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KEYWORDS Abstract Increasing evidence indicates that the galectin family played a significant role in
ALKBHS5; tumor progression and is closely related to the hypoxic microenvironment within tumor tissues.
Galectin-1; However, the regulatory mechanisms behind this process are unexplored. In this study, we
Hepatocellular found that Gal-1 expression was significantly up-regulated in hepatocellular carcinoma
carcinoma; (HCC) tissues and was closely associated with poor prognosis of patients. Intervention of
HIF-10; Gal-1 at the cellular level significantly inhibited the malignant phenotype of hepatoma cells.
YTHDF2 For the first time, we discovered that Gal-1 was regulated by m®A modification, ALKBH5 medi-

ated the demethylation of Gal-1 mRNA, and YTHDF2 recognized Gal-1 mRNA and altered its
stability. This regulatory process was altered under hypoxic conditions, and hypoxia-inducible
factors (HIFs) mediated the regulation of m®A modification in hepatoma cells by hypoxia. HIF-
10 bound to the promoter region of ALKBH5 and up-regulated ALKBH5 expression, while HIF-2¢.
bound to the promoter region of YTHDF2 and generated negative regulation. In vivo, after
intervention of Gal-1, reduction of proliferative markers and inhibition of epithelial
—mesenchymal transition occurred in the subcutaneous tumor. The use of LNP-siGal-1 also in-
hibited epithelial—-mesenchymal transition.
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Introduction

Primary liver cancer is a highly prevalent and deadly ma-
lignancy, with hepatocellular carcinoma (HCC) being the
most common subtype, accounting for 75%—85% of cases.’
The hypoxic microenvironment is a characteristic feature of
most solid tumors, including HCC. This condition arises due
to the rapid and uncontrolled proliferation of tumor cells,
which leads to increased oxygen consumption. On the other
hand, unregulated vascular growth exacerbates the imbal-
ance between oxygen demand and supply.? Hypoxia induces
a range of genetic mutations, transcriptional modifications,
and subsequent proteomic changes, making hepatoma cells
more aggressive.® For instance, hypoxia influences cancer
cells, promoting epithelial—-mesenchymal transition,* and
it also drives senescence,’ stem cell-like phenotypes,® and
resistance to chemotherapy.’

Galectins are a family of endogenous glycan-binding
proteins (lectins), characterized by their strong affinity for
B-galactoside-containing N-glycans.® Research has shown
that galectins often regulate various biological processes in
tumors, including cell proliferation,® metastasis, '’ immune
evasion,'" resistance to cell death,'> and angiogenesis in-
duction.” Notably, galectin-1 (Gal-1) is up-regulated in
most tumor tissues and stroma, and it has been identified as
a biomarker for poor prognosis in breast cancer,’ lung
cancer,'® prostate cancer,'® and melanoma.'’ These studies
suggest that Gal-1 plays a critical role in tumor invasiveness
and progression. Gal-1 can crosslink cell-surface glyco-
conjugates, which trigger a cascade of transmembrane
signaling events. Through this mechanism, Gal-1 modulates
processes including mitosis, apoptosis, and cell-cycle pro-
gression, which enables it to promote the proliferation of
tumor cells, including hepatoma. Additionally, through in-
teractions with glycosylated tumor-associated receptors
(epidermal growth factor, EGF), transforming growth fac-
tor-B (TGFB) receptors, and cell surface integrins, Gal-1 can
trigger epithelial—mesenchymal transition in HCC via non-
canonical activation of the Hedgehog pathway, down-
regulation of E-cadherins, and induction of avB3 integrin-
dependent protein kinase B (AKT) signaling. Gal-1 has also
been reported to associate with a hypoxic microenviron-
ment. For instance, Diego et al proved that in a hypoxic
microenvironment, Gal-1 induced abnormal angiogenesis by
interacting with vascular endothelial growth factor recep-
tor 2 (VEGFR2) and transmembrane glycoprotein neuropilin-
1 (NRP1), which makes it a pivotal role in resistance to
targeted therapy of VEGFR2.'® However, despite these
findings, the specific association and regulatory mechanism
between Gal-1 and hypoxia remain unclear.

mCA is the most prevalent post-transcriptional modifi-
cation in human mRNA and plays a significant role in the
progression of HCC."® m®A modification is dynamically
regulated by methyltransferases, such as methyltransferase

3 (METTL3), METTL14, and Wilms tumor suppressor-1-asso-
ciated protein (WTAP), as well as demethylases like fat mass
and obesity-associated (FTO) and alkane monooxygenase
(AlkB) homolog 5 (ALKBH5). These modifications are recog-
nized by specific RNA-binding proteins, including the YTH
domain-containing family (YTHDF) proteins and insulin-like
growth factor 2 (IGF2) mRNA binding proteins (IGF2BPs).
Previous studies have shown that the hypoxic microenvi-
ronment influences HCC development through m®A modifi-
cations in various ways. For example, the increase of
ALKBH5 mediated by hypoxia microenvironment in HCC
promotes the proliferation and metastasis of HCC cells and
the recruitment of programmed cell death ligand 1 (PD-L1)-
positive macrophages,’’ while YTHDF2 inhibits serpin family
E member 2 (SERPINE2), leading to the disruption of vascular
normalization.?’ However, the connection between Gal-1
and m®A modifications remains unexplored.

In this study, we found that the expression of multiple
méA-modifying enzymes in HCC cells was altered under
hypoxia, and these changes regulated the post-transcrip-
tional modification process of multiple cancer-related genes,
including Gal-1. For the first time, we demonstrated that Gal-
1 expression was mediated by m®A-dependent control. In this
case, ALKBH5 bound to the 5'-UTR region of the Gal-1 mRNA
and demethylated a specific site, while the decline of
YTHDF2 further enhanced the stability of the Gal-1 mRNA.
Furthermore, these regulations were altered by hypoxia-
inducible factors (HIFs), the primary sensor and effector of
hypoxia. In addition, by encapsulating small interfering RNAs
(siRNAs) targeting Gal-1 in lipid nanoparticles (LNPs), we
successfully inhibited the malignant progression of HCC in a
mouse model of insitu liver cancer, suggesting that Gal-1 may
be a useful target for HCC immunotherapy. We believe that
the revelation of the hypoxia-m°A-Gal-1 axis may provide
new ideas for the intervention of HCC.

Methods

Online data download and processing

Clinical data were obtained from The Cancer Genome Atlas
(TCGA), International Cancer Genome Consortium (ICGC),
and Hepatocellular Carcinoma Database (HCCDB) portals.
Patients were divided into high and low Gal-1 expression
groups based on the median expression level. The “limma”
package was used to convert the data to transcripts per
million (TPM) values for differential analysis, which was
used in subsequent analyses.

Patients

Tumor and adjacent liver tissue samples were collected
from 20 patients diagnosed with HCC at the Second
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Affiliated Hospital of Chongging Medical University.
Informed consent was obtained from all patients, and the
study was approved by the Ethics Committee of Chongqing
Medical University.

Cell culture and transfection

The human HCC cell line MHCC-97H was obtained from
Zhongshan Hospital (Shanghai, China), while Hep-3B (cat.
CL-0102) was purchased from Wuhan Pricella Biotechnology
Co., Ltd., Wuhan, China. MHCC-97H cells were cultured in
Dulbecco’s Modified Eagle Medium containing 10% fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL strep-
tomycin (1% pen-strep). Hep-3B cells were cultured in a
specialized medium (Procell, Wuhan, China). Cells sub-
jected to hypoxia were placed in an incubator with 94% N,,
5% CO,, and 1% O, for 24 h. For cell transduction, when cells
reached 70%—80% confluence, 5 uL of siRNA and 4 puL of
Lipo8000 (Beyotime Biotechnology, Shanghai, China) were
added to 125 uL of basal medium, incubated at room
temperature for 20 min, and added to six-well plates. Fresh
complete medium was replaced after 8 h, and cells were
collected 48 h later for further experiments. Gal-1 lenti-
virus was purchased from Oligobio (Beijing, China) and
added to 24-well plates at 30% confluence. Transduced cells
were selected using 2 pg/mL puromycin for 72 h, and
fluorescence intensity was observed under a fluorescence
microscope to confirm successful transfection. The cells
were then cultured in the medium containing 1 pg/mL
puromycin.

CCK-8 assay

HCC cells were inoculated onto 96-well plates overnight.
Cell counting kit-8 (CCK-8) reagent (1:10 dilution) was
added to each well. Cells were incubated for an additional
2 h and then assayed for 450 nm absorbance using an
enzyme-labeled instrument. The experiment was repeated
at least three times. The optical density value represents
proliferation viability.

Colony formation test

Single-cell suspensions were inoculated into 6-well plates
with approximately 400 cells per well. After 14 days of in-
cubation or after forming clusters of cells visible to the
naked eye, cells were fixed in 4% formaldehyde and stained
with crystal violet (0.1%). The number of visible colonies
was counted. Each experiment was performed three times.

EdU cell proliferation test

The cells in each group were cultured in six-well plates.
When the cells grew to 70% coincidence, 5-ethynyl-2’-
deoxyuridine (EdU) at a concentration of 10 M was added,
and incubation continued for 4 h. The cells were then fixed
in paraformaldehyde. 0.3% Triton X-100 was used for cell
permeability. Finally, 4’,6-diamidino-2-phenylindole (DAPI)
was added to stain the nucleus. Fluorescent area analysis
was performed with the image analysis software FIJI.

Migration and invasion assays

Cell migration and invasion assays were performed using
8 um Transwell chambers (NEST, Jiangsu, China). For in-
vasion assays, Matrigel (Solarbio, Beijing, China) was pre-
coated on the upper chamber and incubated at 37 °C
overnight. Complete Dulbecco’s Modified Eagle Medium
containing 20% fetal bovine serum was added to the lower
chamber, and 5 x 10* cells (97H and Hep-3B) in 200 pL
serum-free medium were added to the upper chamber.
After 24 h, the chambers were washed with phosphate-
buffered saline, fixed with paraformaldehyde, and stained
with crystal violet.

Western blotting and quantitative reverse
transcription PCR

For western blotting, cells and tissues were lysed using RIPA
buffer (Beyotime Biotechnology, Shanghai, China) and
sonicated. After centrifugation at 12,000 g, protein con-
centrations were determined using a BCA kit (Beyotime
Biotechnology, Shanghai, China). Gels were prepared using
a fast gel preparation kit (Beyotime Biotechnology,
Shanghai, China), and electrophoretic transfer to PVDF
membranes was performed according to the manufac-
turer’s instructions. Membranes were incubated with pri-
mary antibodies at 4 °C overnight, then washed with Tris-
buffered saline with Tween 20, and incubated with sec-
ondary antibodies at 37 °C for 1 h. Membranes were visu-
alized using high-sensitivity enhanced chemiluminescence
(Bio-Rad, USA), and gray values were analyzed using FlJI
software. For quantitative reverse transcription PCR, total
RNA was extracted using the PrimeScript™ kit (Takara,
Japan) according to the manufacturer’s instructions, fol-
lowed by quantitative reverse transcription PCR. All of the
Western blotting and PCR assays were repeated at least
three times. Antibodies of Gal-1 were purchased from
Abcam (ab138513). Antibodies of ALKBH5 (Cat No: 16837-1-
AP), HIF-20. (Cat No: 83790-1-RR), and YTHDF2 (Cat No:
24744-1-AP) were purchased from Proteintech. HIF-1a was
purchased from Cell Signaling Technology (36169S). The
primers used were as follows: Gal-1: AGTCTTCTGA-
CAGCTGGTGC;  YTHDF2:  GTCAGGGACAAAAGCCTCCG;
ALKBH5: GCACGCGCAT; HIF1a: AGAGGTTGAGGGACGGA-
GAT; Si-Gal-1#1: CCAUCGUGUGCAACAGCAAGG; Si-Gal-1#2:
CGGUGACUUCAAGAUCAAAUG; Si-Gal-1#3: GACGGUGACUU-
CAAGAUCAAA; Si-ALKBH5: GCGCCGUCAUCAACGACUACC; Si-
HIF-1a: GCUGGAGUAUGAAGAGCAAGC; Si-HIF-2a: GCUGGA-
GUAUGAAGAGCAAGC; Oe-Gal-1: LGALS1 PCDH-PURO-
3xFlag; Oe-YTHDF2: TK-PCDH-copGFP-T2A-Puro; Oe—HIF—
1a: HIF1e. PCDH-PURO-3xFlag; Oe—HIF—2a: HIF20. PCDH-
PURO-3xFlag.

Flow cytometry

Digested cells were placed in flow buffer containing 0.05%
phosphate-buffered saline. After incubation with anti-
bodies for 30 min, cells were washed three times with
phosphate-buffered saline and analyzed for molecular
markers using flow cytometry (FlowJo V10 software).
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LNP-siRNA preparation

DLin-MC3-DMA was purchased from Organix (Woburn, Mas-
sachusetts, USA), and DSPC, cholesterol, and DMG-PEG2000
were purchased from Avanti Polar Lipids (Alabaster, Ala-
bama, USA). These lipids were mixed at a molar ratio of 50/
10/38.5/1.5 in ethanol to form the lipid phase. 2'-O-
methyl-modified siRNA was synthesized by Beijing Tsingke
Biotechnology Co., Ltd. and dissolved in 25 mM acetate
buffer (pH = 4.0) to form the aqueous phase. The two
phases were mixed using a Microfluidic chip (Microfluidic
ChipShop, Germany) at a volume flow ratio of 3:1 (water/
ethanol). The mixture was dialyzed overnight in phosphate-
buffered saline to remove ethanol, and the pH was
adjusted to 7.4.

Subcutaneous tumor model and in situ carcinoma
model in nude mice

MHCC-97H cells transduced with Gal-1 lentivirus
(5 x 10° cells/100 puL) were subcutaneously injected into
nude mice. These mice were euthanized when tumors
reached an appropriate size, and tumor samples were
collected. For the orthotopic HCC model, six-week-old
male nude mice were fed for one week, and then MCCH-97H
cells (1 x 10° cells per mouse) were injected into the left
liver lobe. One week later, LNP-siRNA (1 mg/kg) was
administered via tail vein injection every three days for 12
days. Tumor size was monitored using in vivo imaging, and
mice were euthanized for tumor collection. All animal ex-
periments were approved by the Animal Experimentation
Ethics Committee of Chongging Medical University.

mRNA lifetime experiment

MHCC-97H cells were seeded in six-well plates and treated
with 2 pg of actinomycin D. Total RNA was extracted at 0, 2,
4, and 8 h using TRIZOL, and Gal-1 mRNA abundance was
measured by quantitative reverse transcription PCR.

RNA fluorescence in situ hybridization

Fluorescence in situ hybridization was performed using an
mRNA in situ hybridization kit (Shanghai GenePharma Co.,
Ltd., China). Probe buffer was added to the cell samples,
and they were then co-incubated overnight. Gal-1 mRNA
co-localization with ALKBH5 or YTHDF2 was observed under
a confocal microscope, and FlJI software was used for
quantitative analysis.

Immunohistochemistry and immunofluorescence
staining

Human liver cancer tissues or mouse subcutaneous tumor
tissues were embedded in paraffin and sectioned. After
antigen retrieval, the sections were blocked and incubated
overnight with primary antibodies. For immunohistochem-
istry, the sections were washed with phosphate-buffered
saline and incubated with secondary antibodies at room
temperature for 1 h, followed by DAB and hematoxylin

staining. Images were captured, and staining intensity was
evaluated using the IRS immunohistochemistry scoring sys-
tem. For immunofluorescence, after phosphate-buffered
saline washing, sections were incubated with fluorescent
secondary antibodies at room temperature for 1 h, followed
by DAPI staining and imaging.

RNA immunoprecipitation

MHCC-97H and Hep-3B cells (2 x 107) were collected and
processed using the Magna RIP™ RNA-binding protein
immunoprecipitation kit  (Beyotime  Biotechnology,
Shanghai, China) according to the manufacturer’s in-
structions. Cells were lysed, and lysates were divided into
input, IgG, and immunoprecipitation groups. Antibodies or
normal rabbit IgG were added and subjected to incubation
at 4 °C overnight, followed by incubation with magnetic
beads for 3—5 h. RNA-protein complexes were eluted, RNA
was extracted using TRIZOL, and quantitative reverse
transcription PCR was performed.

CUT&RUN assay

MHCC-97H cells (1 x 10%) were collected, and fragmented
DNA was processed using the Hyperactive pG-MNase
CUT&RUN Assay Kit (Vazyme, Nanjing, China). DNA was
collected, and quantitative reverse transcription PCR was
performed using primers designed for the gene promoter
region.

Dual luciferase assay

MHCC-97H cells were seeded in six-well plates. When cells
reached 70%—80% confluence, NC or siRNA was transfected.
Two days later, luciferase reporter plasmids (wt or mut)
corresponding to the target gene sequence (1 ug/mL) were
transfected. After 48 h of incubation, luciferase activity was
measured using the Dual Luciferase Reporter Gene Assay Kit
(Beyotime Biotechnology, Shanghai, China) and compared
between the siRNA-transfected and NC groups.

Statistical analysis

Quantitative data were analyzed using one-way analysis of
variance (ANOVA) or Student’s t-test. Categorical variables
were compared using the chi-square or Fisher’s exact test.
Survival analysis was performed using the Kaplan—Meier
method. Statistical significance was set at p < 0.05
(*p < 0.05, =+p < 0.01, and ===p < 0.001; ns, not sig-
nificant). All data were analyzed using SPSS 24.0 and PRISM
9.0 software.

Results

High Gal-1 expression is associated with HCC
progression

Combined analysis of multiple databases, including HCCDB,
ICGC, and TCGA, revealed that patients with high expres-
sion of Gal-1 had poorer overall survival (Fig. 1A—C).
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Figure 1  High Gal-1 expression is associated with hepatocellular carcinoma (HCC) progression. (A) Kaplan—Meier survival analysis
was performed using the HCCDB database, showing that high Gal-1 expression correlates with shorter overall survival compared
with the low-expression group. (B) The overall survival (OS) of patients with high (n = high) and low (n = low) Gal-1 expression was
compared using Kaplan—Meier survival analysis based on data from the TCGA database. (C) The OS of patients with high (n = high)
and low (n = low) Gal-1 expression was compared using Kaplan—Meier survival analysis based on data from the ICGC database. (D)
The expression of Gal-1 was analyzed in HCC tissues (n = 369) and normal tissues (n = 160) using data from the TCGA database. (E)
The analysis revealed significant differences in Gal-1 expression between the two groups. Comparing Gal-1 expression in HCC and
adjacent tissues using the ICGC database further confirmed the differential expression observed in the TCGA dataset. (F) Immu-
nohistochemical staining for Gal-1 was performed on 20 pairs of HCC tissues and adjacent normal tissues. The staining results
demonstrate a significant increase in Gal-1 expression in tumor tissues compared with adjacent normal tissues. (G) Western
blotting analysis was conducted to compare Gal-1 expression in 10 pairs of HCC tissues and adjacent normal tissues. The results
show a marked increase in Gal-1 protein levels in HCC tissues.

Analysis of differentially expressed Gal-1 in HCC based on
ICGC and TCGA showed significant differences (Fig. 1D and
E). Immunohistochemical analysis (Fig. 1F; Fig. S1A) and
Western blotting (Fig. 1G; Fig. S1B) results confirmed that
Gal-1 expression was significantly elevated in tumor tissues
compared with adjacent normal tissues in HCC patients.
These findings suggest that the high expression of Gal-1
contributes to the malignant progression of HCC.

Gal-1 expression modulates proliferation and
epithelial—-mesenchymal transition in HCC cells

Subsequently, Gal-1 was knocked down in the hepatoma
cell lines MHCC-97H and Hep-3B (Fig. 2A). Following this,

CCK8 assays (Fig. 2B), colony formation assays (Fig. 2C),
and EdU probe assays (Fig. 2D) were conducted to evaluate
cell proliferation. The results indicated that cell prolifer-
ation was significantly inhibited in the Gal-1 knockdown
group compared with the control group. Furthermore, the
knockdown of Gal-1 in HCC cell lines MHCC-97H and Hep-3B
resulted in decreased invasiveness and migration capabil-
ities (Fig. 2E). Western blotting analysis revealed an in-
crease in E-cadherin expression, while N-cadherin and
Vimentin expression were found to be reduced (Fig. 2F).
Furthermore, overexpression of Gal-1 (Fig. 3A) enhanced
the proliferative (Fig. 3B—D) and metastatic (Fig. 3E) ca-
pacities of HCC cells, with concomitant reverse alterations
in the protein expression of epithelial-mesenchymal
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Figure 2  Gal-1 knockdown inhibited the proliferation and epithelial—mesenchymal transition of HCC cells. (A) Gal-1 was knocked
down by siRNA. (B) CCK8 assays were performed on HCC cell lines, and the proliferation process of Gal-1 knockdown cells was
significantly slowed down. (C) Cell colony formation assay showed fewer colonies Si Gal-1 group (n = 3). (D) The EdU probe was
used for MHCC-97 cells to detect the effect of Gal-1 overexpression on HCC proliferation rate (n = 3). (E) Migration and invasion
assays were performed on HCC cell lines (n = 3). Knockdown of Gal-1 significantly reduced the invasive and migratory capabilities
of the cells. (F) Western blotting analysis revealed that Gal-1 knockdown led to an increase in E-cadherin expression and a decrease

in N-cadherin and Vimentin expression.

transition-associated markers (N-cadherin, E-cadherin, and
Vimentin) compared with Gal-1 knockdown (Fig. 3F).

High expression of Gal-1 is associated with m®A
modification

Previous studies have shown that the hypoxic microenvi-
ronment plays a crucial role in liver cancer progression,’
and as a hypoxia-responsive gene, Gal-1 is also affected by
hypoxia. We treated HCC cells with hypoxic conditions and
found that Gal-1 expression significantly increased (Fig. 4A

and B); HCC cells showed a stronger ability of invasion and
metastasis (Fig. S1C and S1D). It was reported that the
hypoxia marker HIF-1a regulated Gal-1 in retinal pigment
epithelium cells,”” and correlation analysis from the TCGA
database also verified the association between HIF-1a and
Gal-1 (Fig. S1E), but our experiments revealed no signifi-
cant binding of HIF-1a to the Gal-1 promoter region in HCC
cells (Fig. S1F). This led us to hypothesize that there may
be some other mechanisms. To find the mechanism of
hypoxia regulating Gal-1, we performed transcriptome
sequencing in hypoxia-treated MHCC-97H cells, and
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Figure 3

Gal-1 overexpression enhanced the proliferation and epithelial—mesenchymal transition of hepatocellular carcinoma

cells. (A) Western blotting showed overexpressed Gal-1. (B) CCK8 assay demonstrated that the proliferation of HCC cells was
significantly up-regulated after overexpressing Gal-1 (n = 3). (C) Cell colony formation assay showed more colonies in the Oe Gal-1
group (n = 3). (D) The EdU probe was used to detect the effect of Gal-1 overexpression on HCC proliferation rate (n = 3). (E)
Migration and invasion assays were performed on HCC cell lines (n = 3) after overexpressing Gal-1 (n = 3). (F) Western blotting
analysis revealed that overexpressing Gal-1 decreased E-cadherin expression and increased N-cadherin and Vimentin expression.

identified 4496 differentially expressed genes (Fig. 4C).
Given our group’s long-standing research on m®A modifica-
tions,?* our Gene Ontology (GO) analysis revealed alter-
ations in mRNA binding and RNA methylation pathways
(Fig. 4D). The expression of a variety of m®A-related en-
zymes changed, including ALKBH5, IGFBP2, YTHDCI1,
YTHDC2, YTHDF2, and METTL14 (Fig. 4E). Of these, IGFBP2,
ALKBH5, and YTHDF2 were highly correlated with Gal-1
(Fig. S2A). By analyzing survival data from TCGA and ICGC
databases, we found that ALKBH5 and YTHDF2 were asso-
ciated with poor prognosis of HCC, while IGFBP2 was not
(Fig. S2B). Therefore, ALKBH5 and YTHDF2 were selected
for follow-up experiments. Western blotting and quantita-
tive PCR results showed that ALKBH5 expression signifi-
cantly increased while YTHDF2 expression significantly
decreased (Fig. 4F and G). Analysis of the Gene Expression

Omnibus data series to elucidate the m°A enzyme-Gal-1
binding mechanism revealed putative binding sites within
the Gal-1 mRNA 5'-UTR (Fig. 4H). Subsequent RNA immu-
noprecipitation-quantitative PCR experiments confirmed
the presence of m®A modifications on Gal-1 mRNA (Fig. 41).
To find their association with Gal-1, we performed co-
expression fluorescence staining of Gal-1 and YTHDF2 or
ALKBH5 in HCC and adjacent tissues (Fig. 4J). We found
that the co-expression of ALKBH5 with Gal-1 was higher in
HCC tissues than in adjacent normal tissues, while YTHDF2
showed the opposite phenomenon. Fluorescence in situ
hybridization experiments in MHCC-97H and Hep-3B cells
revealed the same high degree of co-localization between
ALKBH5/YTHDF2 and Gal-1 mRNA (Fig. 4K). Taken together,
these findings suggest that the expression of Gal-1 may be
regulated by ALKBH5 and YTHDF2.
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Figure 4 High expression of Gal-1 is associated with m®A modification. (A) Western blotting analysis was performed to examine
the effect of hypoxia on Gal-1 protein expression in HCC cells. (B) Quantitative real-time PCR was used to analyze the expression of
Gal-1 mRNA in HCC cells under hypoxic conditions. (C) Whole transcriptome sequencing of hypoxia-treated MHCC-97H cells
identified 4496 differentially expressed genes (DEGs) (n = 3). (D) The bubble plot displays the pathways altered by hypoxia,
highlighting signaling pathways of RNA methylation, mRNA binding, cadherin binding, and cellular response to hypoxia. (E) The
transcriptome sequencing data of MHCC-97H cells under hypoxia revealed significant changes in the expression of m®A-modifying
enzymes. (F) Western blotting analysis indicated that hypoxia significantly altered the expression of ALKBH5 and YTHDF2. (G)
Quantitative real-time PCR results showed significant changes in ALKBH5 and YTHDF2. (H) Analyzing the Gene Expression Omnibus
data series, it was found that there was an mPA site near the peak at the Gal-1 5'-UTR region. (I) RNA immunoprecipitation and
agarose gel electrophoresis assay were conducted to demonstrate the m®A modification of Gal-1 (n = 3). (J) Immunofluorescence
analysis showed co-expression of ALKBH5 or YTHDF2 with Gal-1 in HCC and adjacent normal tissues (n = 3). (K) Fluorescence in situ
hybridization analysis showed co-localization of ALKBH5 or YTHDF2 with Gal-1 mRNA in HCC Cells (n = 3).

ALKBH5 and YTHDF2 cooperatively regulate Gal-1 and 4B). Since the regulation of m®A modification on post-
expression transcriptional modification mainly affected mRNA stability,

actinomycin D experiment was carried out to detect the
Next, we found that the knockdown of ALKBH5 or the half-life of Gal-1 mRNA. The results showed a decline in
overexpression of YTHDF2 inhibited the expression of Gal-1 ~ MRNA stability, explaining the inhibition of Gal-1 (Fig. 5C).
in hepatoma cells, which confirmed our hypothesis (Figs. 54  Further  RNA immunoprecipitation-quantitative ~ PCR
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ALKBH5 and YTHDF2 cooperatively regulate Gal-1 expression. (A) Western blotting analysis showed reduced Gal-1

protein expression after ALKBH5 knockdown or YTHDF2 overexpression. (B) Quantitative real-time PCR analysis demonstrated a
significant reduction in Gal-1 mRNA expression following the intervention of ALKBH5 or YTHDF2. (C) Quantitative real-time PCR
analysis indicated that intervention of ALKBH5 or YTHDF2 reduced the stability of Gal-1 mRNA, leading to a shorter mRNA half-life.
(D) RNA immunoprecipitation experiments confirmed that ALKBH5 and YTHDF2 bound to Gal-1 mRNA in HCC cells. Upon inter-
vention of ALKBH5 and YTHDF2, the binding level to Gal-1 mRNA was significantly reduced. (E) The SRAMP and RMVar online tools
were used to predict potential m®A modification sites on Gal-1 mRNA. (E) Dual-luciferase reporter assay based on the predicted m°A
sites from (B) demonstrated that ALKBH5 was unable to regulate the mutant Gal-1 5'-UTR.

experiments confirmed that ALKBH5 and YTHDF2 bound to
Gal-1 mRNA, and the knockdown of ALKBH5 or the over-
expression of YTHDF2 changed their binding level with Gal-1
(Fig. 5D). At last, bioinformatic prediction in website SRAMP
(http://www.cuilab.cn/sramp) and RMVar (https://www.
rmvar.renlab.org/) identified potential binding sites of
ALKBH5 and YTHDF2 on Gal-1 mRNA (Fig. 5E; Fig. S2C), and
dual-luciferase reporter assays with site-directed muta-
genesis validated the specific binding sites (Fig. 5F). These
results demonstrate that ALKBH5 and YTHDF2 regulate Gal-1
mRNA stability by modulating m®A methylation levels, which
subsequently affects Gal-1 protein expression.

HIFs regulate the expression of ALKBH5 and
YTHDF2

Though we have established the regulatory roles of ALKBH5
and YTHDF2 in Gal-1 expression, it remains unclear how

hypoxia changes this process. It has been reported that the
reduction of YTHDF2 in hypoxic environments is mediated
by HIF-2a. After our intervention on HIF-2a (Fig. 6A—C), we
reconfirmed this theory. However, through the correlation
analysis of the TCGA database, ALKBH5 has no correlation
with HIF-2a, but is significantly correlated with HIF-1a
instead (Fig. S2D). To explore this, we knocked down HIF-1a
and observed a reduction of ALKBH5 through quantitative
PCR and Western blotting, while overexpressing HIF-1o
showed the opposite effect (Fig. 6D—F). As a key factor in
cellular response to hypoxic stress, HIFs function mainly by
regulating the promoter region of downstream proteins as a
transcription factor. So, we conducted CUT&RUN experi-
ments to reveal whether this modulation was present in our
study. Figure 6G showed that HIF-1a bound to the promoter
regions of ALKBH5 when YTHDF2 was regulated by HIF-2a.
Using JASPAR (https://jaspar.elixir.no/), we predicted the
binding site in the promoter area of ALKBH5 and YTHDF2
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knockdown using siRNA in HCC cells. The results showed that knockdown of HIF-2¢. led to a significant rise of YTHDF2, and reduction
of Gal-1. (B) Western blotting analysis was performed after HIF-2a overexpression in HCC cells. (C) Quantitative real-time PCR
experiment was performed after HIF-2a. knockdown or overexpression. (D) Western blotting analysis showed reduction of ALKBH5
and Gal-1 after HIF-1a knockdown. (E) Western blotting analysis was performed after HIF-1o overexpression in HCC cells. (F)
Quantitative real-time PCR experiment was performed after HIF-1o. knockdown or overexpression. (G) CUT&RUN experiments
demonstrated that HIF-1a functioned as a transcription factor by binding to the promoter regions of ALKBH5, and YTHDF2 was
regulated by HIF-2q. (H) Using the JASPAR database, potential HIF binding sites on the promoters of ALKBH5 or YTHDF2 were
predicted. (F) Site-directed mutagenesis of the predicted HIF binding sites on the ALKBH5 promoters (from D) was performed,
which confirmed that HIF-1a. was unable to bind to the mutated ALKBH5, and HIF-2a could not regulate Mut-YTHDF2.

(Fig. 6H; Fig. S2E). After mutating these sites, dual-lucif-
erase reporter assays revealed that HIF-1a lost its control of
mut-ALKBH5, and HIF-2a could not regulate mut-YTHDF2,
either (Fig. 6F). These findings showed that under hypoxic

conditions, HIFs increased in hepatoma cells and altered
the expression of m®A-related enzymes, including ALKBH5
and YTHDF2. HIF-1a mediated the increase of ALKBH5, and
HIF-2a. reduced the expression of YTHDF2. These changes
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jointly mediated the demethylation of downstream Gal-1
mRNA, which further promoted the development of liver
cancer.

Targeting Gal-1 expression inhibits subcutaneous
tumor growth and orthotopic liver cancer
progression in mice

In vivo, firstly, we conducted a subcutaneous tumor for-
mation assay in immunodeficient mice by transducing the
HCC cell line MHCC-97H. Knockdown of Gal-1 significantly
inhibited tumor growth, with the weight of tumors in the
Gal-1 knockdown group being markedly lower than that in
the control group (Fig. 7A). Immunohistochemistry indi-
cated the expression of proliferating cell nuclear antigen
(PCNA), Ki6é7, N-cadherin, and Vimentin wwas reduced,
while E-cadherin expression was increased after Gal-1 was
knocked down (Fig. 7B). Additionally, we developed lipid-
siRNA nanoparticles (LNPs) encapsulating siGal-1, validated
by transmission electron microscopy and particle size
analysis (Fig. 8A and B). Immunostaining and flow cytom-
etry confirmed that LNP-siGal-1 was transduced in MHCC-
97H cells (Fig. 8C and D). In vivo imaging following tail vein
injection showed significant accumulation of LNP-siGal-1 in
the mouse liver (Fig. 8E). These results validated the
feasibility of LNP-siGal-1 as a targeted therapy. Then, we
established an in situ liver cancer model in nude mice and
randomly divided them into the NC group and LNP group,
and injected LNP-siGal-1 or LNP-NC, respectively, within 12
days (Fig. 8F). Figure 8G and H showed that tumor weights
were significantly inhibited, and LNP-siGal-1 treatment
markedly suppressed the pulmonary metastases. Immuno-
fluorescence analysis indicated that LNP-siGal-1 signifi-
cantly reduced Gal-1 levels in vivo, which, in turn,

A B

Sh Gal-1

522 2

IHC Score
o an v »
IHC Score

inhibited epithelial—mesenchymal transition (Fig. 8I).
These findings highlight the potential of Gal-1 as a thera-
peutic target in HCC.

Discussion

Currently, surgical resection is the preferred treatment for
HCC, and it is often effective for early-stage cases.’*
However, due to the asymptomatic nature of HCC in its
early stages, many patients miss the optimal window for
surgery. Patients diagnosed at intermediate or advanced
stages have a low chance of surgical resection, which leads
to poor prognosis.?® Therefore, identifying multiple genetic
targets to explore more effective treatments is crucial. In
this study, we found that Gal-1 showed a significant in-
crease in HCC, which is associated with the hypoxic
microenvironment. Based on previous studies’>?®?’ and
TCGA data analysis, we believe that HIFs may be involved in
the regulation of Gal-1. Our integrated molecular studies
establish, for the first time, m"A-dependent regulation of
Gal-1, mediated by the HIF-1a. and HIF-2a-dependent
pathway involving ALKBH5 and YTHDF2.

First, through the joint analysis of TCGA, ICGC, HCCDB,
and other databases, we found that there were significant
differences in the expression of Gal-1 between HCC and
adjacent normal tissues, and high expression of Gal-1 was
often associated with worse overall survival. These data
highlight the critical role of Gal-1 in HCC progression. In
terms of mechanism, according to a previous study, Gal-1
overexpression up-regulates avB3 integrin, which triggers
the hyperactivation of focal adhesion kinase (FAK)/phos-
phoinositide 3-kinase (PI3K)/AKT signaling pathway, and
then enhances HCC invasion through
epithelial—mesenchymal  transition and  sorafenib

Gal-1 Ki67

N-cadherin Vimentin

Figure 7 Targeting Gal-1 expression inhibits subcutaneous tumor growth. (A) In vivo experiments demonstrated that knockdown
of Gal-1 significantly inhibited the growth of MHCC-97H cells in nude mice. (B) Immunohistochemical analysis revealed that Gal-1
knockdown led to an increase in E-cadherin expression and a decrease in Ki6é7, PCNA, N-cadherin, and Vimentin expression.
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Figure 8 Targeting Gal-1 expression inhibits orthotopic liver cancer progression in mice. (A) Transmission electron microscope
images were captured to visualize the structure of LNP-siGal-1 after its assembly. (B) Particle size analysis of LNP-siGal-1 was
performed to assess the size distribution of the assembled nanoparticles. (C) Confocal immunofluorescence microscopy confirmed
the successful internalization of LNP-siGal-1 into MHCC-97H cells. (D) Flow cytometry was used to track the internalization of LNP-
siGal-1 into MHCC-97H cells. (E) Biodistribution analysis showed the accumulation of LNP-siGal-1 in different organs following
systemic administration. (F) In vivo imaging of mice treated for 12 days with LNP-siGal-1 demonstrated significant differences in
fluorescence signals, indicating effective delivery and accumulation of the nanoparticles in liver. (G) LNP-siGal-1 treatment
significantly reduced the tumor volume in a mouse orthotopic liver tumor model. Hematoxylin-eosin staining of HCC tissues from
mice treated with LNP-siGal-1 and LNP-NC showed marked differences in tumor architecture. (H) In vivo imaging and hematoxylin-
eosin staining of HCC lung tissues indicated that LNP-siGal-1 reduced tumor metastasis. (I) Immunofluorescence analysis of HCC
tissues confirmed that treatment with LNP-siGal-1 resulted in reduced Gal-1 expression. Additionally, the expression levels of
epithelial—mesenchymal transition markers Vimentin and N-cadherin were significantly decreased in the LNP-siGal-1 group.

resistance.”® This study is consistent with our findings on hypoxia; it has been reported in earlier studies that HIF-1a
Gal-1 promoting epithelial—mesenchymal transition. In can bind to the gene promoter region of Gal-1 in colorectal
addition, our experiments also confirmed that Gal-1 could cancer cells and acute myeloid leukocytes, but the specific
promote the proliferation of hepatoma cells. binding sites and regulatory mechanisms are different. In

Hypoxia, on the other hand, is an important feature of colon cancer cells, HIF-1a directly binds to Gal-1 on the
the tumor microenvironment in solid tumors, and it has gene transcription start site from —441 bp to —423 bp,%¢
been considered a major regulator of Gal-1 in tumors for a while in acute myeloid leukocytes, HIF-1a. and C/EBP-« co-
long time.?’ HIFs are the major factors in cell response to regulate the expression of Gal-1 by binding to its gene
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transcription start site from —42 to —48 bp.?” These results
suggest an important correlation between HIFs and Gal-1,
but its specific regulatory mechanism may be diverse in
different tumor cells. In our study, from the TCGA database
information, we found that HIF-1a was also correlated with
Gal-1 in HCC, but CUT&RUN experiments showed that HIF-
10. did not directly bind to the gene promoter region of Gal-
1 in hepatoma cells, suggesting other regulatory mecha-
nisms may exist.

Recent studies have shown that a hypoxic microenvi-
ronment often causes the dysregulation of m°A methyl-
ation, which is closely related to the progression of HCC.>°
Li et al have demonstrated that HIF-1o up-regulates m®A
reader YTHDF1 under hypoxic conditions, then YTHDF1
promotes the transcription of ATG2A and ATG14, and in turn
enhances the autophagy of hepatoma cells.>" A hypoxia-
responsive IncRNA, AC115619, has also been found to
encode a micropeptide called AC115619-22AA, which binds
to WTAP and blocks the assembly of the m®A methyl-
transferase complex, and this process results in inhibiting
HCC progression.®? These studies suggest that hypoxia af-
fects HCC progression through a variety of molecules and
different regulatory mechanisms that are related to m®A.
However, is the expression of Gal-1 also affected by m°A
modification?

In previous studies, Gal-1 has never been reported to be
regulated by any m®A-modifying enzymes. For the first
time, we speculate that the changes of Gal-1 under hypoxic
conditions may be related to m®A modification. After full-
length transcriptome sequencing of MHCC-97H cells under
hypoxia, we noted significant changes in the RNA methyl-
ation pathway and mRNA binding pathway, as well as
changes in the expression of multiple m®A modification-
related enzymes. We then found a close association be-
tween ALKBH5/YTHDF2 with Gal-1 in HCC, and they were
both associated with poor prognoses in HCC patients.
However, the difference is that the high expression of
ALKBH5 usually reduces the methylation level of mRNA,
thus reducing the binding probability of the reader, while
the decrease of YTHDF2 directly reduces its binding prob-
ability with mRNA. Both cases will reduce the efficiency of
YTHDF2 transporting mRNA to the RNA degrader and
improve the stability of mRNA. In this way, the expression
of cancer-related genes was promoted.>* After testing the
half-life of Gal-1 mRNA after knocking down ALKBH5 and
overexpressing YTHDF2, the results confirmed that Gal-1
mRNA stability was reduced, which implies that the over-
production of Gal-1 in HCC is closely due to the demethy-
lation of mPA modification. RNA immunoprecipitation-
quantitative PCR verified the binding of ALKBH5 and
YTHDF2 to Gal-1, and RMvar and SRAMP online tools were
used to predict the binding sites, and dual luciferase assay
identified the m®A modification site in Gal-1 5'-UTR.

Combined with the above conclusions, we found that
hypoxia regulated ALKBH5 and YTHDF2, which in turn
caused the change of Gal-1 expression. But how does hyp-
oxia affect the m®A modification of HCC cells in the specific
mechanism? HIFs, as the initiating sensor and effector of
the hypoxia process, may provide the answer. In the next
step, based on the specific sites predicted by JASPAR, dual
luciferase assay was conducted to confirm HIF-1a/s binding
to the promoter region of ALKBH5 and HIF-24s binding to

the promoter region of YTHDF2. However, the effects they
produced were opposite. HIF-1o positively regulated
ALKBH5, while HIF-2a functioned as a transcription factor
and inhibited the expression of YTHDF2. However, in sight
of the disease, both the increase of ALKBH5 and the
decrease of YTHDF2 promote the development of liver
cancer.?%2" This trend reflects the complexity and synergy
when hypoxia regulates hepatoma cells.

Notably, transcriptomic analysis of hypoxic HCC cells
identified altered expression of multiple m®A-modifying
enzymes. While our study focuses on ALKBH5 and YTHDF2,
other enzymes may contribute to HCC pathogenesis through
distinct mechanisms. Existing literature indicates that
METTL3 is significantly up-regulated in HCC tissues and
correlates with poor prognosis.>* Furthermore, METTL3 has
been demonstrated to be regulated by hypoxia in colorectal
cancer,® non-small cell lung cancer,® and renal cell car-
cinoma.®” Thus, it is plausible that hypoxia-driven dysre-
gulation of METTL3 also promotes malignant transformation
in HCC cells. The hypoxic regulation of FTO involves more
complex pathways. FTO can be modulated by sirtuin 1
(SIRT1) to exert oncogenic effects via the G protein subunit
alpha 01 (GNAO1) axis.*® Alternatively, it may inhibit
degradation of glycoprotein non-metastatic melanoma
protein B (GPNMB), thereby attenuating CD8" T cell-medi-
ated cytotoxicity against HCC cells.>’ These findings
collectively establish FTO as a critical role in HCC pro-
gression. It is noteworthy that hypoxic regulation of both
SIRT1 and GPNMB has been partially documented.***
Probing FTO’s potential role within these established
pathways may yield deeper insights into the hypoxic tumor
microenvironment of HCC.

A study published earlier found that the intervention of
Gal-1 affected multiple pathways related to liver cancer
tissue location using AAV9 to overexpress or silence Gal-1.
These pathways include regulation of translational mech-
anisms within tumors, interactions between CD45 cells,
tumor margin stroma formation, and metastatic T cell
populations.* In our study, we used shGal-1 MHCC-97H cells
to establish a subcutaneous tumor model in nude mice, and
found that the intervention of Gal-1 not only affected the
proliferation markers like PCNA and Kl67, but also
epithelial—mesenchymal transition markers N-cadherin, E-
cadherin, and Vimentin. LNP is a non-viral lipid-based de-
livery system, with the advantages of safety, tolerability,
ability to re-dose, large genetic cargo, ease of design, and
straightforward manufacturing processes. It may well
become dominant.”* A recent study successfully amelio-
rated and reversed the progress of pulmonary fibrosis by
encapsulating runt-related transcription factor-1 siRNA
(siRUNX1) into lung-targeting LNP.** In our study, we
designed LNPs encapsulating Gal-siRNA and labeled them
with Cy5. By electron microscopy and particle size analysis,
we confirmed that LNP-siRNA was successfully encapsu-
lated. IF and flow cytometry also showed that LNP-siRNA
was successfully transfected into MHCC-97H, and in vivo
imaging after tail vein injection of LNP-siRNA showed that
LNP-siRNA could be successfully enriched in the mouse liver
after tail vein injection of LNP-siRNA. Finally, immunoflu-
orescence analysis confirmed that LNP-siRNA effectively
targeted Gal-1 in vivo, and it decreased the expression of
N-cadherin and Vimentin and increased the expression of E-
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Figure 9 Schematic diagram of this study. HIF-1a regulates
the expression of ALKBH5, and HIF-2« regulates the expression
of YTHDF2; these mechanisms drive hypoxia-induced malig-
nancy of hepatocellular carcinoma by promoting Gal-1 trans-
lation. In brief, the up-regulation of Gal-1 in HCC is positively
related to ALKBH5 and YTHDF2.

cadherin, which further confirmed that Gal-1 could be a
viable therapeutic target for HCC.

In conclusion, our study highlighted the importance of
Gal-1 as a therapeutic target for HCC, and we also explored
the upstream regulatory mechanisms of Gal-1 in the hyp-
oxia microenvironment of HCC. HIFs up-regulated the
expression of Gal-1 through ALKBH5 and YTHDF2 in an m°A-
dependent manner, driving the proliferation and
epithelial—mesenchymal transition of hepatoma cells, and
promoting the progression of HCC (Fig. 9).
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