:' frontiers ‘ Frontiers in Cell and Developmental Biology

ORIGINAL RESEARCH
published: 13 May 2022
doi: 10.3389/fcell.2022.837428

OPEN ACCESS

Edited by:
Dharmendra Kumar Yadav,
Gachon University, South Korea

Reviewed by:

Mohammad Jahoor Alam,
University of Hail, Saudi Arabia
Mohd Saeed,

University of Hail, Saudi Arabia
Munazzah Tasleem,

University of Electronic Science and
Technology of China, China

*Correspondence:
Huazheng Pan
panhuazheng@126.com

Specialty section:

This article was submitted to
Cancer Cell Biology,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 16 December 2021
Accepted: 31 March 2022
Published: 13 May 2022

Citation:

Wu S, Liu S, Li'Y, Liu C and Pan H
(2022) Lestaurtinib Has the Potential to
Inhibit the Proliferation of
Hepatocellular Carcinoma Uncovered
by Bioinformatics Analysis and
Pharmacological Experiments.

Front. Cell Dev. Biol. 10:837428.

doi: 10.3389/fcell.2022.837428

®

Check for
updates

Lestaurtinib Has the Potential to
Inhibit the Proliferation of
Hepatocellular Carcinoma Uncovered
by Bioinformatics Analysis and
Pharmacological Experiments

Shuang Wu 2, Shihai Liu®, Yan Li*, Changchang Liu® and Huazheng Pan'*

"Department of Clinical Laboratory, The Affiliated Hospital of Qingdao University, Qingdao, China, 2Department of Medicine,
Qingdao University, Qingdao, China, *Medical Animal Laboratory, The Affiliated Hospital of Qingdao University, Qingdao, China,
“Department of Operation Room, The Affiiated Hospital of Qingdao University, Qingdao, China

Patients diagnosed with hepatocellular carcinoma (HCC) seek a satisfactory prognosis.
However, most HCC patients present a risk of recurrence, thus highlighting the lack of
effectiveness of current treatments and the urgent need for improved treatment options.
The purpose of this study was to identify new candidate factors in the STAT family, which is
involved in hepatocellular carcinogenesis, and new targets for the treatment of HCC.
Bioinformatics web resources, including Oncomine, Gene Expression Profiling Interactive
Analysis (GEPIA), The Human Protein Atlas (HPA), Tumor Immune Estimation Resource
(TIMER), and GSCALite, were used to identify candidate genes among the STAT family in
HCC. STAT1 was significantly overexpressed in hepatocellular carcinoma. More
meaningfully, the high STAT1 expression was significantly associated with poor
prognosis. Therefore, STAT1 is expected to be a therapeutic target. The JAK2 inhibitor
lestaurtinib was screened by the Genomics of Cancer Drug Sensitivity Project (GDSC)
analysis. Pharmacological experiments showed that lestaurtinib has the ability to prevent
cell migration and colony formation from single cells. We also found that STAT1 is involved
in inflammatory responses and immune cell infiltration. Immune infiltration analysis revealed
a strong association between STAT1 levels and immune cell abundance, immune
biomarker levels, and immune checkpoints. This study suggests that STAT1 may be a
key oncogene in hepatocellular carcinoma and provides evidence that the JAK2 inhibitor
lestaurtinib is a potent antiproliferative agent that warrants further investigation as a
targeted therapy for HCC.

Keywords: hepatocellular carcinoma, lestaurtinib, bioinformatics analysis, STAT family, pharmacological
experiments

INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth-most commonly diagnosed cancer and the third
leading cause of cancer death worldwide (Sung et al., 2021). The global incidence of HCC has been
increasing, with an estimated range of 600,000-800,000 new cases occurring annually (Sia et al.,
2017). Generally, the dominant risk factors for HCC in high-incidence rate countries such as those in
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FIGURE 1 | Expression levels of the STAT family in different types of cancers (Oncomine). The panel shows the numbers of datasets with statistically significant
mRNA overexpression (red) or downregulated expression (blue) of the STAT family. The threshold was designed with the following parameters: fold change of 1.5 and

Asia and Africa are hepatitis B virus (HBV) infections and
aflatoxin B exposure, whereas hepatitis C virus (HCV)
infections, alcohol consumption, and metabolic syndromes are
more important risk factors in low-incidence regions, which
include countries in Europe, North and South America, and
the Middle East (Mak et al., 2018; Yang J. D. et al, 2019).
HCC has high proliferation, invasion and metastasis potential,
low survival rates, and high mortality (Llovet et al., 2021). A large
number of studies have discussed the mechanisms underlying the
occurrence, recurrence and metastasis, tumorigenesis, and
treatment of HCC. However, many questions remain to be
clarified (Zhu and Sun, 2019). Patients who lack typical
clinical manifestations and typical genotyping cannot be
accurately selected for treatment schemes (Kim et al, 2019).
Finding the initial driving factor, identifying promising
prognostic biomarkers for clinical diagnosis, and revealing
targets for drug design are urgent problems that need to be solved.

Increasing evidence has been obtained for the regulation of
Janus kinase/transducer and activator of transcription JAK/STAT

signaling cytokines and the action of interferons (IFNs), which
affect gene expression. In the development of HCC, JAK/STAT
signaling is abnormally activated, resulting in the imbalance of
these downstream target genes controlling survival, angiogenesis,
stem cells, immune monitoring, invasion, and metastasis (Hin
Tang et al., 2020). The activating mutations of JAK/STAT
signaling or members of cellular biological process,
inflammation, and immunity of cancer cells indicate that they
are promising biomarkers for drug exploitation and malignancy
treatment (Banerjee et al., 2017; Owen et al., 2019; Hin Tang et al.,
2020).

A total of seven members of the STAT family have been
identified in mammals, namely, STAT1/2/3/4/5A/5B/6.
According to the reports in the literature, mutations in the
JAK-STAT pathway lead to dysfunction and tumorigenesis.
Interestingly, STAT1 and STAT3 were the most common
mutations, and they also caused changes in immune function,
including aberrant cytokine signaling and responsiveness, poor
Th1 differentiation, IFN imbalance, NK cytotoxicity, and loss of
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TABLE 1 | Datasets of the STAT family in hepatocellular carcinoma (Oncomine).

Lestaurtinib May Inhibit HCC

Gene Tumor (cases) Normal (cases) Fold change t-test p-value Dataset
STAT1? Hepatocellular carcinoma (Josahkian et al., 2018) Liver (10) 4.016 5.967 1.23E-6 Wurmbach et al.
Hepatocellular carcinoma (Lokau et al., 2019) Liver (19) 2.540 9.395 2.96E-132 Mas et al.
STAT2 Hepatocellular carcinoma (225) Liver (220) -1.101 -4.655 1.000 Roessler et al.
STAT3? Hepatocellular carcinoma (Lokau et al., 2019) Liver (19) -2.290 —-6.908 4.66E-9*2 Mas et al.
STAT4 Hepatocellular carcinoma (Lokau et al., 2019) Liver (19) 1.128 1.257 0.108 Mas et al.
STAT5A Hepatocellular carcinoma (Josahkian et al., 2018) Liver (10) -1.078 -1.293 0.896 Wurmbach et al.
STAT5B Hepatocellular carcinoma (103) Liver (75) 1.097 1.626 0.053 Chen et al.
STAT6 Hepatocellular carcinoma (103) Liver (75) -1.163 -2.314 0.989 Chen et al.

“These results are statistically significant. *p-value <0.001.

autoimmunity (Owen et al, 2019). The STAT family was
proposed as a biomarker or immune checkpoint inhibitor for
prognosis prediction or therapy in various types of solid tumors,
including STAT3 and STAT5A in breast cancer (Wu et al., 2017);
STAT3, STAT5A, and STAT6 in lung cancer (Pastuszak-
Lewandoska et al., 2017); and STAT3 and STAT5A in prostate
cancer (Mohanty et al., 2017). However, the specific functions of
the STAT family in liver hepatocellular carcinoma (LIHC) have
not yet been systematically described.

In our study, we performed a comprehensive analysis of the
expression and genetic alterations of members of the STAT
family in HCC and constructed a nomogram that integrates
the clinical characteristics of the STAT family. Finally, the
effect of the JAK2 inhibitor lestaurtinib on the viability of liver
cancer cells was evaluated by pharmacological experiments.
Moreover, the association between STAT1 and immune cells,
biomarkers, and immune checkpoints of STAT1 in LIHC was
also explored. STAT1 is an important factor in the
occurrence and development of hepatocellular carcinoma.
Based on this, our study found that lestaurtinib has the
potential to inhibit the proliferation of hepatocellular
carcinoma and is expected to become a new therapeutic
drug for HCC patients.

MATERIALS AND METHODS

mRNA Expression Levels of the STAT
Family

We combined the Oncomine and Gene Expression Profiling
Interactive Analysis (GEPIA) databases to analyze the
expression levels of STAT family members. Oncomine (http://
www.oncomine.org) is a comprehensive and user-friendly
platform for gene expression, pathway, and network
analysis, and it contains 715 datasets with 87,433
samples (Rhodes et al., 2007). The mRNA level of the
STAT family in LIHC was explored using Oncomine (p <
0.05, fold change (FC) = 2). GEPIA (http://gepia.cancer-pku.
cn/) is a network tool that includes LIHC and normal gene
expression profiling and interactive analyses based on The
Cancer Genome Atlas (TCGA) and Genotype-Tissue
Expression (GTEx) data (Tang et al, 2017). The
expression of the STAT family in LIHC was obtained
using the GEPIA database.

Protein Expression Levels of the STAT
Family

As a comprehensive bioinformatics web resource, the Human
Protein Atlas (HPA, https://www.proteinatlas.org) has been
designed for mapping all human proteins (Colwill et al,
2011). This database was used to analyze the protein levels of
STAT family members in HCC patients.

Immunoinfiltration Analysis

The Tumor Immune Estimation Resource (TIMER) database is
divided into seven modules (https://cistrome.shinyapps.io/timer/),
one of which provides a quantitative analysis of immune cell
infiltration rates (Li et al, 2017). STAT family members were
correlated with the infiltration of six types of immune cells (B cells,
CD4" T cells, CD8" T cells, dendritic cells, neutrophils, and
macrophages). The TIMER and GEPIA databases were used in
combination to comprehensively evaluate the correlations between
STAT1 expression and immune checkpoints in HCC. A correlation
index value R > 0.1 and p-value <0.05 were considered statistically
significant in this analysis.

Chemotherapeutic Response

Computer technology is now widely used in research to find
potential therapeutic drugs (Saeed et al.,, 2020; Alshahrani et al,
2021; Saeed et al., 2021; Tasleem et al., 2021; Zrieq et al., 2021).
Genomics of Drug Sensitivity in Cancer (GDSC) was used to predict
the chemotherapeutic response of the JAK2 inhibitor lestaurtinib to
each sample (Zhao et al., 2020). GDSC (https://www.cancerrxgene.
org) is the largest open pharmacogenomics database.

Cell Lines and Reagents

The human HCC cell line Huh-7 was purchased from the Cell
Bank of the Chinese Academy of Sciences. The cells were cultured
in DMEM containing 10% FBS, 100 U/mL penicillin, and 100 pg/
ml streptomycin. The cells were cultured in a 37°C, 5% CO,
incubator. Lestaurtinib was purchased from Tocris (Cat. 3,395,
Bristol, United Kingdom).

MTT Assay

First, the cells were seeded in 96-well plates. After 24 h, the
cells were cultured in different concentrations of lestaurtinib (1.0,
0.5, and 0.25 uM), and the results were viewed at 24, 48, or 72 h.
MTT was added to each well, and then the cells were
incubated in the incubator for 4h. After that, the culture
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FIGURE 2 | Validation of STAT1 and STAT3 protein levels in The Human Protein Atlas database (HPA).
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medium was discarded, 150 pl of DMSO (dimethyl sulfoxide) was
added to each well, and the absorbance at 490 nm was measured
after shaking. Cell viability (%) = (ODsample—ODblank)/
(ODcontrol-ODblank)#*100%.

Colony Formation Assay

Huh-7 cells were seeded into 24-well plates. After 24 h, the cells
were treated with lestaurtinib at concentrations of 0, 0.125, 0.25,
0.50, 1.0, 2.0, and 4.0 uM for three biological replicates and
incubated at 37°C for 7 days, with replacement of lestaurtinib
every 3 days. The cells were washed with PBS, fixed with cold
100% methanol for 15 min, and then stained with 10% methanol/
0.5% crystal violet in 1x PBS for 10 min. Then, brightfield
microscopy was performed to quantify the colonies, which were
defined as > 50 cells. Colony counts were performed on a total of
three representative areas per well according to the cell number
parameters mentioned previously. This was performed for each
lestaurtinib concentration tested, and the colony counts for each
concentration were totaled. Statistical analysis was performed using
Prism 7 GraphPad software (Inc., La Jolla, CA, United States). The
experimental group was compared with the untreated control
group, and p < 0.05 indicated statistical significance.

Transwell Assay

The transwell assay was performed according to a previously
reported method (Lu et al., 2019). Huh-7 cells were seeded into
the upper layer of transwell chambers (Corning, NY,
United States), and cells migrating to the subventricular
layer were stained after 48h of incubation with various
concentrations of lestaurtinib (0-1 uM). Migrating cells
were observed and photographed using an ECLIPSE Ts2
microscope (Nikon, Japan).

Quantitative PCR
Total RNA from Huh-7 cells treated with lestaurtinib for 48 h was

extracted using TRIzol reagent (Qiagen, United States), and cDNA was
synthesized from total RNA (1 pg) using a first-strand synthesis system
(Vazyme, China). cDNA was diluted to 2 ng/ul, and then 4 pl was
added to 10 pL of 2x FastStart Universal SYBR Green PCR Master Mix
(Vazyme, China). Each sample was tested in triplicate using a gPCR
system (Applied Biosystems 7,500). Ct values were normalized to the
housekeeping gene GAPDH, which was amplified in parallel. The
following qPCR primers were used: STAT1: 5'-CGGCTGAATTTC
GGCACCT-3'  and  5'-CAGTAACGATGAGAGGACCCT-3';
STAT3: 5'-ATCACGCCTTCTACAGACTGC-3' and 5'-CATCCT
GGAGATTCTCTACCACT-3'; and GAPDH: 5-ACTGCCACC
CAGAAGACT-3' and 5'-GCTCAGTGTAGCCCAGGAT-3'.

Statistical Analysis

R software (version 3.6.3) and the “rms” package (https://CRAN.
R-project.org/package = rms) were applied for the construction of
the nomogram. One-way ANOVA was performed using
GraphPad 7.0 (Inc, La Jolla, CA, United States), and
significant differences were calculated, followed by Student’s
t-test or Tukey’s multiple comparison test. p < 0.05 indicated
a statistically significant difference.

RESULTS

Expression of the STAT Family in
Hepatocellular Carcinoma

The expression level of the STAT family in HCC was determined
via Oncomine, which revealed seven members of the STAT
family in humans (Figure 1). Table 1 presents the mRNA
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levels of STAT family members in HCC patients. The results
showed that STATI was upregulated in tumor tissues
compared with liver tissues. Data obtained by Wurmbach
et al. and Mas et al. revealed that STAT1 was upregulated
in hepatocellular carcinoma (fold change = 4.016, p = 1.23E-6;
and fold change = 2.540, p = 2.96E-13). Thus, these two
datasets indicated that STAT1 was upregulated in HCC.
Data obtained by Mas et al. also showed that STAT3 was
downregulated in HCC (p = 4.66E-9). We also determined
the expression levels of STAT family members in HCC using
the GEPIA database. When compared with the liver tissue,
only the expression of STAT1 was significantly elevated in
HCC tissues (Supplementary Figure S1, all p < 0.01). The
immunohistochemical profiles of the high protein expression
of STATI (Figure 2), STAT4, STAT5A, STAT5B, and STAT6

in hepatocellular carcinoma tissues were analyzed using the
Human Protein Atlas (Supplementary Figure S2).

Genetic Alteration of the STAT Family in

Hepatocellular Carcinoma

Considering the importance of STAT family members in HCC, they
are expected to be targets. Therefore, we analyzed the gene mutations
of STAT family members. As shown in Figure 3A, genetic alterations
in STAT family members involved single-nucleotide polymorphisms
(SNPs), insertions, and deletions. The altered form and frequency are
shown in Figure 3B. Among all members of the STAT family,
STAT4 (28%), STAT1 (22%), and STAT3 (22%) were the top three
most frequently mutated genes (Figure 3B). The genetic alteration
was a missense mutation (Figure 3B).
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Prognostic Value of the STAT Family in

Hepatocellular Carcinoma

Nomograms were used to accurately predict the 5-year survival rate
in patients with hepatocellular carcinoma. This prognostic model
integrates STAT family members, TP53, and clinically recognized
TNM staging to obtain a comprehensive score that can be used
clinically to evaluate the prognosis of HCC. As shown in Figure 4,
each item was scored according to the actual situation, and the total
score that predicts the survival rate within 5 years can be obtained.
The higher the STAT1 expression, the higher the corresponding
individual scores, the higher the total score, and the worse the
prognosis of that patient. Figure 4 shows that STAT1 is not a
protective factor for patients with HCC.

Sensitivity of the JAK2 Inhibitor Lestaurtinib

to Hepatocellular Carcinoma

JAK2 is the upstream regulator of STAT family members. In
recent years, drug research and development for JAK have
become relatively mature. Therefore, JAK was selected as a
feasible target to inhibit the downstream effect of the JAK/
STAT pathway. Lestaurtinib, a multikinase inhibitor, can
specifically block JAK2 (Pinto et al., 2018). However, due to
the off-target effect of kinase inhibitors, the actual anticancer
mechanism is not clear (Tullemans et al., 2018; Stathopoulou
et al., 2019). The GDSC database was used to predict the ICs,
value of lestaurtinib and the response sensitivity of lestaurtinib to
liver cancer cell lines (Figure 5A). In Figure 5B, HGF and TSC1
mutant hepatocytes were more sensitive to lestaurtinib.

Effects of the JAK2 Inhibitor Lestaurtinib on

Liver Cancer Cells
As shown in Figure 6A, lestaurtinib attenuated regenerative
Huh-7 cells in a time- and dose-dependent manner after 72 h

of treatment. The ICss of lestaurtinib in Huh-7 cells were >4 uM
for 24 h, 0.67 £ 0.17 uM for 48 h, and 0.25 + 0.13 pM. After 72 h
of treatment with lestaurtinib, the drug successfully delayed or
inhibited the colony formation of Huh-7 cells (Figure 6B). In
addition, we investigated the effect of lestaurtinib on Huh-7-
cell migration. As shown in Figure 6C, lestaurtinib
significantly inhibited the migration of Huh-7 cells. The
aforementioned experimental results show that lestaurtinib
can inhibit the proliferation of hepatoma cells in a time- and
dose-dependent manner and can also impair the migration
ability of hepatoma cells. As shown in Figure 6D, our
experimental results suggest that lestaurtinib caused an
inhibition of STAT1 expression.

Correlation Between STAT Family
Expression and Immune Infiltration Level in

Hepatocellular Carcinoma

The relationship between the expression of STAT family
members and level of immune infiltrating cells in patients
with liver cancer was evaluated using TIMER online analysis.
The analysis results are shown in Figure 7. We found that
compared with other members of the STAT family, STATI
attracted our attention, and the correlations between STATI
and infiltrating immune cells are as follows: B cells (r =
0.581); CD8" T cells (r = 0.494); CD4" T cells (r = 0.351);
macrophages (r = 0.45); neutrophils (r = 0.451); and dendritic
cells (r = 0.549). STAT1 was positively correlated with the
infiltration of B cells, CD8" T «cells, CD4" T cells,
macrophages, neutrophils, and dendritic cells in HCC
patients, and the correlation value was greater than 0.3
(Figure 7A). STAT1 has the strongest correlation with
immune infiltrating cells, regulating the immune
microenvironment, and thus affects the clinical outcome of
patients with liver cancer.
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Correlation Between STAT1 Levels and
Immune Cell Biomarkers in Hepatocellular

Carcinoma

To further explore the role of STAT1 in tumor immunity, we used
the GEPIA database to determine the correlation between STAT1
and the expression of immune cell biomarkers in HCC. STAT1
and B-cell biomarkers (CD19 and CD79A), CD8" T-cell
biomarkers (CDS8A and CDS8B), CD4" T-cell biomarkers
(CD4), M1 macrophage biomarkers (NOS2, IRF5, and
PTGS2), M2 macrophage biomarkers (CD163, VSIG4, and
MS4A4A), neutrophil biomarkers (ITGAM and CCR7), and
dendritic cell biomarkers in HCC (HLA-DPB1, HLA-DQBI,
HLA-DRA, HLA-DPA1l, CDIC, NRPI, and ITGAX) are
shown in Table 2. The positive correlation between STAT1
and immune cell infiltration was partially supported by these
findings.

Correlation Between STAT1 Levels and
Immune Checkpoints in Hepatocellular
Carcinoma

Based on the aforementioned analysis, STAT1 acts as a tumor-
promoting factor in hepatocellular carcinoma and can be used to
evaluate the prognosis of HCC patients. Typical and important
immunological checkpoints are responsible for tumor immune

escape. Therefore, this study further evaluated the correlation
between STAT1 and immune checkpoints (PD1, PD-L1, CTLA-
4, FGFR2, FGFR3, and IDO1). The results are shown in Figure 8,
and the TIMER analysis showed that STAT1 was significantly
positively correlated with PD1 (r = 0.448); PD-L1 (r = 0.444);
CTLA-4 (r = 0.436); FGFR2 (r = 0.354); FGFR3 (r = 0.36); and
IDO1 (r = 0.387) in HCC, and these checkpoints were regulated
by purity. The results were consistent with those from the
GEPIA database analysis and showed that STAT1 was also
significantly positively correlated with PD1 (r = 0.48); PD-L1
(r = 0.44); CTLA-4 (r = 0.48); FGFR2 (r = 0.35); FGFR3 (r =
0.32); and IDO1 (r 0.4) in HCC. Based on the
aforementioned results, we can reasonably infer that tumor
immune escape may be involved in the STAT1-mediated
carcinogenesis of HCC.

DISCUSSION
HCC is a cancer with multiple etiologies and widespread
prevalence. Because of the lack of typical clinical

manifestations and a high postoperative recurrence rate in
HCC patients, only a few subjects can receive potentially
effective treatment (Chen et al., 2017; Federico et al., 2020).
Largely refractory to current treatments, HCC is the third
leading cause of cancer-related deaths worldwide (Bray et al,

Frontiers in Cell and Developmental Biology | www.frontiersin.org

May 2022 | Volume 10 | Article 837428


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Wu et al. Lestaurtinib May Inhibit HCC

>

Purity B Cell CD8+ T Cell CD4+ T Cell Macrophage Neutrophil Dendritic Cell
10 cor = 8.192 . partial.cor = 0.581 *  partial.cor = 0.494 partial.cor = 0.549
© 33.36-04] ¢, p-=184e32 . o P=1.72022 o p=338e-28

LIHC

STAT1 Expression Level (log2 TPM)

00 01 02 03 0400 0.1 02 03 0
B Infiltration Level
B Cel CD8+ T Cell CD4+ T Gel Macrophage Neutrophil Dendritic Cell
7 , partial.cor = 0.233 partial.cor = 0.232 T partial.cop = 0.29 3 pagfial.cor = 0.228) . partial.cor = 0.329 , Rartial.cor = 0.287
e p . %p = 1.46¢-05) o ® e p=4%1e-08| % p £2.06¢-05) d % = 3.54e-10} °e *p = 7.08e-08|
. . .

LIHC

S

TAT2 Expression Level (log2 TPM)

© 00 1 02 03
c Infiltration Level
BCell CD8+ T Cell CD4+ T Cell Macrophage Neutrophil
partial.cor = 0.167| ., partial.cor = 0.129 Dnrﬁal cor = 0.348 réal.cor = 0.449'
7 oop=18703| * %, o p = 1.708-02 %% = 297e-11 3,2 08 p=1.67e-18
% % s Q o !,- o
o .

STAT3 Expression Level (log2 TPM)

Soge
3 . . . . . . .
025 050 075 100 o1 02 03 04 02 04 06 o o1 02 03 0400 o1 02 03 005 010 015 020 025 050 075 1.00
D Infiltration Level
Purity 8 Cell CD8+ T Cell CD4+ T Cell Macrophage Neutrophil Dendric Cell
cor = 9.259) b partial.cor = 0.396| - partial.cor = 0.398 ® partial.cor = 0.384 * partial.cor = 0.386| ® partial.cor = 0.328, ® partial.cor = 0.471
p = 1.05e-06| p = 2.49e-14} p = 1.88e-14| p = 1.65e-13| p = 1.36e-13| p = 4.18e-10| p = 3.50e-20|

-

N

STAT4 Expression Level (log2 TPM)

) o o
5 %% oo
2
.
. |°
0
025 050 075 100 o1 02 03 04 02 04 05 o ] 02 03 0400 [X] 02 03 005 010 015 020 025 050 075 1.0
E Infiltration Level
Purity B Cell CD8+ T Cell CD4+ T Gel Macrophage Neutrophil Dendrilc Cell
6 . partial.cor = 0.382] partal.cor = 0.448 partial.cor = 0.422| partial.cor = 0.473 partial.cor =40.463 partial.cor & 0.592
. p = 2.26e-13| o p=282e-18 . 67¢-16| o p=1.91e-20| . p = 1.06e-19| . p = 1.66e-33|
. . . . .

S
LIHC.

STAT5A Expression Level (log2 TPM)

00 o1 02 03 04 .05 010 015 020 025 050 075 100
F Infiltration Level
Purity 8 Cell CD8+ T Cell CD4+ T Cell Macrophage Neutrophil Dendiitic Cell
s . partial.cor = 0.116| [ © partial.cor = 0.075 . partial.cor = 0.36| [ partial.cor = 0.275 . partial.cor = 0.315| | ® partial.cor = 0.218
”~ | p=3.12e:02 - p = 1.67e-01 p=54lei2 .47¢-07 8 Qe P=223®|| o o, =5,126-05

-

STAT5B Expression Level (log2 TPM)

e
=
S
2 .o o
A - *
025 050 075 100 01 02 03 04 02 04 08 o 0.1 02 03 0400 01 02 03 005 010 05 020 025 05 075 100
G Infiltration Level
Purity 8 Cell CD8+ T Cell CD4+ T Cell Macrophage Neutrophil Dendric Cell
14 cor = -0.003| . partial.cor = 0.098| - partial.cor = 0.173 partial.cor ® 0.277| pamtial.cor = 0.218| ® partial.cor = 0.287 partial.cor = 0.213
P = 9,57¢-01 p = 7.06e-02 p = 1.28¢-03 p = 1.83¢-07, ob = 4.876-05 . P=5.476-08 p = 7.616-05|
. "o. ‘-’.' o ‘f . o S °03
AN

-
LIHG

STAT6 Expression Level (log2 TPM)

025 050 075  1.00 o1 02 03 04 02 04 06 00 3 04 00 01 02 03 005 010 015 020 025 050 075 1.00

0.1 0.2 0
Infiltration Level
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TABLE 2| Correlation analysis between STAT1 and biomarkers of immune cells in
HCC (GEPIA).

Immune cell Biomarker R-value p-value
B-cell CD19 0.38% 7.3e-14*+2
CD79A 0.478 6.8e-22*
CD8* T-cell CD8A 0.54% 4.4-29*2
CDhsB 0.45° 4.7e-20"*4
CD4* T-cell CD4 0.45% 5.3e-20"*
M1 macrophage NOS2 0.16% 0.0015*2
IRF5 0.312 7.5e-10"*2
PTGS2 0.4% 1e-157*4@
M2 macrophage CD163 0.34% 1.4e-11%+2
VSIG4 0.39° 8.5e-15"*4
MS4A4A 0.472 2.1e-21*@
CD68 0.43° 9.5e-18"*
Neutrophil CEACAMS8 0.047 0.37
ITGAM 0.42° 6.7¢-177*4
CCR7 0.47°2 2e-21*+2
Dendritic cell HLA-DPB1 0.56° 1.9e-31**
HLA-DQBH 0.312 1.3e-09"**2
HLA-DRA 0.58% 3.2e-34*2
HLA-DPA1 0.57¢ 2.1e-33"*@
CD1C 0.42° 1.6e-17"+2
NRP1 0.37¢ 2.3e-13"*2
ITGAX 0.51% 2.8e-26*2

“These results are statistically significant; *p-value <0.05; **p-value <0.01; ***p-value
<0.001.

2020). Therefore, this study combined bioinformatics and
pharmacological experiments to explore new therapeutic
targets to improve the prognosis of hepatocellular carcinoma
patients.

The STAT family has now been shown to affect fundamental
cellular mechanisms, including cell proliferation, invasion, apoptosis,
and cellular immunity, by modulating cytokine signaling
(Verhoeven et al,, 2020). The JAK/STAT signaling pathway was
found to be associated with the genesis and progression of tumors,
such as breast cancer, prostate cancer, bladder cancer, and lung
cancer (Groner and von Manstein, 2017; Yang X. et al., 2019; Huang
et al, 2020). To our knowledge, the specific expression and
associated roles of STAT family members in HCC have not been
elucidated. Therefore, the current bioinformatics analysis aimed to
evaluate the expression level, prognostic value, and mutation status
of the STAT family in HCC patients to screen candidate therapeutic
targets for further pharmacological experiments.

STATI1, STAT2, STAT3, STAT4, STAT5A, STATS5B, and
STAT6 are included in the mammalian family of STATs, and
they are all encoded by distinct genes. In our study, the
differential expression analysis results showed that among all
STAT family members, only STAT1 was upregulated in HCC
compared with normal tissues at both the mRNA and protein
levels. Previous studies suggested that some STAT family members
may serve as biomarkers for various types of cancer. Juliana et al.

Lestaurtinib May Inhibit HCC

suggested that STAT1 functioned as both a prognostic and
predictive biomarker in ovarian cancer (Josahkian et al., 2018),
and Guo et al. revealed that STAT5A serves as an immune
checkpoint inhibitor and biomarker for the diagnosis and
prognosis of liver hepatocellular carcinoma (Guo et al., 2020).

We next performed genetic alteration and immune infiltration
analyses of the STAT family in HCC and found that STAT4
(28%), STAT1 (22%), and STAT3 (22%) were the top three most
frequently mutated genes, with missense mutations being the
most common genetic alteration type. Gene mutations are closely
related to the pathogenesis and progression of HCC and seriously
affect the prognosis of HCC patients.

A nomogram integrating the clinical characteristics of HCC
patients was constructed, and the scoring items included STAT
family members, TP53, and TNM stages. In this constructed
nomogram, STAT6 was the highest weighted score among seven
members of the STAT family, followed by STAT5B and STATI.
This qualifies STATI1 as a novel marker for evaluating the
prognosis of patients with hepatocellular carcinoma.

Current research suggests that STAT1 and STAT3 are nuclear
transcription factors that regulate genes involved in the cell cycle,
cell survival, and immune response (Butturini et al., 2020). Our
preliminary studies were consistent with these conclusions.
STAT1 expression was positively correlated with the
infiltration of B cells, CD8" T cells, CD4" T cells,
macrophages, neutrophils, and dendritic cells. Lokau Juliane
et al. suggested that the JAK/STAT cascade is critical for HCC
development (Lokau et al, 2019). In another study,
downregulating the level of miR-196a or miR-196b regulated
the JAK/STAT pathway by targeting SOCS2 to inhibit the
occurrence and development of HCC, thus providing a new
potential target for the prognosis and treatment of HCC (Ren
etal., 2019). Therefore, STAT family members may be important
regulators affecting the occurrence and progression of HCC.
STAT1I, as a part of the JAK/STAT signaling cascade, mainly
mediates various types of interferon (IFN) reactions. STATI
regulation involves a variety of biological functions, such as
antibacterial activity, cell proliferation, and cell death, and
plays an important role in the innate and adaptive arms of the
immune system (Meissl et al., 2017). It is brought to our attention
that STAT1 is usually considered a tumor suppressor, while
increasing evidence suggests that it can also act as a tumor
promoter. Buyun Ma et al. studied the function of
nonphosphorylated (U-) STAT1 in liver cancer. They found
that (U-) STAT1 was significantly upregulated in HCC tumor
tissues and mainly expressed in the cytoplasm while the deletion
of (U-) STAT1 in hepatoma cells may block the cell cycle and
limit cell growth (Ma et al., 2019). Given the above, STAT1 was
selected for further studies.

A large number of studies have confirmed that the efficacy and
prognosis of chemotherapy, radiotherapy, or immunotherapy in
patients with hepatocellular carcinoma are closely related to the
tumor-infiltrating microenvironment (Zhang et al., 2018; Lyu
et al,, 2020). The tumor microenvironment is infiltrated with a
variety of immune cells, mainly B cells, CD8" T cells, CD4"
T cells, dendritic cells, macrophages, and neutrophils. Our work
showed that STAT1 was significantly positively correlated with
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FIGURE 8| Correlation of STAT1 expression with immune checkpoint expression in HCC (TIMER and GEPIA). The expression correlation of STAT1 with (A,B) PD1,
(C,D) PD-L1, (E,F) CTLA-4, (G,H) FGFR2, (I,J) FGFR3, and (K,L) IDO1 in HCC.
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FIGURE 9 | Lestaurtinib has the potential to inhibit the proliferation of
hepatocellular carcinoma.

the aforementioned infiltrating immune cells in HCC.
Furthermore, STAT1 was also significantly positively
correlated with these infiltrating immune cells.

Patient prognosis depends not only on a tumor

microenvironment that presents immune cell infiltration but
also on immune checkpoints (Chae et al., 2018). Therefore, we
also evaluated the relationship between STAT1 and immune
checkpoints. STAT1 was significantly positively correlated with
PDI (r = 0.448), PD-LI (r = 0.444), CTLA-4 (r = 0.436), FGFR2 (r
= 0.354), FGFR3 (r = 0.36), and IDO1 (r = 0.387) in HCC,
suggesting that targeting STAT1 may improve the efficacy of
immunotherapy for hepatocellular carcinoma. These findings
suggest that it may be involved in tumor immune escape,
partially explaining the oncogenic role of STAT1 in HCC.

During the occurrence and development of HCC, JAK/STAT
signaling is abnormally activated, resulting in the imbalance of
downstream target genes involved in the control of survival,
angiogenesis, stem cells, immune monitoring, invasion, and
metastasis. The JAK/STAT pathway is a promising target for the
treatment of hepatocellular carcinoma (Hin Tang et al, 2020).
Lestaurtinib is a multikinase inhibitor, and JAK2 is its target
(Shabbir and Stuart, 2010). Extensive and mature in vitro studies
on lestaurtinib have demonstrated its highly positive safety record
and oral bioavailability (Knapper et al., 2017). However, due to the
existence of off-target effects (Munoz, 2017), the real anticancer
mechanism is not clear. Lestaurtinib has previously been used in
several clinical trials of hematogenous malignancies, although its
potential utility for liver cancer has not been explored (Diaz et al,,
2011; Kohler et al, 2012). In this study, we performed in vitro
experiments using lestaurtinib as a treatment for patients with liver
cancer and verified that lestaurtinib, a tyrosine kinase inhibitor, can
inhibit the growth of liver cancer cells (Figure 9).

In conclusion, the goal of our study was to determine whether
STAT1 can be used as a candidate factor for further research
based on its role as a biomarker and therapeutic target in HCC. In

Lestaurtinib May Inhibit HCC

addition, we used the GDSC database to analyze the targets of the
JAK/STAT pathway for drug screening. The JAK inhibitor
lestaurtinib was very sensitive to liver cancer cell lines, and its
effects on the viability of liver cancer cells were examined by
pharmacological experiments. However, our study had several
limitations. We will explore the effects of lestaurtinib in
hepatocellular carcinoma through in vitro and in vivo systemic
studies in order to provide a new strategy for the treatment of
hepatocellular carcinoma. The in vivo studies focus on addressing
how to limit toxicity at optimal biological doses.
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