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Purpose: One of the novel cell sources of cell-based liver regenerative medicine is human chemically-derived hepatic
progenitors (hCdHs). We previously established this cell by direct hepatocyte reprogramming with a combination of small
molecules (hepatocyte growth factor, A83-01, CHIR99021). However, there have been several issues concerning the
cell’s stability and maintenance, namely the occurrences of epithelial-mesenchymal transition (EMT) that develop fibrotic
phenotypes, resulting in the loss of hepatic progenitor characteristics. These hepatic progenitor attributes are thought to
be regulated by SOX9, a transcription factor essential for hepatic progenitor cells and cholangiocytes.

Methods: To suppress the fibrotic phenotype and improve our long-term hCdHs culture technology, we utilized the
epigenetic modulating drugs DNA methyltransferase inhibitor (5-azacytidine) and histone deacetylase inhibitor (sodium
butyrate) that have been reported to suppress and revert hepatic fibrosis. To confirm the essential role of SOX9 to our cell,
we used clustered regularly interspaced short palindromic repeats-interference (CRISPRI) to repress the SOX9 expression.
Results: The treatment of only 5-azacytidine significantly reduces the fibrosis/mesenchymal marker and EMT-related
transcription factor expression level in the early passages. Interestingly, this treatment also increased the hepatic
progenitor markers expression, even during the reprogramming phase. Then, we confirmed the essential role of SOX9 by
repressing the SOX9 expression with CRISPRi which resulted in the downregulation of several essential hepatic progenitor
cell markers.

Conclusion: These results highlight the capacity of 5-azacytidine to inhibit EMT-driven hepatic fibrosis and the significance
of SOX9 on hepatic progenitor cell stemness properties.
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INTRODUCTION

The liver is one of the most vital organs in our body with
a special capability to regenerate on its own, enabling it to
recover from injury or disease, and therefore maintain its
essential physiological and biological functions [1]. This unique
regenerative capability is known to be attributed, in part,
to hepatic progenitor cells, which can be derived from both
hepatocytes and cholangiocytes [1,2]. This specific type of
cell possesses the potential to be differentiated into various
hepatic cells and contributes to liver tissue regeneration after
its subsequent damage [3]. However, this regeneration by the
hepatic progenitor cells is often hindered by many factors, such
as epithelial-mesenchymal transition (EMT)-driven fibrogenesis
[4]. This process could lead to excessive accumulation of fibrous
tissue, impaired liver function, and ultimately, various end-
stage liver diseases such as liver fibrosis, cirrhosis, and cancer
[5]. Therefore, novel strategies to inhibit EMT are essential
to enhance the regenerative potential of hepatic progenitor
cells for effective regenerative medicine options and improved
therapeutic outcomes [6].

Epigenetic modulation has recently emerged as a promising
therapeutic option that could manipulate cell function and
behavior [7]. This specific class of drugs, which target and
modify various epigenetic states such as DNA methylation and
histone modification [8], can change the hepatic cell state by
cellular reprogramming due to alteration of gene expression
profile and signaling pathways [9]. In addition, it is thought
that EMT is driven by a number of epigenetic factors that
lead to cellular plasticity change [10], particularly in cancer
metastasis that enables polarized immotile epithelial cells to
gain fibroblast-like mesenchymal abilities, such as enhanced
motility [11].

Liver transplantation remains the gold standard treatment
for many end-stage liver diseases [12]. However, there have
been many research efforts that aim to replace this such as
hepatocyte transplantation [13,14]. It is known that this method
has similar drawbacks to previous organ transplantations,
for which many research efforts have been attempting to
develop various alternatives for hepatocytes as the cell source
for transplantation [2,15]. Previously, we have reported the
generation of human chemically-derived hepatic progenitor cells
(hCdHs) that could be robustly expanded from human primary
hepatocytes (hPHs) [2]. This cell has demonstrated significant
potential as a regenerative medicine [16], novel ex vivo gene
therapy method [17], disease modeling, and drug screening
platform [18]. However, there have been some drawbacks to the
hCdHs, namely the incidence of cellular morphological change
to fibroblast-like cells and a lower efficiency in generating
hCdHs from elderly patients.

In this study, we utilized 2 specific classes of epigenetic

modulating drugs (epidrugs) that have been reported to
rejuvenate elderly primary hepatocytes [19] and increase the
regenerative potential of these cells, DNA methyltransferase
inhibitor 5-azacytidine (5-Aza), and histone deacetylase
inhibitor sodium butyrate (NaB) [20]. These epidrugs, especially
5-Aza, have been reported and used clinically to alleviate
fibrosis in various organs, as well as various diseases. We
hypothesize that this drug could also have potential to inhibit
EMT-driven fibrogenesis in hCdHs cells as well as rejuvenating
its hepatic stem cell properties. In addition, we suggest that
SOX9, a transcription factor that is highly related to hepatic
progenitor cells [21] and cholangiocytes [22], is essential to
hCdHs generation and maintenance.

METHODS

Ethics statement
The study was approved by the Institutional Review Board

of Hanyang University (No. HYUH201711012020-HE001) and
written informed consent were obtained from all research
participants.

Isolation of primary hepatocyte from human

clinical sample or C57BL/6 mouse
Human liver tissue fragments were obtained and isolated

from 3 hepatectomy patients who underwent surgical treatment
for various reasons at Hanyang University Medical Center in
Seoul, Korea (Supplementary Table 1). The isolation of mouse
primary hepatocytes or hPHs followed a previously published
method [2,17,23]. For mouse samples, the livers were perfused
in vivo through a portal vein. For human samples, hPHs were
isolated with a perfusion pump (BT100-1F, Dongbang Hitech)
using 2-step perfusion as follows; first, perfuse the sample with
warmed liver perfusion solution supplemented with tris-EDTA
(Sigma-Aldrich); second, continue with enzymatic digestion
by perfusion of collagenase/elastase mixture (Worthington
Biochemical) and calcium chloride solution (Sigma-Aldrich).
Next, the digested tissue was minced with a surgical blade and
filtered with a 100-um cell strainer (Corning) to isolate the
single-cell hPH suspension. Lastly, viable and live hPHs were
sorted by 25% Percoll (GE Healthcare) isodensity centrifugation
and seeded on a 10-cm’ dish collagen-coated plate (Advanced
BioMatrix) in William's E Media Gibco with Primary Hepatocyte
Maintenance Supplement (Gibco) supplementation.

Generation of chemically-derived hepatic

progenitors from primary hepatocytes
Following the primary hepatocytes isolation from the clinical

sample or C57BL/6 mouse, the seeded primary hepatocytes
were incubated with HGF, A83-01, and CHIR99021 (HAC)
reprogramming medium consisting of DMEM/F12 + GlutaMax
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(Gibco) supplemented with: 1% fetal bovine serum (Gibco), 10-
mM nicotinamide (Sigma-Aldrich), 1% insulin-transferrin—
selenium (Gibco), 1% penicillin/streptomycin (Gibco), 0.1-uM
dexamethasone (Sigma-Aldrich), 20-ng/mL human recombinant
epidermal growth factor (Peprotech), 20-ng/mL human
recombinant hepatocyte growth factor (HGF) (Peprotech), 3-uM
CHIR-99021 (Sigma-Aldrich), and 4-uM A83-01 (Sigma-Aldrich),
according to the protocol reported by Kim et al. [2]. After cell
confluency reached 80%-90%, the cells were passaged by
TrypLE Select enzyme (Gibco) and 5 X 10° cells were reseeded
into a new 10-cm” collagen-coated dish.

In vitro epigenetic modulating drugs treatment
For treatment with epidrugs during the hCdHs generation,

William's E Media was supplemented with 0.5-uM 5-Aza
(Sigma-Aldrich) for 16-24 hours. During the reprogramming
period, cells were treated with single or combination epidrugs
of 05 uM 5-Aza and 0-100 uM NaB (Sigma-Aldrich) for the first
48 hours. After passage, the cells were re-treated with only
epidrugs NaB for the first 48 hours.

Real-time quantitative PCR
Total RNA was isolated from cell pellets using TRIZOL

Reagent (Invitrogen). Complimentary DNA (cDNA) was reverse
transcripted with Transcriptor First Strand ¢cDNA Synthesis
Kit (Roche) from 1-ug isolated total RNA. Real-time (RT) PCR
was performed with gene-specific primers (Supplementary
Table 2) using PCR PreMix (Dyne Bio) using CFX Connect RT-
PCR Detection System (BioRad) according to the manufacturer's
recommendation. PCR conditions were 40 cycles of 95 °C
for 20 seconds and 60 °C for 40 seconds. Expression levels
were normalized to GAPDH housekeeping gene expression
level. Fold differences were calculated by the AACt method.
All quantitative data are presented with triplicate (n =
3) as the mean * standard error of mean with P-values.
Statistical significance was evaluated by 2-tailed t-test with the
significance at P < 0.05, P < 0.01, and P < 0.001.

Targeted modification of SOX9 expression level by
clustered regularly interspaced short palindromic

repeats-interference
To construct single guide RNA (sgRNA)-expressing plasmids,

complementary oligos representing the target sequences were
annealed and cloned sgRNA plasmid. The oligos are listed in
Supplementary Table 3.

Electroporation was performed using a Neon Transfection
System (Thermo Fisher). Using the Neon Transfection System,
mouse CdHs (mCdHs; 1 X 10’ cells) were transfected with
25 pg of dCASO-KRAB (clustered regularly interspaced short
palindromic repeats-interference, CRISPRi) plasmid (Addgene
#110820) and 2.5 pg of corresponding SOX9 targeting sgRNA

plasmid with the following parameters: voltage, 1,200; width, 50
ms; and number, 1. Then, the transfected cells were cultured in
a reprogramming medium for cell expansion and, after several
days, cells could be harvested for subsequent transcriptome
analysis.

RESULTS

Effect of epigenetic modulating drugs on the
generation of human chemically-derived hepatic

progenitors from human primary hepatocytes
In this study, we utilized a 2-step perfusion method to isolate

hPHs from human liver tissue. These hPHs were subsequently
cultured in a reprogramming medium, supplemented with a
specific small molecule cocktail comprising HGF, A&3-01, and
CHIR99021 (referred to as HAC), as previously described by Kim
et al. [2]. To further enhance the reprogramming process, we
introduced epidrugs, specifically 5-Aza and NaB, in 5 distinct
concentrations into the HAC media (referred to as HAC+) (Fig.
1A).

Intriguingly, our efforts yielded the successful generation of
proliferative hCdHs from hPHs, starting as early as day 2 after
reprogramming with the HAC+ reprogramming media. We did
not observe any deleterious or side effects of epidrugs treatment
on the hCdHs cells, as they exhibited similar epithelial-like
typical phenotype to the hCdHs cultured in the HAC media (Fig.
1B).

Subsequently, since we could not observe any obvious impact
of the epidrugs on the cell phenotype, our investigation delved
into the transcriptome profile of these reprogrammed cells,
with a particular focus on the expression of hepatic progenitor
markers (epithelial cell adhesion molecule [EpCAM] and SOX9),
EMT transcription factors (twist family bHLH transcription
factor 1, TWIST1), and mesenchymal markers (collagen type i
alpha 1 chain, COL1A1). Notably, treatment with 5-Aza resulted
in a significant upregulation of EpCAM and SOX9 expression
levels, while the dual treatment with NaB specifically
increased the expression of SOX9 but not EpCAM (Fig. 1C).
Moreover, 5-Aza treatment led to a significant reduction in
TWIST1 transcription factor expression (Fig.1D), consequently
downregulating COL1A1 expression (Fig. 1E). In contrast,
treatment with NaB resulted in the comparable expression level
of TWIST! and significant upregulation of COL1A1 compared to
the baseline HAC media and treatment with 5-Aza (Fig, 1D, 1E).

Taken together, our findings suggest the potent impact of
5-Aza treatment in enhancing hepatic progenitor cell markers
and simultaneously inhibiting EMT by downregulating TWIST1
transcription factor, shedding new light on the potential
of reprogramming strategies in the context of regenerative
medicine.
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Fig. 1. Effect of epigenetic modulating drugs (epidrugs) on the cellular reprogramming of human primary hepatocytes (hPHs)
generation into human chemically-derived hepatic progenitors (hCdHs). (A) Scheme of the generation of hCdHs perfused hPHs
with the treatment of epidrugs 5-azacytidine (5-Aza) and sodium butyrate (NaB). (B) Brightfield imaging of the reprogramming
process of hCdHs with epidrugs treatment with different drug concentrations (5-Aza, 0.5 uM; NaB, 0-100 uM). Scale bars, 100 um.
(C-E) Relative messenger RNA (MRNA) expression level of hepatic progenitor markers (EpCAM, SOX9) (C), epithelial-mesenchymal
transition-related transcription factor (TWIST1, SNAI1) (D), and mesenchymal marker (COLTAT1) (E). Values are presented as mean
+ standard error of mean in triplicates (n = 3). HAC, HGF, A83-01, CHIR-99021; HGF, hepatocyte growth factor; EpCAM, epithelial
cell adhesion molecule; SOX9, SRY-box transcription factor 9; SNAIT, Snail family transcriptional repressor 1; TWISTT, twist family
bHLH transcription factor 1; COL1AT1, collagen type | alpha 1 chain; NS, not significant. *P < 0.05 and ****P < 0.001, by 2-tailed
t-test.
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Impact of epigenetic modulating drugs on the
human chemically-derived hepatic progenitors
maintenance and inhibition of epithelial-

mesenchymal transition-driven fibrogenesis
Subsequently, we determined the effects of epidrugs on the

in vitro maintenance of hCdHs over an extended duration.
It came to our attention that in the prolonged cultivation of
hCdHs, a concerning phenomenon emerged—the development
of fibrogenic features that transformed these cells into fibrotic
hCdHs, thus undermining their differentiation capabilities
(Fig. 2A). This problem led us to hypothesize that EMT may be
the driving force behind this fibrogenesis. In light of this, the
hCdHs were treated with 5-Aza or NaB for 48 hours after each
passage (@ in Fig. 2B) and then continued to be cultured in HAC
culture media without epidrugs until the confluence reached
~00% (b’ in Fig, 2B).

Following the long-term passage with epidrug treatment,

A hCdHs Fibrotic hCdHs B

ASTR

those cells treated only with 5-Aza retained their typical
morphology of epithelial and hepatic progenitor cell features
and exhibited minimal evidence of early fibrogenesis (Fig.
2Q). In stark contrast, cells exposed to NaB displayed a more
distinct fibrotic phenotype when compared to their untreated
counterparts and cells treated solely with 5-Aza. Moreover, the
administration of high concentrations of NaB resulted in the
premature senescence of the hCdHs.

Further corroborating the pivotal role of 5-Aza in sustaining
the hCdHs, our RT-quantitative PCR transcriptome analysis
unequivocally demonstrated a significant increase in the
expression of EpCAM in the treated hCdHs cells. Conversely,
high-dose NaB treatment (NaB >50 uM) exerted a suppressive
effect on the expression of EpCAM and SOX9. In contrast,
50-uM NaB increases EpCAM expression level (Fig. 2D), but
significantly increases the expression level of both TWIST1 and
SNAI1 (Fig. 2E). Additionally, our analysis revealed that 5-Aza
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Fig. 2. Epigenetic modulating drugs (epidrugs) inhibit epithelial-mesenchymal transition (EMT)-driven fibrogenesis by
regulating the EMT transcription factors SNAIT and TWIST1. (A) Brightfield imaging of human chemically-derived hepatic
progenitors (hCdHs) and fibrotic hCdHs. (B) Schematic image of the treatment of 5- azacytidine (5-Aza) and sodium butyrate
(NaB) on the long-term maintenance and culture of hCdHs. (C) Brightfield imaging of the long-term culture and expansion of
hCdHs treated with epidrugs with different drug concentrations on day 2 and day 5 after passaging. Scale bars, 100 pm. (D-F)
Relative messenger RNA (MRNA) expression level of hepatic progenitor markers (EpCAM, SOX9) (D), EMT-related transcription
factor (TWISTT, SNAIT) (E), and mesenchymal marker (COLTAT1) (F). Values are presented as mean + standard error of mean
in triplicates (n = 3). HAC, HGF, A83-01, CHIR-99021; HGF, hepatocyte growth factor; EpCAM, epithelial cell adhesion
molecule; SOX9, SRY-box transcription factor 9; SNAIT, Snail family transcriptional repressor 1; TWISTT, twist family bHLH
transcription factor 1; COLTA1, collagen type I alpha 1 chain; NS, not significant. *P < 0.05 and ****P < 0.001, by 2-tailed

t-test.
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Fig. 2. Continued.

treatment significantly reduced the expression levels of SNAII
and TWIST1 transcription factors (Fig. 2E), consequently leading
to a reduction in COL1A1 transcription (Fig. 2F).

Collectively, our findings reaffirm the substantial influence
of 5-Aza on the preservation of hepatic progenitor cell
traits in hCdHs, while concurrently mitigating EMT-driven
fibrogenesis. Notably, our investigation also unveiled the
adverse consequences of the combined treatment of 5-Aza with
NaB. This combination treatment triggered an exacerbation of
EMT, which in turn activated SNAI1 and TWIST1, ultimately
culminating in cellular senescence.

Essential role of SOX9 to mouse chemically-
derived hepatic progenitors hepatic progenitor

characteristics
Our investigation extended to a comprehensive analysis of

the pivotal role of the transcription factor SOX9 to the hepatic
progenitor traits of mCdHs. Utilizing novel CRISPRi techniques,
we executed a precise and deliberate knockdown of SOX9
expression at the transcriptional level. To achieve this, we
delivered the catalytic inactive CRISPR-associated 9 protein
fused with Kriippel associated box (KRAB) domain (dCas9-
KRAB) plasmid alongside the corresponding SOX9- transcription
start site targeting sgRNA via electroporation (Fig, 3A, B).

Following the transfection, we monitored the cellular
responses for 3-5 days. Firstly, we confirmed that the dCas9-
KRAB transduction without any sgRNA (sgRNA-) did not cause
any significant negative impact on the cell proliferation rate
and phenotype (@ in Fig. 3C). Intriguingly, we observed no
distinctive alterations in the cell morphology post-transfection
(@' in Fig. 3C). Nevertheless, a significant change of the rate of
cell proliferation was observed with the most notable effects
found in cells targeted with sgRNA #4 and #5 (b’ in Fig. 3C).

Furthermore, we conducted RT-PCR analyses to provide
quantitative insights into the transcriptional impact of our
SOX9 knockdown strategy. Importantly, we observed a
significant reduction in SOX9 transcription levels, particularly
in cells targeted with sgRNA #4 and #5 (Fig. 3D). This notable
downregulation of SOX9 corresponded with a concurrent
reduction in the expression of several key genetic markers
characteristic of mCdHs, including alpha fetoprotein (AFP),
keratin 7 (KRT7), EpCAM, and cluster of differentiation 44
(CD44) (Fig. 3D). Moreover, it also exhibited a substantial
influence on the expression of hepatic markers such as albumin
and hepatocyte nuclear factor 4 alpha (HNF4A) (Fig. 3E). Taken
together, these findings indicated the essential role of SOX9 to
the hepatic progenitor traits of mCdHs.
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DISCUSSION

The initial findings in this study are centered around the
reprogramming of hPHs into proliferative hepatic progenitor-
like cells (hCdHs). This process is significant in the context
of regenerative medicine in the hepatobiliary area, where the
generation of functional hepatic cells from readily available
sources, such as hPHs, has substantial therapeutic potential.
The success achieved in reprogramming hPHs into hCdHs with
the combination of growth factors (HGF, A83-01, and CHIR9902)
and epidrugs (5-Aza and NaB) is a particularly noteworthy
breakthrough in the regenerative medicine field.

The supplementation of epidrugs appears to play a critical
role in the success of this reprogramming strategy. Epidrugs
have been recognized for their capacity to modulate gene
expression by influencing DNA methylation and histone
modifications [24], as well as being recently used to clinically
treat various liver diseases like fibrosis and nonalcoholic

ASTR

steatohepatitis [25]. In this context, their use is associated with
enhanced proliferation of hCdHs and a marked inhibition of
EMT. The emergence of early-stage colonies within just 2 days
of epidrug supplementation underscores their importance in
this process. The control of EMT is of great significance since it
affects the transformation of epithelial cells into mesenchymal
cells, a process relevant to both development and tissue repair.
The investigation into the long-term maintenance of hCdHs
following epidrugs treatment sheds light on an important
aspect of regenerative medicine—sustaining the desired
cellular characteristics over time. Here, the study revealed that
while 5-Aza treatment allows for the maintenance of epithelial
and hepatic progenitor traits in hCdHs, combinational NaB
treatment presents a unique challenge. High concentrations
of NaB led to a fibrotic phenotype and, notably, cellular
senescence. These findings underlined the need for cautious
consideration of epidrugs selection, dosage, and their long-term
effects when devising strategies for the in vitro maintenance of

A
CRISPRI
dCas9-KRAB
transfection
SOX9-targeting
sgRNAs
B . ) .
SOX9 Tss site targeting sgRNA candidates (mouse)_1,4,5 (350 bp)
100 150 200 250 300 350
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(a)

®

Fig. 3. Clustered regularly interspaced short palindromic repeats-interference (CRISPRi)-mediated SOX9 knockdown
demonstrates SOX9 essential role as a transcription factor of mouse chemically-derived hepatic progenitors (mCdHs). (A)
lllustration of the SOX9 repression by CRISPRi electroporation. (B) SOX9 genome map shows the single guide RNA (sgRNA)
target site (sgRNA#1, #4, and #5) relative to its transcription start site. (C) Brightfield imaging of the impact of SOX9 repression
by CRISPRi with and without sgRNA transfection on mCdHs. Scale bars, 100 um (a) and 500 pm (b). Relative messenger
RNA (mRNA) expression level of hepatic progenitor markers (SOX9, AFP, KRT7, EpCAM, CD44) (D) and hepatic marker (ALB,
HNF4A) (E). Values are presented as means + standard error of mean in triplicates (n = 3). AFP, alpha-fetoprotein; KRT7, keratin
7; EpCAM, epithelial cell adhesion molecule; CD44, cluster of differentiation 44; ALB, albumin; HNF4A, hepatocyte nuclear

factor 4 alpha. *P < 0.05 and ****P < 0.001, by 2-tailed t-test.
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Fig. 3. Continued.

hepatic progenitor cells.

The observed impact of NaB on cellular senescence is
particularly intriguing. Cellular senescence, often characterized
by the irreversible loss of cell proliferation and cell-cycle
arrest [26], is a phenomenon relevant not only in regenerative
medicine but also in aging and disease processes. The data
presented here provide insight into the dual-edged nature
of epidrugs interventions. While they can be beneficial for
enhancing cellular reprogramming and inhibiting EMT by
partially resetting the cellular epigenetic memory, particularly
DNA methylation as seen with 5-Aza treatment, they may
also exert deleterious effects, as evidenced by the senescence
and decreases in hepatic progenitor markers induced by high
concentrations of NaB.

The third section of this study delves into the important
role of the transcription factor SOX9 in shaping the hepatic
progenitor characteristics of mCdHs. Utilizing CRISPRi,
SOX9 expression was methodically knocked down at the
transcriptional level. The results of this experiment showed
a cascade of significant effects. While no substantial changes
in cell morphology were observed post-transfection, an
evident shift was noticed in cell proliferation, particularly in
cells targeted with sgRNA #4 and #5. This implies a direct
association between SOX9 expression and the regulation
of cell proliferation, which is in line with the crucial role of
SOX9 in liver cancer stem cells’ self-renewal, pluripotency, and
tumorigenicity [27].

The consequences of this downregulation were further
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characterized by transcriptomic analysis. It led to a decrease
in the expression of several important genetic markers
characteristic of mCdHs, including AFP, EpCAM, CD44, and
KRT7. Moreover, the expression of hepatic markers such as
albumin and HNF4A was also considerably reduced. These
findings solidify the crucial role of SOX9 in determining and
maintaining liver regeneration by hepatic progenitor cells
[28], offering crucial insights into the molecular mechanisms
underlying liver regeneration, hepatocyte differentiation,
and long-term mCdHs maintenance. Further studies may
be required to understand the essential role of additional
transcription factors other than SOX9 to the CdHs.

In summary, the results of this study bring to the forefront
several key considerations in the realm of regenerative
medicine. This emphasizes the importance of epidrugs,
especially 5-Aza, in the reprogramming and maintenance of
hepatic progenitor cells while also cautioning against their
potential adverse effects. Moreover, the pivotal role of SOX9
in maintaining hepatic progenitor characteristics highlights a
promising avenue for further research in understanding and
manipulating the fate of these cells. Overall, these findings
contribute significantly to the broader field of regenerative
medicine and hold potential for novel approaches in clinical
and therapeutic settings. Further studies should aim to uncover
the intricate molecular epigenetic mechanisms underlying
these processes and explore their clinical applications in greater
and broader detail. In particular, it has been reported that HBV
infection results in aberrant hypermethylation that causes
fibrosis and even primary liver cancer.

SUPPLEMENTARY MATERIALS

Supplementary Tables 1-3 can be found via https://doi.
org/10.4174/astr.2024.106.5.274.
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