
face of the chamber were fixed in 4% paraformaldehyde,
and stained with 0.05% crystal violet (Beyotime, Shanghai,
China). For the cell invasion experiments, each chamber
was precoated with 50 uL BD Matrigel mixture (diluted at
1: 5 with DMEM) for one hour at 37 °C. 5 x 10* Huh7 cells
were added to the upper chamber and the subsequent steps
were the same as those used in the cell migration assay. Five
randomly selected fields were photographed using an IX71
inverted microscope (IX71, Olympus Corp, Tokyo, Japan),
and the mean value was recorded.

2.11 Xenografis in Nude Mice

BALB/c-nude mice (4-6 weeks, male) were pur-
chased from the Shanghai SLAC Laboratory Animal Co.,
Ltd (Shanghai, China) and maintained under pathogen-free
conditions. To establish the subcutaneous xenograft tu-
mor model, the mice were randomly divided into the con-
trol group (n = 6) and the FYN overexpression group (n =
6). Cell suspensions (5 x 10° cells) of Huh7 cells were
subcutaneously injected into the flanks of each mouse and
tumor size was measured with digital calipers every five
days. About three weeks after injection, the mice were sac-
rificed and tumors were harvested. Tumor size was calcu-
lated using the formula: V = 0.5 x length x width?. All
experiments were approved by the Animal Ethics Commit-
tee of School of Basic Medical Sciences, Fudan University.

2.12 Statistical Analysis

Transcriptional expression levels of SFKs in HCC and
matched normal tissues from the TIMER2.0 database were
analyzed using the Wilcoxon test, and those from the UAL-
CAN database and qPCR experiments were assessed using
the Student’s 7-test. The Student’s 7-test was also used to
analyze the relationship between the expression levels of
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Fig. 1. Flow chart of the study. Blue, discovery cohort; Orange,

analysis tool are shown under the tool.

SFKs and HCC stages. The effect of SFKs mRNA expres-
sion on the survival of patients with HCC was evaluated us-
ing the log-rank test. A partial Spearman’s correlation was
used to perform an association analysis between SFKs ex-
pression levels and immune cells. GraphPad Prism (version
8.3.0, Dotmatics, Boston, MA, USA) was used for statisti-
cal analysis and figure creation. Cell proliferation, migra-
tion, invasion, tumor volume, and tumor weight were ana-
lyzed using the Student’s #-test. p < 0.05 was considered
statistically significant.

3. Results

3.1 The mRNA levels of SFKs in Various Types of Cancer
Including HCC

The working flow chart depicted in Fig. | and the clin-
ical characteristics of HCC patients in each dataset shown in
Supplementary Table 3. We first used TIMER2.0 tool to
explore the expression of SFKs in multiple cancers, includ-
ing HCC (Fig. 2A). The data revealed that the transcrip-
tional levels of SFKs were frequently abnormal in many
types of cancer. In HCC, LYN, SRC and SRM were sig-
nificantly elevated in HCC tissues compared to normal tis-
sues, while BLK, FGR, FYN and HCK were reduced. Other
members, including BRK, FRK, LCK and YES, showed
no significant differences in HCC. We next utilized the
UALCAN website to verify seven SFK genes with altered
mRNA expression levels (Fig. 2B). The results indicated
that the expression levels of LYN, SRC and SRM were sig-
nificantly higher in HCC tissues than in normal tissues, and
the expression levels of FYN were markedly lower. How-

. . . . 4 TIMER UALCAN qPCR
Differential expression analysis of SFKs < (TCGA) (TCGA) (Patients, n=20)
- J
) " . cBioPortal TIMER
Genetic alteration analysis — (TCGA + 3 studies) (TCGA)
Clinical correlation analysis +— L:'IA'I(;gﬁ;‘
" . Kaplan-Meier Plotter GEPIA UALCAN
P t | |
rognostic value analysis +“— (TCGA) (TCGA + GTEx) (TCGA)
Immune cell infiltration analysis < (;I(TGE:)
( 0 Western blot ‘ Cell proliferation Colony formation ‘
Validation
. . . . Nude mice
Transwell migration Transwell invasion

tumor formation

validation cohort and experiments. The sample sources used by each

ever, the changes in the expression levels of BLK, FGR and
HCK were not statistically significant. These results were
partly consistent with those obtained using TIMER2.0.

To further verify the above results, we detected the
mRNA expression levels of SFKs in 20 pairs of HCC and
matched peritumor liver tissues using qPCR (Fig. 3). The
results revealed that the expression levels of LYN, SRC
and SRM were upregulated, and FYN was downregulated,
whereas other SFK members did not show notable differ-
ences in HCC. The qPCR results were largely in agreement
with the common parts of the TIMER2.0 and UALCAN.

3.2 Genetic Alteration Analyses of SFKs Genes in HCC

We then investigated the genetic alterations of SFKs
in patients with HCC using the cBioPortal and TIMER2.0
databases. As shown in Fig. 4A, alterations in the frequen-
cies and types of SFKs were determined in 973 samples
from four HCC studies. The SFKs mutations, amplifica-
tions, deep deletions, and multiple alterations in 973 HCC
samples occurred at 10.08%, with frequencies of 3.08% (30
cases), 3.60% (35 cases), 3.19% (31 cases) and 0.21% (2
cases), respectively. The percentages of gene changes in
individual SFKs in HCC were displayed in Fig. 4B, and the
mutation frequency ranged from 0.4% to 4% (BLK, 3%;
BRK, 0.7%; FGR, 0.6%; FRK, 0.8%; FYN, 1.3%; HCK,
0.4%; LCK, 0.6%; LYN, 4%; SRC, 0.7%; SRM, 1.1%; YES,
0.8%).

Next, the stacked bar plot from TIMER2.0 showed
the relative proportion of different SCNA states of SFKs in
HCC patients (Fig. 4C). Arm-level deletion and arm-level
gain were the primary sCNA states, and arm-level deletions
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Fig. 2. The mRNA levels of Src family kinases (SFKs) in various types of cancer including Hepatocellular Carcinoma (HCC). (A)
The mRNA expression data analysis from TIMER?2.0 indicated that the mRNA levels of BLK, FGR, FYN and HCK were significantly
down-regulated in HCC tissues, while LYN, SRC and SRM were up-regulated. *p < 0.05, **p < 0.01, ***p < 0.001, Wilcoxon test. (B)
Validation analysis from UALCAN on the relative mRNA level of BLK, FGR, FYN, HCK LYN, SRC and SRM in normal liver and HCC
tissues. The expression levels of FYN were decreased in HCC tissues than that in normal liver tissues, while LYN, SRC and SRM were
increased (Normal, n = 50; Primary tumor, n = 371). ns, not significant, *p < 0.05, ***p < 0.001, Student’s -test. Red, overexpression
genes; Blue, low expression genes.
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Fig. 3. The relative SFKs mRNA level in 20 paired HCC and adjacent nontumor tissues. Quantitative real-time PCR (qPCR) assay
were employed to measure the mRNA levels in tissues. Relative expression of SFKs was normalized with GAPDH. Compared to adjacent

normal tissues, the expression levels of FYN were reduced, but LYN, SRC and SRM were elevated in HCC. n = 20. ns, not significant,

**p < 0.01, ***p < 0.001, Student’s ¢-test. Red, overexpression genes; Blue, low expression genes.

were observed mainly in BLK, FGR, FRK, FYN, LCK and
YES, whereas arm-level gain was detected in BRK, HCK,
LYN, SRC and SRM.

Furthermore, we explored the relationship between
gene alterations and mRNA expression in the 973 HCC
samples (Fig. 4D). The decrease in the mRNA expression
level of FYN might be partly caused by the deep or shallow
deletion of genes. The gain or amplification of genes could
explain the increased mRNA expression levels of LYN, SRC
and SRM. Combined with the above data, we speculated that
genetic alterations in SFKs might lead to changes in mRNA
expression.

3.3 Correlations between SFKs Expression and Tumor
Stage in HCC Patients

We then assessed the correlation between SFKs
mRNA expression and pathological stage in HCC using the
UALCAN website. As shown in Fig. 5, SRC was highly
expressed in HCC stage 1-3 compared to that in normal
tissues, and BRK, FRK, FYN, LYN and SRM were differ-
entially expressed in several tumor stages. In comparison
to normal tissues, the expression levels of BLK, LCK and
YES were diverse in certain tumor stages, but there was no
difference in the expression levels of FGR and HCK in dif-
ferent tumor stages.
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Fig. 4. Genetic alteration of SFKs genes in HCC. (A,B) The genetic alteration type and frequency of different expressed SFKs in
different HCC datasets (cBioPortal). SFKs were altered in 98 samples of 973 patients with HCC, accounting for 10%, *p < 0.05. (C) The
relative proportion of different SCNA status of SFKs members in The Cancer Genome Atlas Liver Hepatocellular Carcinoma (TCGA-
LIHC) (TIMER2.0). (D) The boxplot of correlation between the genetic alteration of SFKs and its corresponding mRNA expression
(cBioPortal).
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Fig. 5. Correlations between SFKs expression and tumor stage in HCC patients. Histogram (UALCAN) showed that BLK, BRK,
FRK, FYN, LCK, LYN, SRC, SRM and YES were correlated with HCC clinical cancer stage. The gene names are shown in red. *p <

0.05, **p < 0.01, ***p < 0.001, Student’s -test.

3.4 Prognostic Values of SFKs in HCC

Furthermore, we analyzed the prognostic significance
of SFKs expression in HCC using the Kaplan-Meier Plot-
ter, GEPIA, and UALCAN websites. The OS curves were
presented in Fig. 6A. Increased BLK (HR =0.61, p =0.01),
BRK (HR =0.68, p =0.033), FYN (HR = 0.43, p = 2.7E-
06), LCK (HR = 0.59, p = 0.0034), SRM (HR =0.52, p =
0.00021), YES (HR =0.68, p =0.028) mRNA levels and de-
creased SRC (HR =1.75, p=0.0023) mRNA levels in HCC
patients were strongly associated with better OS. However,
the expression levels of FGR (HR = 1.18, p = 0.4), FRK
(HR =0.75, p = 0.099), HCK (HR = 1.23, p = 0.24) and
LYN (HR = 0.77, p = 0.15) did not affect the OS of HCC
patients.

GEPIA was used to verify the seven SFK genes that
had an impact on prognosis (Fig. 6B). HCC patients with
higher transcriptional levels of SRC were significantly as-
sociated with shorter OS (p = 0.016), whereas those with
increased transcriptional levels of FYN (p =0.0034) or LCK
(p = 0.044) were markedly associated with better long-term
OS. There was no significant correlation between the ex-
pression levels of the rest four genes and OS in patients
with HCC. The results of FYN, LCK, SRC from the Kaplan-
Meier Plotter and GEPIA were consistent.

UALCAN was used to further verify the influence of

the mRNA expression levels of FYN, LCK and SRC on OS
(Fig. 6C). Among these three genes, only FYN (p = 0.043)
and SRC (p = 0.00049) mRNA expression levels were sig-
nificantly associated with OS. The above results from the
three websites indicated that the mRNA expression levels
of FYN and SRC were remarkably correlated with progno-
sis in patients with HCC.

3.5 Correlation between SFKs Expression and Immune
Cell Infiltration in HCC

Interaction network and functional enrichment anal-
ysis revealed that SFKs might be closely associated with
tumorigenesis, progression, and the immune microenviron-
ment (Supplementary Fig. 1; Supplementary Table 4;
Supplementary Table 5). We further explored the relation-
ship between SFKs and immune infiltration levels in HCC
using the TIMER2.0. As shown in Fig. 7, the expression
levels of FGR, HCK, LCK, LYN and YES were positively
in connection with the infiltration of B cells, macrophages,
dendritic cells, neutrophils, CD4+ T cells and CD8+ T
cells. Additionally, BLK expression was positively asso-
ciated with the infiltration of B cells, dendritic cells, CD4+
T cells and CD8+ T cells. BRK expression was positively
correlated with the infiltration of macrophages, neutrophils
and CD4+ T cells. FRK expression was significantly posi-
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Fig. 6. Prognostic values of SFKs in HCC. (A) HCC patients with reduced mRNA expression levels of BLK, BRK, FYN, LCK, SRM
and YES were significantly related to short overall survival (OS), while higher SRC mRNA expression was correlated with short OS.
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conversely, high SRC mRNA expression was correlated with short OS in HCC patients. Cutoff: median (GEPIA). (C) Elevated FYN
mRNA level in HCC was positively correlated with OS, while SRC was negatively correlated with OS (UALCAN). p < 0.05 (genes
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tively correlated with the infiltration of macrophages, den-
dritic cells, neutrophils, CD4+ T cells and CD8+ T cells.
FYN expression was positively connected with the infiltra-
tion of macrophages, dendritic cells, neutrophils and CD8+
T cells. SRC expression was positively related to the infil-
tration of B cells, macrophages, dendritic cells, neutrophils
and CD4+ T cells. SRM expression was positively relevant
to the infiltration of B cells, macrophages, neutrophils and
CD4+ T cells. Taken together, the above results demon-
strated that SFKs might play a dominant role in the immune
infiltration of HCC.

3.6 Overexpression of FYN Suppresses Tumor Biological
Behavior In Vitro and In Vivo

Multiple analysis tools combined with qPCR experi-
ments suggested that among all SFK members, only FYN
and SRC were dysregulated in expression and associated
with OS, therefore, we mainly considered these two genes
as candidate genes for predicting prognostic markers in
HCC patients. The impact of FYN on HCC has rarely been
reported, therefore, we first focused on identifying the ef-
fect of FYN on HCC in vitro and in vivo.

Western blot analysis revealed decreased protein ex-
pression levels in both HCC tissues (Supplementary
Fig. 2A) and the human hepatoma cell line Huh7
(Supplementary Fig. 2B) by western blot analysis. We
then generated FYN-overexpression or -knockdown Huh7
cell lines (Fig. 8A,B). Cell proliferation ability, detected by
CCK-8 proliferation assay and colony formation assay, de-
creased in FYN-overexpression Huh7 cells and increased
in FYN-knockdown Huh7 cells (Fig. 8C-F). Moreover,
transwell migration and invasion experiments showed that
overexpression of FYN inhibited cell migration and inva-
sion, which was the opposite of FYN knockdown (Fig. 8G—
J). Next, we examined the effects of FYN on HCC cell
proliferation in vivo. In the subcutaneous xenograft tumor
model, the tumor growth rate in mice injected with FYN-
overexpression cells was significantly slower than that in
mice injected with control Huh7 cells (Fig. 8K). FYN-
overexpression Huh7 cells formed smaller tumors (365.5
+ 113.0 mm? vs. 945.0 £ 156.7 mm?®, Fig. 8L; 412.8 &
64.79 mg vs. 918.3 &+ 66.37 mg, Fig. 8M). Together, these
data imply that overexpression of FYN, a potential tumor
suppressor of HCC, suppresses tumor biological behavior
in vitro and in vivo.

3.7 Knockdown of SRC Suppresses Tumor Biological
Behavior In Vitro

Several studies have shown that SRC has a tumor-
promoting effect on HCC. Here, we studied its function
through tumor biological behavior experiments in vitro. We
first generated SRC-overexpression or -knockdown Huh7
cell lines (Fig. 9A,B). CCK-8 proliferation and colony for-
mation assays revealed that knockdown of SRC suppressed
cell proliferation, while overexpression of SRC promoted
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cell proliferation (Fig. 9C—F). Transwell migration and in-
vasion assays demonstrated that knockdown of SRC in-
hibited cell migration and invasion, conversely, overex-
pression of SRC promoted cell migration and invasion
(Fig. 9G-J). These results suggest that knockdown of SRC,
a potential tumor promoter of HCC, suppresses the biolog-
ical behavior of tumors in vitro.

4. Discussion

Comprehensive analyses of SFKs in HCC have not yet
been reported. In this study, we systematically explored
SFKs in HCC through bioinformatics analysis combined
with biological behavior experiments. Multiple analysis re-
sults showed that the expression levels of FYN were de-
creased in HCC tissues compared to normal liver tissues,
while LYN, SRC and SRM were increased. Moreover, most
SFK members were correlated with the HCC clinical can-
cer stage. FYN and SRC significantly correlated with OS in
patients with HCC. These results suggested that SFKs play
a critical roles in HCC progression.

Mechanically, the interaction network and functional
enrichment analysis indicated that SFKs and the 20 re-
lated genes were closely related to multiple signaling path-
ways, such as the NF-xB and MAPK signaling pathways.
Previous studies have suggested that the NF-xB signal-
ing pathway mediated epithelial-mesenchymal transition
(EMT) can promote the progression of HCC [29,30]. Ac-
tivation of the MAPK signaling pathway is common in hu-
man HCC [31], and increased MAPK activity correlates
with a more malignant HCC phenotype [32].

In the TME, chemokines can regulate immune cells,
and perturbations in chemokine signaling often alter im-
mune cell composition and localization [33]. Natural killer
cells [34] and T cells [35] are important cells in the TME,
and the regulation of these immune cells affects the pro-
gression of HCC. These findings indicate that SFKs play an
important role in the regulation of immune cells and the pro-
gression of HCC. Consistently, we found that all SFKs were
strongly associated with at least three types of immune cells
in HCC. At least eight SFK members were significantly
correlated with CD4+ T cells [36], CD8+ T cells [37], B
cells [38] and dendritic cells [39], which were considered
important players in impeding, inhibiting and killing HCC
cells. In addition, ten SFK members were significantly con-
nected with neutrophils [40] and macrophages [41], which
have a dual role in cancer progression based on their po-
larization state. Immune-infiltrating cells in the TME have
been shown to play a critical role in tumor development and
impact clinical outcomes in patients with cancer [42]. We
also found that SFKs and the 20 related genes were cor-
related with multiple immune-related signaling pathways,
such as chemokine signaling pathway, natural killer cell
mediated cytotoxicity, T cell receptor signaling pathway,
and B cell receptor signaling pathway. Therefore, SFKs
presumably affect the progression of HCC by regulating
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Fig. 8. Overexpression of FYN suppresses tumor biological behavior in vitro and in vive. (A,B) FYN overexpression (A) and

Time(Days)

knockdown (B) efficiency verification at the protein level. FYN protein levels were detected by western blot and relative levels were
normalized to S-actin. Ctrl, control group; FYN, overexpression group; NC, negative control group; siFYN, knockdown group. (C-F)
Overexpression of FYN inhibited the proliferation ability of Huh7 cells. CCK-8 (C,D) and colony formation assays (E,F) were used
to detect proliferationin ability of Huh7 cells. Results were expressed as mean = SD; n = 3; *p < 0.05, **p < 0.01, ***p < 0.001;
Student’s ¢-test. (G—J) Overexpression of FYN inhibited the migration and invasion of Huh7 cells. Transwell assays were performed to
test the migration (G, H; left panel) and invasion (I, J; left panel) abilities of Huh7 cells. Scale bar, 100 um. Quantification was achieved
by ImagelJ (version 1.53n, NIH, Bethesda, MD, USA) and shown in the right panels of G-J, respectively. Results were expressed as
mean £ SD; n =5; *p < 0.05, ***p < 0.001; Student’s ¢-test. (K) Overexpression of FYN suppressed tumor xenograft growth in
vivo. Effects of FYN on tumor growth in subcutaneous xenograft tumor model. The tumors were excised on day 20. Three representa-
tive mice in each group were shown. n = 6. (L) The tumor volume progression of nude mice within the observation period (20 days).
Results were expressed as mean & SD; ***p < 0.001; Student’s ¢-test. (M) The weight of tumors excised on day 20 were lighter in the
FYN overexpression group than that in the control group. Values were mean + SD; n = 6; ***p < 0.001; Student’s ¢-test.
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Fig. 9. Knockdown of SRC suppresses tumor biological behavior in vitro. (A,B) SRC overexpression (A) and knockdown (B)

efficiency verification at the protein level. SRC protein levels were detected by western blot and relative levels were normalized to
B-actin. (C—F) Knockdown of SRC inhibited the proliferation ability of Huh7 cells. CCK-8 (C,D) and colony formation assays (E,F)
were performed to detect proliferationin ability of Huh7 cells. Results were expressed as mean + SD; n = 3; *p < 0.05, **p < 0.01;

Student’s #-test. (G—J) Knockdown of SRC inhibited the migration and invasion of Huh7 cells. Transwell assays were achieved to test

the migration (G, H; left panel) and invasion (I, J; left panel) abilities of Huh7 cells. Scale bar, 100 m. Quantification was achieved by

ImageJ and shown in the right panels of G-J, respectively. Results were expressed as mean = SD; n = 5; ***p < 0.001; Student’s ¢-test.

immune-infiltrating cells and may be potential targets for
HCC immunotherapy.

FYN was ubiquitous in almost all cell types [4]. How-
ever, the role of FYN in cancer development appears tissue-
specific. In a variety of cancers, including breast cancer
[43], gastric cancer [44], colon cancer [45], lung cancer
[46], and pancreatic cancer [47], FYN was upregulated and
acted as a tumor promoter by promoting proliferation and
migration or by affecting EMT [43—-45,47]. In this study,
we found that FYN is frequently lost in patients with HCC
and is associated with poor prognosis. In agreement with
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this, F'YN was downregulated in prostate cancer, and served
as a new candidate prostate tumor suppressor gene [48].
Reduced FYN expression was caused by both chromoso-
mal deletion and promoter hypermethylation, whereas de-
creased mRNA expression of FYN may be due to deep or
shallow deletion of the gene. Besides FYN, other genes
among SFKs also showed potential as novel prognostic
biomarkers for HCC, which requires further investigation.

LYN has attracted widespread attention on multi-
ple types of malignancies, such as chronic lymphocytic
leukemia (CLL) [49], lung adenocarcinoma [50], colorec-
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tal cancer [51], cervical cancer [52], renal cancer [53] and
gastric cancer [54]. The impact of LYN on tumors may
be involved in ERK1/2 activation, NF-xB signaling path-
way, EGFR signaling pathway, AKT signaling pathway
and shaping the tumor microenvironment [49-52,55], but
the role of LYN in HCC has rarely been explored. Our study
showed that the mRNA expression of LYN in HCC patients
was dramatically elevated, and LYN was strongly expressed
in HCC stages 1, 2 and 3. Nevertheless, the higher mRNA
expression of LYN was not significantly associated with OS
in patients with HCC. It is possible that LYN is involved in
the occurrence and development of HCC by regulating its
activity rather than its protein content. As seen in breast
cancer, patients with high levels of phospho-LYN Y32 had
worse OS than those with low levels of phospho-LYN Y32
[56]. Similar to LYN, SRM, also known as SRMS, was not
correlated with OS in HCC patients. Currently, the prog-
nostic significance of LYN and SRM in HCC is uncertain.

SRC, the most investigated member of SFKs, ex-
pressed in almost all cell types [4], has been confirmed to
have an effect on the initiation and progression of many can-
cers. As for HCC, prior studies have revealed that SRC pro-
moted HCC tumorigenesis by activating the downstream
MAPK signaling pathway [19]. In addition, it was reported
that SRC had an impact on HCC growth and metastasis by
mediating aerobic glycolysis via the PI3K/AKT/mTOR sig-
naling pathway [57]. Moreover, targeting SRC related sig-
naling pathway has been found to inhibit HCC metastasis
[58]. A similar tumorigenic effect of SRC on HCC was ob-
served in this study. SRC was highly expressed in the first
three stages of HCC compared with normal tissues. How-
ever, similar to LYN, the increased expression of SRC was
not found significantly in stage 4, which could be due to:
(1) the sample sizes (n = 6) were too small to truly reflect
its expression level, or (2) the development of tumors was
not linear [59]. Moreover, the increased mRNA expression
of SRC in HCC patients was significantly associated with
poor OS. It seems that SRC does participate in HCC tumori-
genesis and progression, and could serve as a prognostic
biomarker and therapeutic target for HCC.

Among all SFKs, FYN and SRC showed potential as
prognostic markers. As mentioned above, FYN and SRC
were expressed in almost all cell types, including blood
cells, implying that their expression could theoretically be
detected in plasma. Besides, it is feasible to stain tissues
with FYN and SRC. However, whether there is a correlation
between plasma level expression and tissue level expres-
sion, whether there is a correlation between plasma level
expression and HCC prognosis, and the quantification be-
tween gene expression in tissues and prognosis need to be
further investigation.

5. Conclusions

In summary, we systematically explored the expres-
sion, mutation, prognostic value and relationship with im-
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mune infiltration of individual SFKs in HCC through bioin-
formatics analysis combined with biological behavioral ex-
periments. The expression levels of F'YN and SRC were al-
tered in HCC, and they were associated with clinical cancer
stage, OS, immune cell infiltration, and tumor progression.
FYN and SRC may be potential prognostic biomarkers for
patients with HCC. Additionally, our research contributes
to a novel perspective on the distinct roles of SFKs in HCC
and provides new clues for the early detection, prognostic
evaluation, and individualized treatment of HCC patients.
However, owing to the limitations of online databases and
the small sample size, further studies are required to con-
firm these findings.
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