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Highlights: Impact and implications:
� Liver fibrosis was ameliorated by inhibiting a single
adaptor molecule.

� The pathogenesis of liver fibrosis and steatosis was
controlled by anti-Hic-5 ASO.

� Anti-Hic-5 ASO designed in this study is a clinically appli-
cable therapeutic modality.
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This study investigated the role of Hic-5 in liver fibrosis and
steatohepatitis, highlighting its potential as a therapeutic target.
We developed an antisense oligonucleotide (ASO) that was
particularly transportable to the liver, and targeted Hic-5. Anti-
Hic-5 ASO exhibited therapeutic efficacy for liver fibrosis and
steatosis in vivo, indicating its therapeutic potential for liver
fibrosis and steatosis. ASOs have already achieved dramatic
therapeutic effects as approved nucleic acid drugs. Thus, anti-
Hic-5 ASO is expected to lead the direct generation of seed
compounds for the clinical development of drugs for liver
fibrosis and steatosis.
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Background & Aims: Chronic liver diseases, including metabolic dysfunction-associated steatohepatitis (MASH), pose a sig-
nificant global health burden. Progressive liver fibrosis can lead to severe outcomes; however, there is a lack of effective therapies
targeting advanced fibrosis. Hydrogen peroxide-inducible clone-5 (Hic-5), an adaptor protein in focal adhesion, is critical for
promoting liver fibrosis in hepatic stellate cells. This study investigated its clinical applicability by examining hepatic Hic-5
expression in human fibrotic tissues, exploring its association with MASH, and assessing the therapeutic potential of antisense
oligonucleotides (ASOs) targeting Hic-5 in a MASH mouse model.

Methods: Hepatic Hic-5 expression in human fibrotic tissues underwent pathological image analysis and single-cell RNA
sequencing. ASOs targeting Hic-5 were developed and tested using in vitro cell models. An in vivo MASH mouse model was used
to evaluate the effects of anti-Hic-5 ASOs on advanced fibrosis and steatosis.

Results: Hepatic Hic-5 expression increased with the progression of fibrosis, particularly in advanced stages. Single-cell RNA
sequencing revealed Hic-5 expression primarily in hepatic stellate cells. In MASH-associated fibrosis, Hic-5 expression correlated
with the expression of fibrotic genes. In the MASH mouse model, hepatic Hic-5 expression increased with disease progression.
Anti-Hic-5 ASOs effectively suppressed Hic-5 expression in vitro and attenuated advanced fibrosis and steatosis in vivo, indi-
cating their therapeutic potential.

Conclusions: Hepatic Hic-5 expression is associated with advanced liver fibrosis and MASH. Anti-Hic-5 ASOs are promising
therapeutic interventions for MASH accompanied by advanced fibrosis. These findings provide valuable insights into potential
clinical treatments for advanced liver fibrosis.

© 2024 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Metabolic dysfunction-associated steatotic liver disease
(MASLD), formerly known as non-alcoholic fatty liver disease,
has rapidly become the most common liver disease globally
and is currently estimated to affect 38% of the population.1

Fibrosis stage, but not other histological characteristics, pre-
dicts overall mortality in MASLD.2 Untreated liver fibrosis can
lead to hepatic cirrhosis, life-threatening liver failure, and he-
patocellular carcinoma. However, there is no effective therapy
that directly targets and reverses advanced fibrosis except
removal of the underlying etiology or liver transplantation.3–6

Therefore, a new therapeutic approach to reverse liver fibrosis
is needed.

Although liver fibrosis, characterized by the deposition of
connective tissue, is a reversible wound healing process after
liver injury, chronic liver diseases caused by viral infection,
chronic ethanol consumption, metabolic disorders, or
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autoimmune imbalances lead to the irreversible and excessive
accumulation of extracellular matrix (ECM) and impaired liver
function.7 Excessive accumulation of ECM during liver fibrosis
increases stiffness, adding mechanical stress to ECM-
producing cells, increasing collagen production and collagen
crosslinking, leading to fibrosis, which is part of ECM remod-
eling. The regulation of ECM remodeling is considered a key to
fibrosis therapy.

Hydrogen peroxide-inducible clone-5 (Hic-5), a focal adhesion
adaptor proteinwhose gene is induced by hydrogenperoxide and
transforming growth factor (TGF)-b1,8 has a role in regulating
ECM remodeling in various diseases.9 Previously, we observed a
marked elevation in Hic-5 expression within the stromal micro-
environment of human colorectal cancer. Hic-5 expression levels
had a significant positive correlation with ESTIMATE-based
stromal scores, indicators of stromal abundance within the tu-
mor milieu, across four distinct colorectal cancer datasets.
Additionally, stromal Hic-5 regulates cancer cell proliferation and
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Hic-5 antisense oligonucleotide inhibits fibrosis and steatosis
lysyl oxidase (LOX) expression in cancer-associated fibroblasts.
In a murine model of azoxymethane-induced colorectal cancer,
the incidence of tumor development was suppressed in Hic-5
deficient mice relative to wild-type (WT) mice, indicating the crit-
ical role of Hic-5 in the context of cancer characterized by des-
moplastic stroma. In the liver, Hic-5 ismainly expressed in hepatic
stellate cells (HSCs),major precursors of activatedmyofibroblasts
that produce ECM proteins during liver fibrosis.10,11 We previ-
ously reported Hic-5 expression was higher in fibrotic human
livers compared with normal livers and that liver fibrosis induced
by CCl4 injection and bile duct ligation was attenuated in Hic-5-
deficient mice.10 Moreover, Hic-5 knockdown using small inter-
fering RNA (siRNA) repressed murine liver fibrosis caused by
CCl4, suggesting Hic-5 is a promising therapeutic target for
liver fibrosis.10

siRNA specifically targets intracellular molecules, such as
Hic-5. However, naked siRNA is easily degraded by nucleases
in the blood, leading to poor accumulation in target tissues.
Thus, drug delivery systems such as lipid nanoparticles are
required to carry siRNA to the target tissue. In contrast, anti-
sense oligonucleotide (ASO), a nucleic acid-based medicine
similar to siRNA, is preferentially delivered to the liver by sub-
cutaneous injection. We hypothesized anti-Hic-5 ASOs would
be suitable for the clinical treatment of liver fibrosis. This study
investigated the therapeutic efficacy of anti-Hic-5 ASO, which
might aid the development of liver fibrosis drugs.

Materials and methods
Please refer to the Supplementary materials and methods for
more detailed descriptions. Antibodies, ASO sequences and
primers used in this study were listed in Supplementary Table
S2-S4.

Human liver specimens

Sections from livers in fibrosis stages F0 (n = 11), F1 (n = 12), F2
(n = 13), F3 (n = 10), and F4 (n = 8) were obtained from hepa-
tocellular carcinoma patients undergoing surgical hepatectomy
at Showa University Hospital. This study used non-cancerous
lesions from these livers. Liver fibrosis stage was determined
at the Department of Pathology and Laboratory Medicine,
Showa University School of Medicine. The study protocol was
approved by the Ethics Committee of Showa University School
of Medicine, Tokyo, Japan. We applied an opt-out method to
obtain patient consent.

Animal experiments

All animal experiments followed the study protocol approved by
the Ethics Committee of Showa University School of Medicine.
In intervention studies (siRNA or ASO treatment), we estab-
lished safety laboratory parameters, including rapid weight loss
and injection site reactions. Experiments would be halted if a
20% body weight loss within 1 week or symptoms of suppu-
ration at the injection site occurred. None of these phenomena
were observed in the study. All methods were reported in
accordance with ARRIVE guidelines (https://arriveguidelines.
org). Male WT C57/BL6N mice were obtained from Sankyo
Lab Service Co. (Tokyo, Japan). Metabolic dysfunction-
associated steatohepatitis (MASH) model mice were induced
by feeding them a choline-deficient, L-amino acid-defined,
JHEP Reports, --- 2
high-fat diet (CDAHFD) (A06071302; Research Diets Inc., NJ,
USA). Mice in the standard-chow diet group were fed PicoLab
Mouse Diet 20 (5058; Land O’Lakes Inc., MN, USA) for 6
weeks. WT and systemic Hic-5 knockout (KO) mice (C57BL/6
background) were housed under specific pathogen-free con-
ditions in the animal care facility of Showa University School
of Medicine.12

Statistical analysis

Unpaired two-tailed t tests were used to compare two groups
of samples. One-way ANOVA with Dunnett’s multiple com-
parison test or Tukey’s multiple comparison test was used to
compare data from more than three groups. Data are presented
as the mean ± SEM. Values of p <0.05 were considered sig-
nificant. All analyses were performed using GraphPad Prism
software (GraphPad Software, San Diego, CA, USA).

Results

Hepatic Hic-5 expression is increased in patients with
advanced liver fibrosis

To elucidate alterations in Hic-5 expression throughout the
progression of fibrosis in humans, we analyzed 54 liver sections
from patients with different pathological fibrosis stages (F0–F4;
Fig. 1A, Fig. S1). Clinical characteristics and features of pa-
tients are summarized in Table S1. Among 12 patients with
HBV, nucleotide analog therapy for viral control was adminis-
tered to three patients during surgical procedures. The
remaining cases were past infections where the virus had been
rendered undetectable. In addition, there were 18 patients with
HCV in this study, with the status unknown in three, and one
where the virus was still present. The other 14 patients ach-
ieved viral clearance following treatment. Image analysis iden-
tified a greater area of Hic-5-positive tissue in patients with
advanced fibrosis (stages F3, F4) compared with stages F0 and
F1 (Fig. 1B). Fibrosis areas quantified using Masson’s trichrome
staining indicated a robust positive correlation between Hic-5-
positive areas and extent of fibrosis (Fig. 1C). Furthermore, Hic-
5 fluorescence intensities were significantly higher in patients at
stages F3 and F4 compared with stage F0 (Fig. 1D and E).
Analysis of Hic-5 fluorescence intensity and fibrosis area
identified a positive correlation (Fig. 1F). These data demon-
strate a positive correlation between Hic-5 expression and
hepatic fibrosis progression in humans. Notably, Hic-5 is
significantly upregulated at advanced fibrosis stages F3–F4.

Human hepatic HIC-5 is mainly expressed in
mesenchymal cells

To analyze the expression and localization of HIC-5 within
cirrhotic livers, we used a public single-cell RNA sequencing
(scRNA-seq) dataset (GSE136103). scRNA-seq analysis indi-
cated HIC-5 was expressed in mesenchymal cells, and espe-
cially in HSCs and smooth muscle cells (Fig. 2A). A previous
study reported Hic-5 expression in HSCs and vascular smooth
muscle cells (VSMCs) of Glisson’s sheath in normal liver.10

Fibrotic genes encoding collagen type I alpha 1 chain
(COL1A1) and collagen type I alpha 2 chain (COL1A2) are also
expressed in mesenchymal cells, especially HSCs (Figs. S2A
and B). Focusing on the cluster of HSCs, patients with
cirrhosis had a greater proportion of HIC-5-positive cells than
024. vol. 6 j 101195 2
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Fig. 1. Hic-5 expression increases with human liver fibrosis progression. (A) Representative images of Hic-5 and Masson’s trichrome (MT) staining of human liver
(fibrosis stages F0/F1/F2/F3/F4: n = 11/12/13/10/8). Scale bars: 200 lm. (B) Hic-5-positive areas in patient livers with fibrosis. (C) Linear correlation between fibrosis
area and Hic-5-positive area (R, Pearson’s coefficient). (D) Representative immunofluorescence images of Hic-5 (magenta). Nuclei were stained with DAPI. Scale bars:
50 lm. (E) Hic-5 fluorescence intensity per unit Hic-5-positive area. (F) Linear correlation between fibrosis area and Hic-5 fluorescence intensity per unit Hic-5-positive
area. Values are means ± SEM. *p <0.05, **p <0.01, ***p <0.001, Tukey’s multiple comparison test (B, E).
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Fig. 2. HIC-5 is associated with MASLD progression. (A) HIC-5 in healthy and cirrhotic human liver cells. Dashed lines indicate mesenchymal cell clusters. (B) HSCs
expressing HIC-5, COL1A1, and COL1A2 in healthy and cirrhotic livers (n = 3/group). (C) HIC-5 in livers of healthy individuals and MASLD with fibrosis (N/F0/F1/F2/F3/
F4: n = 31/35/30/27/8/12). N: Healthy. (D) Linear correlation between HIC-5 and COL1A1 and between HIC-5 and COL1A2. (E) HIC-5 in livers of patients with MASLD
and MASH (MASLD/MASH: n = 47/51). (F) Linear correlation between HIC-5 and COL1A1 and between HIC-5 and COL1A2. Values are mean ± SEM. *p <0.05,
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healthy controls, and a similar observation was made for
COL1A1-and COL1A2-positive cell proportions (Fig. 2B). Thus,
Hic-5 in HSCs is associated with fibrosis progression.

HIC-5 is associated with MASLD progression

We investigated human hepatic HIC-5 expression using public
bulk RNA-seq datasets GSE162694 and GSE167523. Dataset
GSE162694 was acquired using 143 adult liver tissues with
MASLD and all stages of fibrosis, and GSE167523 was ac-
quired using 98 adult liver tissues with MASLD.13,14 The raw
gene count matrixes of these datasets were obtained from the
Gene Expression Omnibus and normalized relative to the count
matrixes obtained using the DEseq2 method.15 Normalized
count data indicated HIC-5 expression was significantly
increased in F4 with MASLD (Fig. 2C). Positive correlations
were identified between HIC-5 and COL1A1 expressions, and
between HIC-5 and COL1A2 expressions (Fig. 2D). HIC-5
expression levels were significantly higher in patients with
MASH compared with MASLD (Fig. 2E), indicating HIC-5
expression was correlated with COL1A1 and COL1A2 expres-
sion levels (Fig. 2F) suggesting HIC-5 is associated with fibrotic
genes in MASH.

Hic-5 expression is enhanced in a diet-induced MASH
mouse model

To investigate Hic-5 expression in MASLD progression, we
generated a mouse MASH model induced by feeding mice a
CDAHFD. In this model, a time-dependent increase in fibrosis
was observed during 6 weeks of feeding.16 Pathological
fibrosis in mice fed a CDAHFD for 6–15 weeks was observed,
and fibrosis areas were measured by Sirius Red (SR) staining
(Fig. 3A and B). Steatosis was observed after 3 weeks of
feeding and steatosis levels were measured based on the area
of Oil Red O staining (Fig. 3A and C). Quantitative real-time
reverse transcriptase PCR (qPCR) analysis confirmed hepatic
Hic-5 expression was markedly increased after 3 weeks of
feeding (Fig. 3A and D). Col1a1 and Col1a2 expressions were
increased after 3 weeks of feeding. Furthermore, Hic-5
expression positively correlated with Col1a1 and Col1a2 ex-
pressions (Fig. 3E and F). Similar to human transcriptomic data,
Hic-5 mRNA expression was significantly higher in MASH mice.

Hic-5 deficiency reduces CDAHFD-induced hepatic fibrosis
in mice

To investigate Hic-5 in MASH-associated fibrosis, we induced
liver fibrosis using a CDAHFD in WT and Hic-5 KOmice. The role
ofHic-5 at the early onset ofMASHandduringchronicMASHwas
analyzed using feeding regimens of 6 and 53 weeks, respectively.
After feedingwith aCDAHFD, the fibrosis area (SRstaining) inHic-
5 KOmicewas significantly smaller than inWTmice after 6 and 53
weeks of feeding (Fig. 4A andB). AlthoughHic-5was not localized
to parenchymal cells, Oil Red O-stained liver sections indicated
significantly less steatosis inHic-5 KOmice than inWTmice, after
6 and 53 weeks of feeding with CDAHFD (Fig. 4A and C). Hepatic
inflammation assessed by immunostaining of ionized calcium-
binding adaptor molecule 1 (Iba1), a macrophage marker indi-
cated no difference compared with WT mice (Figs. S3A and B).
Liver injuries assessed by plasma concentrations of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) in
JHEP Reports, --- 2
Hic-5 KO mice were not significantly different from WT mice
(Fig. S3C), indicating Hic-5 is involved in fibrosis and steatosis
without inflammation.Nomacroscopic changeswere observed in
livers (Fig. S4A). Expression levels of Col1a1 and Col1a2 were
higher in fibrotic livers of WT mice than Hic-5 KO mice fed
CDAHFD for 6 and 53weeks (Fig. 4D). LOX enzymes are involved
in ECM remodeling via cross-linking of collagens and/or elastin.
Lysyl oxidase-like 1 (LOXL1) and LOXL2 are upregulated in
chronic liver disease.17–20 Furthermore, LOX expression was
induced by nuclear-localized Hic-5 in cancer-associated fibro-
blasts isolated from patients with colorectal cancer.21 Therefore,
we evaluated the expressions of Lox, Loxl1, and Loxl2 in livers of
mice fed CDAHFD and found no differences compared with
chow-fed mice (Fig. 4E). However, Lox expression in 6- and 53-
week CDAHFD Hic-5 KO mice was significantly lower than in
WT mice (Fig. 4E). Loxl1 and Loxl2 expressions in Hic-5 KO mice
tended to be lower than in WT mice 6 weeks after starting the
CDAHFD and were significantly lower at 53 weeks (Fig. 4E).
Immunohistochemical analysis indicated Hic-5 colocalized with
alpha-smoothmuscle actin (a-SMA), amarker of activated HSCs,
indicating Hic-5 is also expressed in activated HSCs (Fig. 4F)
Thus, Hic-5 might contribute to MASH-associated fibrosis and
steatosis via an inflammation-independent pathway.

In vivo knockdown of Hic-5 attenuates CDAHFD-induced
hepatic fibrosis and steatosis

To evaluate the therapeutic potential of Hic-5 to treat early-
stage fibrosis during the onset of MASH, siRNA targeting
Hic-5 was intravenously injected through the tail vein of mice at
weeks 3, 4, and 5 of CDAHFD feeding (Fig. 5A). siRNA treat-
ment significantly decreased Hic-5 mRNA expression (Fig. 5B
and C). SR staining demonstrated the anti-fibrotic effects of
Hic-5 siRNA in MASH mice (Fig. 5C), and significantly less
CDAHFD-induced hepatic fibrosis was present in Hic-5 siRNA-
treated mice compared with controls (Fig. 5D). Oil Red O
staining indicated less steatosis in Hic-5 siRNA-treated mice
compared with controls (Fig. 5C and E). Significantly less
Col1a1 and Col1a2 mRNA was observed in Hic-5 siRNA-
treated mice compared with controls (Fig. 5F). No macroscopic
changes were observed in any livers (Fig. S4B). Liver injuries,
assessed by measuring blood AST and ALT, were not signifi-
cantly changed in Hic-5 siRNA-treated mice (Fig. S5A).
Significantly less Lox and Loxl2 were present in Hic-5 siRNA-
treated mice compared with controls (Fig. 5G). Thus, siRNA
knockdown of Hic-5 inhibited CDAHFD-induced liver fibrosis
and steatosis in vivo, suggesting Hic-5 is a potential thera-
peutic target for MASH.

Design and screening of anti-Hic-5 ASOs

We developed anti-Hic-5 ASOs for clinical applications. To
select target sites, we predicted the Hic-5 mRNA loop struc-
tures using the Mfold web server.22 Target sites were
completely common or within three miss-matches among
Homo sapiens, Mus musculus, and Rattus norvegicus se-
quences, and five anti-Hic-5 ASOs (M7, M8, H11, H13, and
H26) containing locked nucleic acids (LNAs), which increase
binding affinity and prevent degradation by nucleases, were
designed (Fig. 6A). To verify the inhibitory effects of these ASOs
on Hic-5 expression, we transfected them in human primary
HSCs and mouse primary VSMCs, which highly express Hic-5.
024. vol. 6 j 101195 5
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Fig. 3. Hic-5 expression in a MASH model. (A) Representative images of H&E, SR, and Oil Red O staining in livers of mice fed standard chow for 6 weeks (control) or
CDAHFD for 3–15 weeks. (B) Quantitation of hepatic fibrosis. Scale bars: 200 lm (n = 2–3/group). (C) Quantitation of steatosis. (D) Hic-5 expression. (E) Col1a1
expression and analysis of its linear correlation with Hic-5. (F) Col1a2 expression and analysis of its linear correlation with Hic-5. Control: mice fed standard chow for 6
weeks. Values are mean ± SEM. *p <0.05, **p <0.01, and ***p <0.001, Dunnett’s multiple comparison test. CDAHFD, choline-deficient, L-amino acid-defined, high-fat
diet; SR, Sirius Red.

Hic-5 antisense oligonucleotide inhibits fibrosis and steatosis
Hic-5 expression was suppressed by all anti-Hic-5 ASOs in
human HSCs and by all ASOs except H11 in mouse VSMCs
(Fig. 6B). Similarly, all five ASOs decreased Hic-5 expression in
the human cell line KMST-6 and rat cell line JTC-19 (Fig. 6C).
Thus, the anti-Hic-5 ASOs suppressed Hic-5 expression in
human, mouse, and rat cells. Moreover, cell viability and cas-
pase 3/7 assays were performed to investigate ASO-induced
cytotoxicity. H11 was excluded because it decreased
JHEP Reports, --- 2
cell viability and induced apoptosis in NIH3T3 cells
(Fig. 6D and E).
Anti-Hic-5 ASOs decrease Hic-5 protein expression in
human HSCs

Next, we examined whether anti-Hic-5 ASOs suppressed Hic-5
mRNA expression and protein levels. Anti-Hic-5 ASOs reduced
024. vol. 6 j 101195 6
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Research article
Hic-5 expression, which was highly localized to focal adhesions
in human HSCs (Fig. 6F), and decreased Hic-5 protein levels
(Fig. 6G). To investigate whether anti-Hic-5 ASOs suppressed
Hic-5 expression in mouse livers, we performed gymnosis ex-
periments, which are generally more predictive of in vivo ASO
JHEP Reports, --- 2
uptake, to select the most promising anti-Hic-5 ASO for in vivo
experiments. Because only H26 decreased Hic-5 expression
after 3 days of transfection (Fig. 6H), H26 was used for in vivo
experiments. These experiments indicated anti-Hic-5 ASOs
suppressed mRNA expression and protein levels of Hic-5.
024. vol. 6 j 101195 7
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Hic-5 antisense oligonucleotide inhibits fibrosis and steatosis
Anti-Hic-5 ASO attenuates advanced fibrosis and steatosis
in a MASH model

To assess the therapeutic potential of anti-Hic-5 ASO to pre-
vent advanced fibrosis in the MASH model, the subcutaneous
JHEP Reports, --- 20
administration of H26 was performed once a week for 3 weeks
following 12 weeks of CDAHFD (Fig. 7A). Mice were sacrificed 1
week after the final ASO administration (15th week of
CDAHFD). H26-treated mice had significantly lower Hic-5
24. vol. 6 j 101195 10
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mRNA expression and significantly less hepatic steatosis and
fibrosis compared with controls (Fig. 7B–E). No macroscopic
changes in livers were observed (Fig. S4C). Liver injury,
assessed by measuring blood AST and ALT, was not signifi-
cantly changed in the H26-injected group (Fig. S5B). However,
AST levels tended to be suppressed in H26-treated mice.
Col1a1, Col1a2, and Lox mRNA expressions were significantly
lower in H26-treated mice compared with controls (Fig. 7F
and G).
Discussion
This study reports Hic-5 is a mediator of advanced fibrosis and
is a promising therapeutic target for MASH. Initially, Hic-5 was
thought to mediate fibrotic processes in MASLD.10,23 However,
we demonstrated the potential of Hic-5 to modulate steatosis.
Indeed, human hepatic Hic-5 was upregulated during MASLD
progression, particularly in cases with advanced fibrosis.
Furthermore, our murine model results strongly suggest that
mitigation of the pathological state in MASH-afflicted livers can
be achieved by inhibiting Hic-5.

The coefficient of determination R2 applied to histopatholog-
ical human tissue analysis predicts 3,30-diaminobenzidine image
quantification accurately, demonstrating good predictive capa-
bilities. However, its accuracy was not as satisfactory for fluo-
rescence image analysis because it was performed using fields
selected to avoid autofluorescence. Nevertheless, positive area
image analysis and fluorescence image analysis demonstrated
similar correlation trends, indicating consistent findings for both
methods. In the public data analysis, Hic-5 and collagen type 1
gene expressions were positively correlated between the two
datasets, although R2 was low owing to sampling conditions.
HSCproportionswithin the liver assessed by scRNA-seq analysis
were low andHSC cell populations were absent in some samples
potentially related to variations in facility sampling and specimen
collection methods. Hic-5 is predominantly expressed in HSCs
suggesting these influences contributed to a lower R2 value.
However, in a MASH model, a significantly high R2 was obtained
for the comparison between Hic-5 and collagen expressions,
suggesting careful attention to sampling conditions of human
specimens might achieve similar results. Human liver samples
used in this study predominantly consisted of non-MASH speci-
mens. Consequently, we intend to explore further the association
between intrahepatic Hic-5 expression and human MASH.

HSCs play a crucial role in liver fibrosis by producing
collagen and elastic fibers. Previous studies reported Hic-5 is
prominent in HSCs and its expression increased during cell
activation.10 Naked ASO can be delivered to non-parenchymal
cells, including HSCs.24 However, there are currently no nucleic
acids selectively target HSCs, although a conjugated ASO
targeting hepatocyte-like N-galactosamine. Future studies will
develop ASOs with improved delivery efficiency to HSCs.

Conventional drug targets include growth factors and cyto-
kines, and their associated receptors and kinases.25,26 Although
drug discovery aimed at adaptor molecules lacking enzymatic
activity was considered a significant challenge,26,27 the devel-
opment of innovative drug candidates targeting these molecules
has becomepossible.27–30 Of these, ASOs stand out, with several
approved nucleic acid drugs already demonstrating therapeutic
efficacy against genetic disorders.28,31 Given the hepatic trans-
location capability of ASOs, our elucidation of their mechanisms
JHEP Reports, --- 2
will aid the development of new therapeutic strategies to treat
MASLD and advanced fibrosis.

The present study investigated anti-Hic-5 ASOs as thera-
peutic agents for advanced liver fibrosis. Four of the designed
anti-Hic-5 ASOs suppressed Hic-5 mRNA expression in hu-
man, murine, and rat cells with low cytotoxicity. Anti-Hic-5
ASOs M8, H13, and H26 decreased protein levels of a-SMA
and Col1a1, markers of activated HSCs that are increased in
liver fibrosis. In vivo experiments showed multiple injections of
H26 suppressed the expressions of Hic-5, Col1a1, Col1a2, and
Lox, which are fibrosis-related genes in mouse livers, resulting
in a smaller liver fibrosis area. Collectively, these results sug-
gest H26 is a potential therapeutic agent for advanced hepatic
fibrosis. Moreover, we showed anti-Hic-5 ASOs mitigated he-
patic steatosis despite Hic-5 being predominantly expressed in
non-parenchymal cells, particularly HSCs. The underlying
mechanism by which Hic-5 mediates steatosis warrants
further investigation.

After intravenous administration, naked siRNA undergoes
rapid degradation by nucleases in the bloodstream. For siRNA
experiments, Invivofectamine 3.0 (invitrogen, Carlsbad, CA)
was used for in vivo transfection as previously described.32,33

For ASO, phosphorothioate and LNA modifications were
incorporated into nucleic acids to enhance stability against
degradation and promote binding to plasma proteins.34 Thus,
naked ASO was used for in vivo ASO treatment experiments.

We previously used Hic-5 siRNA to show Hic-5 is a thera-
peutic target for liver fibrosis.10 Here, we developed anti-Hic-5
ASOs and assessed their therapeutic efficacy for treating
advanced liver fibrosis and steatosis. Although ASOs and
siRNAs have been used as therapeutic agents, ASOs are easily
delivered to the liver. Hic-5 has emerged as a promising ther-
apeutic target for a spectrum of diseases—Hic-5 deficiency
mitigated liver fibrosis and had a positive effect on pancreatic
fibrosis, abdominal aortic aneurysms, colorectal cancer, and
osteoarthritis, all of which involve ECM remodeling.21,23,35,36

We previously demonstrated Hic-5 siRNA attenuated rat
surgically-induced osteoarthritis.37 Because H26 is a thera-
peutic candidate for multiple diseases, the development of an
effective system for delivering ASOs to organs other than the
liver and kidney and defining the most suitable route of
administration is necessary.

We previously reported Hic-5 modulated Smad2 phos-
phorylation via Smad7, downstream of the TGF-b signaling
pathway.10 Here, we showed that H26 mitigated advanced liver
fibrosis by inhibiting Lox expression. LOX enzymes that
crosslink collagen and elastin promote the progression of
fibrosis by fostering a rigid matrix.38–43 Furthermore, LOX and
LOXL2 expressions were increased in fibrotic livers of patients
with Wilson’s disease and primary biliary cirrhosis.18 A phase II
clinical trial to ameliorate liver fibrosis by simtuzumab, a
monoclonal antibody targeting LOXL2, in patients with liver
fibrosis reported poor clinical benefit;40,44,45 it only achieved a
50% inhibition of enzymatic activity in vitro owing to its indirect
and allosteric mechanism of action,19 and was selective for
LOXL2 rather than all LOX isoforms, despite crosstalk between
LOX family members during fibrosis.

In contrast, H26 reduced Col1a1 and Col1a2 expressions,
LOX family member substrates and constituents of the fibrotic
ECM. Furthermore, H26 significantly reduced Lox expression in
fibrotic mouse livers and tended to reduce Loxl1 and Loxl2
024. vol. 6 j 101195 11
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expressions. Thus, H26 may have superior antifibrotic efficacy
compared with simtuzumab.

Recent applications of modified nucleic acid technology to
antisense nucleic acid drug development have enhanced the
in vivo stability and membrane permeability of ASOs, facilitating
systemic administration without the need for a carrier.
Furthermore, the development of conjugates harnessing this
technology promises to extend the application of H26 beyond
liver fibrosis to include steatosis and other diseases.

This study had several limitations. First, themechanistic role of
Hic-5 in steatosis remains to be investigated. Second, additional
factorsmight contribute to the pathogenesis of advanced fibrosis
in MASH. Future research should investigate downstream
JHEP Reports, --- 20
signaling pathways involving Hic-5. Third, CDAHFD model mice
yielded results specific to choline and methionine metabolism-
related MASH pathogenesis. Therefore, we plan to analyze the
pathological control ability of Hic-5, especially for steatosis, using
other MASH model mice to achieve a condition closer to that of
humans. Last, although we established an association between
Hic-5 expression and the progression of MASH with fibrosis in
patients, intervention studies were conducted in mice. Therefore,
the translational relevance of H26 in human MASH and fibrosis is
imperative. Nonetheless, our study underscores the potential of
Hic-5 inhibition as an innovative therapeutic strategy for
advanced fibrosis and MASLD.
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