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SUMMARY

Metabolic dysfunction-associated steatohepatitis (MASH) is
a common chronic liver disease worldwide. We found that

OTUD5 may ameliorate MASH progression via VDAC2-
maintained mitochondrial homeostasis. OTUD5 may be a
promising target for effectively treating MASH.

BACKGROUND & AIMS: Metabolic dysfunction-associated
steatohepatitis (MASH) is a common chronic liver disease
worldwide. No effective pharmacologic therapies for MASH
have been developed; to develop such promising drugs, the
underlying mechanisms regulating MASH need to be elucidated.
Here, we aimed to determine the role of ovarian tumor domain-
containing protein 5 (OTUD5) in MASH progression and iden-
tify a specific mechanism.

METHODS: The expression levels of OTUD subfamily under
palmitic acid/oleic acid (PAOA) stimulation were screened.
OTUDS5 expression was assessed in human liver tissues without

steatosis, those with simple steatosis, and those with MASH.
MASH models were developed in hepatocyte-specific Otud5-
knockout mice that were fed high-fat high-cholesterol and high-
fat high-cholesterol plus high-fructose/sucrose diet for 16
weeks.

RESULTS: The expression of OTUD5 was down-regulated in
fatty liver and was negatively related to the progression of
MASH. Lipid accumulation and inflammation were exacerbated
by Otud5 knockdown but attenuated by Otud5 overexpression
under PAOA treatment. Hepatocyte-specific Otud5 deletion
markedly exacerbated steatosis, inflammation, and fibrosis in
the livers of 2 MASH mouse models. We identified voltage-
dependent anion channel 2 (VDAC2) as an OTUD5-interacting
partner; OTUDS cleaved the K48-linked polyubiquitin chains
from VDAC2, and it inhibited subsequent proteasomal degra-
dation. The anabolic effects of OTUD5 knockdown on PAOA-
induced lipid accumulation were effectively reversed by
VDAC2 overexpression in primary hepatocytes. Metabolomic
results revealed that VDAC2 is required for OTUD5-mediated
protection against hepatic steatosis by maintaining mitochon-
drial function.
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CONCLUSIONS: OTUD5 may ameliorate MASH progression via
VDAC2-maintained mitochondrial homeostasis. Targeting
OTUDS5 may be a viable MASH-treatment strategy. (Cell Mol
Gastroenterol  Hepatol 2024;17:399-421;  https://doi.org/
10.1016/j.,jcmgh.2023.11.014)

Keywords: Ovarian Tumor Domain-Containing Protein; Ubig-
uitination; Metabolism; Mitochondrial Function.

With prominent changes in diet and lifestyle,
nonalcoholic fatty liver disease, now referred to

as metabolic dysfunction-associated steatotic liver disease
(MASLD), has become the most prevalent metabolic liver
disorder, and it manifests as excessive hepatic lipid accu-
mulation.’”® The prevalence of MASLD is increasing, and it
currently  affects approximately 25% of adults
worldwide.®*® Metabolic dysfunction-associated steatohe-
patitis (MASH), which is the progressive stage of MASLD, is
characterized by severe hepatic steatosis, inflammation, and
fibrosis. MASH can eventually result in cirrhosis or hepa-
tocellular carcinoma.’'™'® Owing to its complexity and het-
erogeneous pathogenesis, no valid clinically applicable
pharmacologic therapy is currently available."®*° Hence, a
detailed understanding of the molecular mechanisms un-
derlying MASLD is urgently needed to develop promising
therapeutic targets and strategies.

Ubiquitination is an invertible biological process that is
concurrently regulated by E3 ubiquitin ligases and deubi-
quitinases (DUBs).?' 2 Compared with E3 ubiquitin ligases,
which have been widely investigated in MASLD, DUBs are
relatively underappreciated by researchers.”®*® DUBs
principally cleave ubiquitin chains from ubiquitin-
conjugated proteins to inhibit ubiquitin-mediated degrada-
tion and to maintain the stability of their target proteins.
Currently, more than 100 human DUBs have been recog-
nized and classified into 7 families: ubiquitin-specific pro-
teases (USPs), ovarian tumor-associated proteases (OTUs),
Machado-Joseph disease protein proteases, ubiquitin C-ter-
minal hydrolase family (UCHs), monocyte chemotactic
protein-induced proteins, JAMM/MPN domain-associated
metallopeptidases, and motif-interacting with ubiquitin
containing proteases.””*" As the second largest human
family of DUBs, 16 active OTU family DUBs in humans are
classified into 4 subfamilies: the OTU domain-containing
ubiquitin aldehyde-binding proteins (Otubains) subfamily
(OTUB1, OTUB2), the ovarian tumor domain-containing
protein (OTUD) subfamily (OTUD1, OTUD2, OTUDS3,
OTUD4, OTUD5, OTUD6A, OTUD6B, and ALG13), the A20-
like subfamily (A20, OTUD7A, OTUD7B, TRABID, and
VCPIP), and the OTU DUB with linear linkage specificity.
Compared with other subfamilies, the biological function of
OTUDs is relatively underappreciated, especially in hepatic
disorders. In particular, the involvement of OTUDs in
MASLD progression remains to be explored.’**

Herein, we screened the expression profiles of the OTUD
subfamily in human and primary mouse hepatocytes under
palmitic acid/oleic acid (PAOA) stimulation and focused on
OTUDS5. OTUDS was originally identified as a negative
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regulator of type I interferon, and it functions in innate
immunity.33 Recently, its importance in acquired immunity
has also been uncovered.”** Many studies have revealed the
role of OTUDS in the development and progression of im-
mune disorders and inflammation.** Moreover, OTUD5 has
also been investigated in various cancers to determine its
oncogenic or anti-oncogenic effects depending on the sub-
strates. OTUDS acts as a tumor inhibitor in non-small cell
lung cancer and cervical cancer.>®3” However, OTUD5 pro-
motes carcinogenesis in triple-negative breast cancer and
bladder cancer.>®3° Hence, the specific function of OTUDS in
different cancers needs to be analyzed on a case-to-case
basis. Herein, we found that the expression of OTUDS is
decreased in fatty liver and is negatively related to MASLD
progression. OTUD5 knockout/knockdown markedly
contributed to hepatic steatosis, inflammation, and fibrosis
under metabolic stress in both in vivo and in vitro models.
Moreover, voltage-dependent anion channel 2 (VDAC2) is
required for OTUDS5-mediated protection against hepatic
steatosis by maintaining mitochondrial function. Crucially,
our findings suggest that OTUD5 may be a promising target
for effectively treating MASLD.

Results
Expression Level of OTUD5 Decreased in Fatty
Liver and Was Negatively Related to MASLD
Progression

To comprehensively investigate the role of OTUD subfamily
in MASLD progression, we first investigated their expression
profiles in human and primary mouse hepatocytes under
PAOA stimulation. Quantitative real-time polymerase chain
reaction (qQRT-PCR) analysis revealed that OTUD5 mRNA ach-
ieved the highest fold-change consistently in both human and
primary mouse hepatocytes, indicating that OTUD5 might have
a unique role in modulating MASLD progression (Figure 14
and B). Therefore, we determined the expression of OTUDS in
normal human livers without steatosis and in those with
simple steatosis or MASH. Hepatic OTUD5 mRNA levels were
significantly lower in livers with simple steatosis or MASH than

*Authors share co-first authorship.
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Figure 1. OTUD5 expression is down-regulated in fatty liver. (A) gRT-PCR analysis showing expression of OTUD subfamily
in HepG2 cells under PAOA stimulation. (B) gRT-PCR analysis showing expression of OTUD subfamily in primary mouse
hepatocytes under PAOA stimulation. (C) Relative OTUD5 mRNA levels in normal human livers without steatosis (n = 20) and
those with simple steatosis (n = 20) or MASH (n = 20). (D) Representative immunohistochemical staining images and
quantification of OTUD5 expression in normal human livers (n = 20) and those with simple steatosis (n = 20) or MASH (n = 20).
Scale bar: 50 um. (E) Representative Western blot analysis and quantification of OTUDS5 expression in normal human livers (n =
20) and those with simple steatosis (n = 20) or MASH (n = 20). (F) Relative Otud5 mRNA levels in livers of C57BL/6J mice with
NC diet or HFHC diet for indicated weeks. n = 6 mice/group. (G) Representative immunohistochemical staining images and
quantification of OTUDS5 expression in livers of C57BL/6J mice with NC diet or HFHC diet for indicated weeks. Scale bar: 50
um. n = 6 mice/group. (H) Representative Western blots analysis and quantification of OTUDS5 protein levels in livers of C57BL/
6J mice with NC diet or HFHC diet for indicated weeks. n = 6 mice/group. (/) Relative Otud5 mRNA levels in livers of C57BL/6J
mice with NC diet or HFF diet for indicated weeks. n = 6 mice/group. (J) Representative immunohistochemical staining images
and quantification of OTUD5 expression in livers of C57BL/6J mice with NC diet or HFF diet for indicated weeks. Scale bar: 50
um. n = 6 mice/group. (K) Representative Western blots analysis and quantification of OTUDS5 protein levels in livers of C57BL/
6J mice with NC diet or HFF diet for indicated weeks. n = 6 mice/group. (L) OTUDS5 protein levels in primary hepatocytes
stimulated with BSA or PAOA. (M) OTUDS5 protein levels in HepG2 cells stimulated with BSA or PAOA. For all panels, data are
presented as mean + standard error of the mean, and n represents biologically independent repeats. P values were calculated
using two-tailed unpaired Student t test. **P < .01; **P < 0.001; ns, not significant.
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Figure 2. OTUD5 expression is negatively related to MASLD progression. (A—F) Pearson analysis of correlation between
OTUD5 mRNA levels and serum ALT levels (A), serum AST levels (B), serum TG levels (C), NAS levels (D), mRNA levels of TNF
(E), and IL6 mRNA levels (F) in normal human livers (n = 20) and those with simple steatosis (n = 20) or MASH (n = 20). For all
panels, n represents biologically independent repeats. P values were calculated by Pearson correlation analysis.

in normal human livers. Moreover, human livers with MASH
had lower OTUD5 mRNA levels than those with simple stea-
tosis (Figure 1C). In line with the alteration of OTUD5 mRNA
levels, its protein expression level was lower in human livers
with simple steatosis or with MASH than that in normal human
livers. The livers with MASH had significantly lower OTUD5
protein levels than the livers with simple steatosis, as indicated
by immunohistochemical staining and Western blot analysis
(Figure 1D and E). Consistent with our findings in human in-
dividuals, OTUDS5 expression levels of both mRNA and proteins
were evidently decreased in mouse livers with high-fat high-
cholesterol (HFHC) or high-fat/high-cholesterol plus high
fructose/sucrose (HFF) diets compared with their littermates
that were fed a normal chow (NC) diet (Figure 1F-K). Similarly,
OTUDS expression level gradually decreased over time in
isolated primary mouse hepatocytes and HepG2 cells in the
presence of PAOA compared with bovine serum albumin
(BSA)-treated control cells (Figure 1L and M).

We further validated the clinical relevance of OTUDS5
expression levels and the severity of liver disease in patients
with MASH. Using Pearson correlation analysis, we deter-
mined that serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), triglyceride (TG), nonalcoholic fatty
liver activity score (NAS), and mRNA expression levels of
TNF and IL6 were negatively correlated with OTUD5 mRNA
levels (Figure 2A-F). We classified the patients with MASH
into 2 groups based on the median value of OTUD5 mRNA
levels, a group with high expression level of OTUD5 (10/20,
OTUD5"&" group) and a group with low expression level of

OTUD5 (10/20, OTUD5"™" group). The severity of inflam-
mation, fibrosis, and liver lipogenesis was reduced, whereas
B-oxidation was enhanced in the OTUD5"2" group compared
with that in the OTUD5"™" group (Figure 34-C). Moreover,
the expression levels of Collal and Fasn decreased, whereas
expression level of Cptla increased in the OTUD5"&" group
compared with those in the OTUD5'" group (Figure 3D).

OTUD5 Ameliorated PAOA-Induced Lipid

Accumulation and Inflammation in Hepatocytes
To investigate the influence of OTUDS5 expression on lipid
accumulation and inflammation in hepatocytes, primary he-
patocytes were isolated and infected with adenovirus vector-
mediated OTUD5-knockdown (AdshOTUDS) or OTUD5-over-
expression plasmid (AdOTUD5-Flag). qRT-PCR analysis and
Western blotting confirmed OTUD5 knockdown in AdshO-
TUD5-infected primary hepatocytes and OTUD5 over-
expression in AdOTUDS5-infected primary hepatocytes
(Figure 4A and B). The transfection efficiency of AdshO-
TUD5#3 was satisfactory for subsequent experiments. As
indicated by Nile red staining, Oil Red O staining, and TG
concentrations, no visible difference in hepatocyte lipid
accumulation was observed after OTUDS expression level
alteration under BSA-treated conditions. Nevertheless, PAOA-
induced hepatocyte lipid accumulation in AdshOTUD5-infec-
ted primary hepatocytes was significantly aggravated
compared with that in the AdshRNA group. AdshOTUDS5-
infected primary hepatocytes were detected at higher con-
centrations of TG. In contrast, OTUD5 overexpression in
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Figure 3. OTUDS5 expression is negatively related to MASLD progression. (A) Left: representative immunofluorescence
staining showing CD68 (red) and CD11b (green) in sections of OTUD5'" and OTUD5™9" MASH livers. Scale bar: 50 um. Right:
quantification of CD68" and CD11b™ cells. n = 10 patients/group. (B) Left: representative immunofluorescence staining
showing COL1A1 (red) and «-SMA (green) in sections of OTUD5'" and OTUD5™9" MASH livers. Scale bar: 50 um. Right:
quantification of COL1A1 and «-SMA fluorescence intensities. n = 10 patients/group. (C) Left: representative immunofluo-
rescence staining showing FASN (red) and CPT1A (green) in sections of OTUD5"" and OTUD5"9" MASH livers. Scale bar: 50
um. Right: quantification of FASN and CPT1A fluorescence intensities. n = 10 patients/group. (D) Relative mRNA expression
levels of Col1a1, Fasn, and Cptia of OTUD5" and OTUD5™" MASH livers. For all panels, data are presented as mean +
standard error of the mean, and n represents biologically independent repeats. P values were calculated using two-tailed

unpaired Student t test. *P < .05; **P < .01; **P < .001.

primary hepatocytes inhibited PAOA-induced lipid accumu-
lation and reduced TG concentration (Figure 4C-I). A qRT-
PCR analysis revealed that OTUD5 knockdown in primary
hepatocytes contributed to PAOA-induced hepatocyte lipid
accumulation and inflammation. OTUD5 overexpression in
primary hepatocytes inhibited PAOA-induced hepatocyte lipid
accumulation and inflammation (Figure 54-D).

Conditional Knockout of OTUDS5 in Hepatocytes
Exacerbates MASH in HFHC-fed Mice

To confirm the involvement of hepatocyte OTUDS in
MASLD pathogenesis in vivo, conditional knockout of

OTUDS in hepatocytes (Otud5-HKO; Figure 64) was gener-
ated. Western blotting confirmed that the protein expres-
sion level of OTUD5 was barely affected in other tissues
(brain, lung, and colon). OTUD5 protein expression in the
liver was conditionally deleted in hepatocytes but was still
present in the non-parenchymal cells of Otud5-HKO mice
(Figure 6B and (). First, primary hepatocytes were isolated
from Otud5-HKO mice and Otud5-Flox mice. Isolated pri-
mary hepatocytes were stimulated with BSA/PAOA.
Consistently, as indicated by Nile Red staining, no visible
difference in hepatocyte lipid accumulation was observed
after OTUD5 knockout under BSA-treated conditions.
Nevertheless, PAOA-induced hepatocyte lipid accumulation
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in primary hepatocytes isolated from Otud5-HKO mice was Otud5-HKO mice and Otud5-Flox mice were maintained
significantly aggravated compared with that in primary he- for 16 weeks with NC or HFHC diet. Otud5-HKO mice that
patocytes isolated from Otud5-Flox mice (Figure 6D and E). were fed NC diet displayed no visible differences in liver
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Figure 5. OTUDS5 inhibits lipid accumulation and inflammation in hepatocytes. (A and B) Relative mRNA expression levels
of genes with respect to fatty acid metabolism (A) and inflammatory cytokines and chemokines (B) in primary hepatocytes
infected with AdshOtud5 or its control vector under PAOA stimulation. (C and D) Relative mRNA expression levels of genes
with respect to fatty acid metabolism (C) and inflammatory cytokines and chemokines (D) in primary hepatocytes transfected
with AdOtud5-Flag or its control vector under PAOA stimulation. For all panels, data are presented as mean + standard error of

the mean. P values were calculated by two-tailed unpaired Student t test. *P < .05; **P < .01; **P < .001.

weight, body weight, live/body weight ratios, insulin resis-
tance, and hepatic steatosis compared with Otud5-Flox mice
(Figure 7A-F). However, after 16 weeks of HFHC feeding,
Otud5-HKO mice showed increased liver weight and liver/
body weight ratios compared with Otud5-Flox mice
(Figure 74 and (). However, Otud5-HKO mice displayed
comparable body weights with Otud5-Flox mice after HFHC
feeding (Figure 7B). Higher insulin levels and fasting blood
glucose were observed in Otud5-HKO mice than in Otud5-
Flox mice after HFHC feeding (Figure 7D). Impaired glucose
tolerance in Otud5-HKO mice was also detected, as observed
in the glucose tolerance test assays after HFHC feeding
(Figure 7E). Furthermore, Otud5-HKO mice that were fed
HFHC exhibited more severe hepatic steatosis than Otud5-
Flox mice, as indicated by the hepatic TG and total choles-
terol (TC) contents (Figure 7F), H&E staining (Figure 7G and

H), and Oil Red O staining (Figure 71). Consistently, Otud5-
HKO mice up-regulated the expression of genes responsible
for fatty acid intake (Cd36) and synthesis (Fasn and Acaca)
but down-regulated the expression of genes involved in fatty
acid (-oxidation (Cptla) compared with Otud5-Flox mice
(Figure 7]). Otud5-HKO mice showed increased infiltration of
CD11b* and F4/807 inflammatory cells in the liver compared
with Otud5-Flox mice after HFHC consumption (Figure 7K).
Otud5-HKO mice also showed a more severe inflammatory
response than did Otud5-Flox mice after HFHC consumption,
as indicated by hepatic mRNA expression levels of cytokines
(Ccl2, Cxcl2, 116, 118, and 1110; Figure 7L). In addition, HFHC-fed
Otud5-HKO mice showed more severe fibrosis, as observed by
Picrosirius red and Masson staining, and increased mRNA
expression levels of genes related to fibrosis (Collal, Col3al,
Ctgf, Tgfb1, and a-Sma) in the liver compared with those in

Figure 4. (See previous page). OTUD5 inhibits lipid accumulation in hepatocytes. (A) Expression levels of Otud5 mRNA in
primary hepatocytes infected with 3 different AdshOtud5 constructs or AdOtud5-Flag and their control vectors. (B) Expression
levels of OTUD5 protein in primary hepatocytes infected with 3 different AdshOtud5 constructs or AdOtud5-Flag and their
control vectors. (C and D) Representative images of Nile Red staining in isolated primary hepatocytes infected with AdshOtud5
or AdOtud5-Flag under BSA/PAOA treatment. Scale bar: 25 um. (E) Quantification of Nile Red staining density. (F) Left: Oil Red
O staining in isolated primary hepatocytes infected with AdshOtud5 or its control vector under BSA/PAOA treatment. Right:
quantification of Oil Red O staining density. Scale bar: 25 um. (G) TG was detected in isolated primary hepatocytes infected
with AdshOtud5 or its control vector under BSA/PAOA treatment. (H) Left: Oil Red O staining in isolated primary hepatocytes
infected with AdOtud5-Flag or its control vector under BSA/PAOA treatment. Right: quantification of Oil Red O staining
density. Scale bar: 25 um. (/) TG was detected in isolated primary hepatocytes infected with AdOtud5-Flag or its control vector
under BSA/PAOA treatment. For all panels, data are presented as mean + standard error of the mean. P values were

calculated by two-tailed unpaired Student t test. *P < .05; **P < .01; **P < .001.
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Figure 6. OTUDS5 knockout aggravated hepatocyte lipid accumulation. (A) Knockout strategy to edit the OTUD5 gene. (B)
OTUDS5 protein expression in brain, lung, and colon of Otud5-HKO and Otud5-Flox mice using Western blot. (C) OTUD5
protein expression in primary hepatocytes and nonparenchymal cells of Otud5-HKO and Otud5-Flox mice using Western blot.
(D) Representative images of Nile Red staining in isolated primary hepatocytes from Otud5-HKO mice and Otud5-Flox mice
under BSA/PAOA treatment. Scale bar: 25 um. (E) Quantification of Nile Red staining density. For all panels, data are presented
as mean =+ standard error of the mean (n = 6 independent experiments). P values were calculated by two-tailed unpaired

Student t test. P < .01; **P < .001.

Otud5-Flox mice (Figure 7M and N). Furthermore, compared
with those in Otud5-Flox mice, the concentrations of serum
ALT and AST were markedly elevated in HFHC-fed Otud5-
HKO mice (Figure 70).

Conditional Knockout of OTUDS5 in Hepatocytes
Exacerbated HFF-induced MASH

Considering the heterogeneity of MASH, we further
examined OTUD5 function on a HFF diet-induced MASH
model that renders relatively more severe fibrosis than does
the HFHC model.*® Otud5-HKO mice fed NC diet displayed
no visible difference in liver weight, body weight, liver/body
weight ratios, insulin resistance, or hepatic steatosis
compared with Otud5-Flox mice (Figure 8A-F). However,
consistent with the findings observed in the HFHC model,
Otud5-HKO mice showed higher liver weight and liver/body
weight ratios without any significant effects on body weight
(Figure 84 and C) after HFF consumption compared with

Otud5-Flox mice. HFF-fed Otud5-HKO mice showed higher
insulin levels and fasting blood glucose levels than Otud5-
Flox mice (Figure 8D). Impaired glucose tolerance in HFF-
fed Otud5-HKO mice was confirmed using glucose toler-
ance test (Figure 8E). Increased TG and TC contents
(Figure 8F), accompanied by the NAS scores (Figure 8G and
H), steatosis (Figure 8] and J), inflammation (Figure 8K and
L), and fibrosis (Figure 8M and N), were also observed in the
livers of Otud5-HKO mice compared with Otud5-Flox mice
after 16 weeks of HFF feeding. Finally, the HFF diet induced
more severe liver injury in HFF-fed Otud5-HKO mice, as
indicated by the increased serum ALT and AST levels
compared with Otud5-Flox mice (Figure 80).

OTUDS Interacts With VDAC2 and Cleaves the

K48-linked Polyubiquitin Chains From VDAC2
To identify the specific target of OTUD5S in suppressing
hepatocyte lipid accumulation and inflammation, we
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Figure 7. Conditional knockout of OTUDS5 in hepatocytes contributes to HFHC-induced MASH. (A) Liver weights of NC or
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performed immunoprecipitation (IP) mass spectrometry
analysis using OTUD5-overexpressing HepG2 cells. Quanti-
tative proteomics was also performed to screen for

A =3 Flox-NC=a Flox-HFF

C
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dysregulated proteins
(Figure 94). Afterwards, we integrated the results of IP mass
spectrometry and quantitative proteomics. Three candidates
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were identified with VDAC2 showing obvious up-regulation
(Figure 9B). Thus, we hypothesized that VDAC2 may serve
as an interacting protein with OTUDS5. We determined the
expression of VDAC2 in normal human livers without
steatosis and in those with simple steatosis or MASH.
Hepatic VDAC2 protein levels were significantly lower in
livers with simple steatosis or MASH than in normal
human livers. Moreover, human livers with MASH had
lower VDAC2 protein levels than those with simple
steatosis (Figure 9C). Pearson correlation analysis also
revealed that OTUDS5 protein levels were positively
correlated with VDAC2Z protein levels (Figure 9D).
Consistent with our findings in human individuals,
VDAC2 protein levels were evidently decreased in mouse
livers with HFHC or HFF diets compared with the levels
in their littermates that were fed NC diet (Figure 9E and
F). Similarly, VDAC2 protein levels decreased in isolated
primary mouse hepatocytes and HepG2 cells in the
presence of PAOA compared with BSA-treated control
cells (Figure 9G and H).

Immunofluorescence staining assays using confocal mi-
croscopy were then performed in HEK-293T cells, and a
distinct interaction between OTUD5 and VDAC2 was
detected (Figure 10A). This interaction was validated by
reciprocal coimmunoprecipitation assays (Figure 10B).
Moreover, the direct interaction between OTUDS5 and
VDAC2 was confirmed using glutathione S-transferase pre-
cipitation assays (Figure 10C). Molecular mapping assays
indicated that the OTU domain of OTUDS5 (213-341aa) was
involved in its direct interaction with the N-terminal domain
of VDAC2 (1-36aa) (Figure 10D-F). In addition, HA-tagged
OTUD5 D2 (OTU domain) and His-tagged VDAC2 D1 (N-
terminal domain) were immunoprecipitated (Figure 10G).
OTU domain-deleted OTUD5 was also constructed and used
to infect primary mouse hepatocytes. However, its over-
expression failed to mitigate lipid accumulation
(Figure 11A4-F). Collectively, these data indicate that OTUD5
directly interacts with VDAC2 in an OTU domain-dependent
manner.

OTUDS is known to regulate the deubiquitination and
stability of interacting proteins; hence, we tested whether
OTUD5 mediated the stabilization of VDACZ. Western
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blotting analysis revealed that OTUD5 extended the half-life
of endogenous VDAC2 (Figure 124). VDAC2 can be modified
and degraded by ubiquitination.** We found that the OTUD5
knockdown-mediated decrease in VDAC2 expression level
was abolished by MG132, supporting that OTUDS5
restrained the proteasomal degradation of VDAC2
(Figure 12B). Consistently, we found that OTUDS5 sup-
pressed ubiquitination of both endogenous and exogenous
VDAC2 in PAOA-treated HepG2 cells (Figure 12C and D).
Conversely, isolated primary hepatocytes from Otud5-HKO
mice that lacked OTUDS5 expression displayed increased
ubiquitination of VDAC2 (Figure 12E). Thus, we hypothe-
sized that the effects of OTUDS5 on VDAC2 ubiquitination
rely on its enzymatic activity. We constructed a catalyti-
cally inactive OTUD5 mutant (C224S), whose cysteine at
position 224 was mutated to serine and was deficient in
deubiquitination activity. Flag-VDAC2 and HA-OTUDS or
its catalytically inactive mutant C224S were cotransfected
into HepG2 cells; we found that WT OTUDS5 rather than
mutant C224S resulted in a marked decrease in VDAC2
ubiquitination, demonstrating that the enzymatic activity
of OTUDS was essential for the deubiquitination of VDAC2
(Figure 12F). Because diverse types of ubiquitin chains
play different roles in modulating protein function, we
explored the form of VDAC2 ubiquitination that is regu-
lated by OTUDS5. Flag-VDAC2, HA-Ub, or its site mutants,
with or without HA-OTUDS5, were co-transfected into
HepG2 cells. The data revealed that OTUD5 decreased the
ubiquitination level of VDAC2 in cells transfected with
K480 (Ub with the intact Lys48 residue alone), rather than
K60, K110, K270, K290, K330, or K630 (Figure 12G).
More importantly, OTUD5 exhibited a negligible effect on
the ubiquitination level of VDAC2 in cells transfected with
the ubiquitin mutant K48R, but the levels were down-
regulated in cells transfected with WT ubiquitin and
K480 ubiquitin, demonstrating that OTUD5 separates the
K48-linked ubiquitination from VDAC2 but not other
forms of polyubiquitin chains (Figure 12H). Because
VDACZ mainly interacts with OTUDS5 via the N-terminal
stretch, we hypothesized that OTUDS5 likely modulates the
ubiquitination of lysine residues (s) in the N-terminal
stretch of VDAC2. Deubiquitination assays were

Figure 8. (See previous page). Conditional knockout of OTUDS5 in hepatocytes aggravates HFF-induced MASH. (A) Liver
weights of NC or HFF-fed Otud5-HKO and Otud5-Flox mice. (B) Body weights of NC or HFF-fed Otud5-HKO and Otud5-Flox
mice. (C) Liver/body weight ratios of NC or HFF-fed Otud5-HKO and Otud5-Flox mice. (D) Fasting serum insulin (left) and blood
glucose (right) levels in NC or HFF-fed Otud5-HKO and Otud5-Flox mice. (E) Left: glucose tolerance test (GTT) assay was used
in NC or HFF-fed Otud5-HKO and Otud5-Flox mice. Right: the area under the curve (AUC) was calculated. (F) Hepatic TG and
TC concentrations in NC or HFF-fed Otud5-HKO and Otud5-Flox mice. (G) H&E-stained liver sections of HFF-fed Otud5-HKO
and Otud5-Flox mice. NAS score was calculated. Scale bar: 50 um. (H) Scores of hepatic steatosis, inflammation, and
ballooning were quantified respectively. (/) Oil Red O-stained liver sections of HFF-fed Otud5-HKO and Otud5-Flox mice. (J)
Relative mMRNA expression levels of genes with respect to fatty acid metabolism in livers of HFF-fed Otud5-HKO and Otud5-
Flox mice. (K) Upper: immunofluorescence images of CD11b (red) and F4/80 (green) in livers of HFF-fed Otud5-HKO and
Otud5-Flox mice. Lower: percentages of CD11b* and F4/807" cells were quantified. Scale bar: 50 um. (L) Relative mRNA
expression levels of inflammatory genes in livers of HFF-fed Otud5-HKO and Otud5-Flox mice. (M) Left: Masson (upper) and
Picrosirius red (PSR) (lower) staining in livers of HFF-fed Otud5-HKO and Otud5-Flox mice. Scale bar: 50 um. Right: quan-
tification of Masson and PSR positive cells. () Relative mRNA expression levels of genes related to fibrosis in livers of HFF-fed
Otud5-HKO and Otud5-Flox mice. (O) Serum ALT and AST concentrations of HFF-fed Otud5-HKO and Otud5-Flox mice. For
all panels, data are presented as mean + standard error of the mean (n = 6 mice/group). P values were calculated by two-tailed
unpaired Student t test. *P < .05; **P < .01; **P < .001; ns, not significant.
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Figure 9. VDAC2 expression is decreased in fatty liver. (A) Schema displaying the procedure of investigating downstream
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trometry and quantitative proteomics. (C) Representative Western blot analysis and quantification of VDAC2 expression in
normal human livers (n = 20) and those with simple steatosis (n = 20) or MASH (n = 20). (D) Pearson analysis of correlation
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mice/group. (F) Upper: representative Western blots analysis of VDAC2 protein levels in livers of C57BL/6J mice with NC diet
or HFF diet for indicated weeks. n = 6 mice/group. Lower: quantification of Western blot analysis of VDAC2 protein levels in
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primary hepatocytes stimulated with BSA or PAOA. Right: quantification of Western blot analysis of VDAC2 protein levels in
primary hepatocytes stimulated with BSA or PAOA. (H) Left: VDAC2 protein levels in HepG2 cells stimulated with BSA or
PAOA. Right: quantification of Western blot analysis of VDAC2 protein levels in HepG2 cells stimulated with BSA or PAOA. For
all panels, n represents biologically independent repeats. P values were calculated by two-tailed unpaired Student ¢ test. *P <

.05; **P < .001; ns, not significant.

performed with WT VDAC2 and its different KR mutants,
in which the lysine residues in the N-terminal stretch
(K23 and K31) were mutated to arginine, individually and
in combination. The results showed that both individual
and combination mutants of VDAC2 resisted OTUDS5-

mediated deubiquitination (Figure 12I). Consistently,
OTUDS5 overexpression did not affect the half-life of
VDAC2-2KR, suggesting that OTUD5 mainly deubiquiti-
nated VDAC2 at K23 and K31 (Figure 12]). Collectively,
these data validated that OTUDS sustains the stability of
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Figure 10. OTUDS5 directly interacts with VDAC2. (A) Confocal microscopy images displaying co-localization of HA-OTUD5
(green) and Flag-VDAC2 (red) in HEK-293T cells. Scale bar, 10 um. (B) Co-IP assays showing interaction of HA-OTUD5 and
Flag-VDAC?2 in HEK-293T cells. (C) Glutathione S-transferase (GST) precipitation assays indicating direct binding of OTUD5
and VDAC2. (D) Interaction domains of OTUD5 and VDAC?2 were designed using full-length and truncated OTUD5 (upper) and
VDAC2 (bottom) expression constructs. FL, full-length. (E and F) Molecular mapping assays detecting interaction domains of
OTUDS5 and VDAC?2 in HEK-293T cells transfected with the plasmids expressing full-length and truncations of OTUD5 and
VDAC?2. (G) Co-IP experiments revealed interaction of HA-OTUDS D2 and Flag-VDAC2 D1. n = 3 independent experiments.

VDAC2 by separating the K48-linked polyubiquitin chains
from VDAC2 K23 and K31.

VDAC2 Mediates the Effect of OTUD5 on Lipid
Accumulation and Mitochondrial Homeostasis in
Hepatocytes

Because VDAC2 has been identified as the binding partner
of OTUD5, we wondered whether the OTUD5-mediated pro-
tective effect on lipid accumulation is mediated by VDAC2.
Primary hepatocytes were infected with an adenovirus-
mediated VDAC2 overexpression vector (AdVdac2-Flag;
Figure 134 and B). Notably, VDAC2 overexpression impaired
the PAOA-induced lipid accumulation and inflammatory
response in hepatocytes. Meanwhile, the anabolic effects of

OTUDS5 knockdown on PAOA-induced hepatocyte lipid accu-
mulation were effectively reversed by VDAC2 overexpression
(Figure 13C-E). Moreover, the dysregulated lipogenic and in-
flammatory genes induced by OTUDS5 knockdown were
reversed when VDAC2 was overexpressed (Figure 13F and G).

Considering the vital function of VDAC2 in mitochondrial
functions and the pivotal role of mitochondria in MASLD
pathogenesis,”* we wondered whether OTUD5-induced miti-
gation of hepatic steatosis is dependent on its regulation of
mitochondrial functions. Therefore, we performed a metabolic
flux analysis in primary hepatocytes using [*3C] glucose as the
substrate (Figure 144 and B). Metabolic tracking revealed that
OTUD5 knockdown induced a significantly decreased abun-
dance of tricarboxylic acid (TCA) cycle metabolites (such as M2
citrate, M2 ketoglutarate, M2 succinate, and M2 fumarate), with
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a compensatory increase in the abundance of glycolytic me-
tabolites (such as M6 G-6-P, M6 F-6-P, M6 F-1, 6-P, M3 pyru-
vate, and M3 lactate). In contrast, VDACZ overexpression
induced a significant increase in the abundance of TCA cycle
metabolites and a decreased abundance of glycolytic metabo-
lites. Importantly, mitochondrial dysfunction induced by
OTUD5 knockdown was abolished by VDACZ overexpression in
PAOA-stimulated primary hepatocytes (Figure 14C and D).
Oxygen consumption rates were also measured, and the results
revealed that OTUDS5 knockdown-induced impaired mitochon-
drial respiratory capacity was reversed by VDACZ over-
expression (Figure 14E). Transmission electron microscopy
indicated that OTUDS5 knockdown altered the mitochondrial
morphology in PAOA-stimulated primary hepatocytes. OTUD5
knockdown resulted in the transformation of the apoptotic
mitochondrial phenotype: swelling, rounding, and increased
fission. Nevertheless, VDAC2 overexpression nearly normalizes
mitochondrial morphology. VDACZ overexpression restored
OTUD5 knockdown induced transformation of mitochondrial
morphology (Figure 14F). JC-1 staining, which detects mito-
chondrial membrane potential via fluorescence, consistently
demonstrated that OTUDS5 knockdown decreased mitochon-
drial membrane potential under PAOA treatment in primary
hepatocytes. Meanwhile, the decreased mitochondrial mem-
brane potential resulting from OTUD5 knockdown was
reversed by VDAC2 overexpression in PAOA-stimulated pri-
mary hepatocytes (Figure 14G). Altogether, these data validate

that VDAC?2 is indispensable for OTUD5 to mediate its protec-
tion against hepatic steatosis by maintaining mitochondrial
function.

Adeno-associated Virus-induced Otudb
Overexpression Inhibited HFF-induced MASH

Finally, the therapeutic efficacy of Otud5 was evaluated
in the MASH model. Adeno-associated virus (AAV)8
expressing Otud5 (AAV-Otud5) was injected into 8-week-old
HFF-fed mice, which were then fed the HFF diet for another
8 weeks (Figure 154 and B). No significant difference in
body weight was observed between the AAV-Otud5 and
AAV-GFP groups (Figure 15C). Nevertheless, the results
revealed that AAV-Otud5 injection decreased liver weight,
liver/body weight ratios, and fasting blood glucose levels
after HFF feeding for 16 weeks compared with AAV-GFP
injection (Figure 15D-F). Furthermore, AAV-Otud5 injec-
tion markedly attenuated HFF-induced hepatic lipid accu-
mulation, inflammation, and fibrosis (Figure 15G-P).
Moreover, Otud5 re-expression also reduced serum AST and
ALT levels after 16 weeks of HFF feeding compared with
AAV-GFP injection (Figure 15Q).

Discussion
Often occurring along with metabolic and cardiovascular
disorders, MASLD is the most prevalent liver disease
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worldwide.*>** In our study, we found that OTUDS plays a  steatosis, inflammation, and fibrosis under metabolic stress
vital role in ameliorating MASLD progression. OTUD5 in both in vivo and in vitro models. In contrast, OTUD5
knockout/knockdown markedly contributed to hepatic overexpression markedly ameliorated these hepatic
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phenotypes. Mechanistically, VDAC2 mediates the inhibitory
effects of OTUDS5 on hepatocytes under metabolic stress. Our
data also revealed that OTUD5 separated the K48-linked pol-
yubiquitin chains from VDAC2 to maintain its stability.
Importantly, the cytoprotective function of OTUDS5 was
confirmed using an AAV8-mediated therapeutic model.
Because AAV-mediated gene replacement, editing, and
silencing are becoming leading platforms in preclinical and
clinical situations, AAV-mediated OTUD5 up-regulation may be
an effective strategy for mitigating the progression of MASLD.

Through the interactome, we identified VDAC2 as a
binding partner of OTUDS5. OTUDS directly interacts with
VDAC2 in an OTU domain-dependent manner and sustains
VDAC?2 stability by cleaving K48-linked polyubiquitin chains
from VDAC2 K23 and K31. The VDACs family consists of 3
proteins that are localized to the mitochondrial outer
membrane and participates in the transport of metabolites
and ions across the mitochondrial outer membrane.*"*
VDAC knockdowns using siRNA affects mitochondrial
metabolism and results in mitochondrial dysfunction,
eventually leading to apoptosis. Dysregulated VDAC
expression frequently results in suppression of the sub-
strate transport into mitochondria, reduction of the gener-
ation and release of adenosine triphosphate, induction of
mitochondrial depolarization, and restraint of fatty acid
oxidation.*>*® These biological processes play vital roles in
the pathogenesis of MASLD. Among the VDACs family,
VDAC2 was specifically reported to be required for the ef-
fects of mitochondrial antiviral signaling protein-mediated
protection against mitochondrial dysfunction and MASH.**
Hence, it is reasonable to postulate that VDAC2 is involved
in the OTUDS effect on MASLD progression. Herein, OTUD5
knockdown consistently and significantly decreased the
levels of TCA-cycle metabolites with a compensatory in-
crease in the levels of glycolytic metabolites. In contrast,
VDAC2 overexpression resulted in increased levels of TCA-
cycle metabolites and decreased levels of glycolytic metab-
olites. In particular, OTUD5 knockdown-induced mitochon-
drial dysfunction was abolished in the presence of VDACZ in
PAOA-stimulated primary hepatocytes. Hence, VDAC2 is
indispensable for the inhibitory effects of OTUDS on hepatic

Cellular and Molecular Gastroenterology and Hepatology Vol. 17, Iss. 3

steatosis and the maintenance of mitochondrial
homeostasis.

In conclusion, we demonstrated that OTUD5 inhibited
ubiquitination-mediated degradation of VDAC2 and main-
tained mitochondrial homeostasis, subsequently amelio-
rating MASLD progression. Our study identified OTUDS5 as a

promising therapeutic target for MASLD treatment.

Materials and Methods

Human Liver Specimens

Sixty human liver specimens were obtained from in-
dividuals who had undergone liver biopsy. Two pathologists
independently evaluated the NAS in a blinded manner accord-
ing to the NASH-CRN scoring system.*” The normal samples had
NAS of 0. The simple steatosis group included patients with NAS
of 1-2 without ballooning or fibrosis. The MASH group included
patients with NAS >4 or with NAS of 3-4 but with fibrosis. The
study design was approved by the ethics committee of the First
Affiliated Hospital of Nanjing Medical University. Written
informed consent was obtained from all participants.

HFHC and HFF Diet-induced MASH Mice
Models

Male 6- to 8-week-old C57BL/6 mice were fed HFHC diet
(44% carbohydrates, 42% fat, 14% protein, and 0.2%
cholesterol) for 16 weeks to establish the HFHC diet-induced
MASH model. Another set of male mice were fed HFHC diet,
together with 42 g/L of carbohydrate mixed in drinking water
at a ratio of 55% fructose and 45% sucrose by weight for 16
weeks to establish the HFF diet-induced MASH model. Mice
fed NC diet (71.5% carbohydrates, 18.3% protein, and 10.2%
fat) for 16 weeks served as controls.

Generation of Hepatic Knockout Mice

The CRISPR/Cas9 system was used to establish mice
carrying a hepatocyte-specific Otud5 deletion (Otud5-HKO) at
the Animal Research Center of Nanjing University. Otud5™/
flox mice were then bred with albumin-Cre mice (Jackson
Laboratory, Bar Harbor, ME) to establish Otud5-HKO mice;
Otud51/1°% (Otud5-Flox) mice served as controls.

Figure 12. (See previous page). OTUDS5 inhibits K48-linked ubiquitination and degradation of VDAC2. (A) Left: expression
levels of VDAC2 protein in HepG2 cells transfected with or without HA-OTUDS plasmids. Cells were pretreated with 100 ug/mL
CHX. Right: protein expression was normalized to that of g-actin. (B) Left: VDAC2 protein expression was determined in
OTUD5-knockdown or control HepG2 cells; cells were pretreated with or without MG132 for 6 hours. Right: protein expression
was normalized to that of g-actin. (C) Ubiquitination assays showing ubiquitination levels of endogenous VDAC2 in HepG2
cells with or without HA-OTUDS5 transfection under PAOA treatment. (D) Ubiquitination assays showing ubiquitination levels of
exogenous VDAC2 in HepG2 cells with HA-OTUD5 and Flag-VDAC2 plasmid transfection under PAOA treatment. (E) Ubig-
uitination assays displaying ubiquitination levels of endogenous VDAC?2 in isolated primary hepatocytes from Otud5-HKO or
Otud5-Flox mice under PAOA treatment. (F) Ubiquitination assays exhibiting ubiquitination of exogenous VDAC2 in HepG2
cells transfected with HA-OTUDS or its mutant (C224S) plasmids, and Flag-VDAC2 plasmids under PAOA treatment. (G)
Diverse forms of ubiquitin (K6O, K110, K270, K290, K330, K480, and K630) and Flag-VDAC2 were transfected into HepG2
cells with or without Flag-OTUDS5. Cells were incubated with MG132 for 2 hours. Co-IP assays were then used. (H) Ubig-
uitination of Flag-VDAC2 after OTUD5 overexpression was detected in HepG2 cells with wild-type (WT) or mutated Myc-Ub
plasmid transfection under PAOA treatment. (/) Upper: the conserved K sites were marked in yellow (K23 and K31 in the N-
terminal stretch of VDAC2). Lower: ubiquitination of Flag-VDAC2 or its mutants after OTUD5 overexpression was determined
in HepG2 cells with Myc-Ub plasmid transfection under PAOA treatment. (J) Upper: expression levels of Flag-VDAC2-2KR
protein from HepG2 cells transfected with or without HA-OTUDS5; cells were pretreated with MG132 for 6 hours. Lower:
protein expression was standardized to g-actin. For all panels, data are presented as mean + standard error of the mean (n =3
independent experiments). P values were calculated by two-tailed unpaired Student t test. ™*P < .01; ns, not significant.
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Figure 13. OTUDS alleviates MASH by interacting with VDAC2. (A and B) Expression levels of VDAC2 protein in isolated
primary hepatocytes infected with or without OTUD5 knockdown or VDAC2 overexpression. (C and D) Representative images
of Nile Red staining in isolated primary hepatocytes infected with or without OTUD5 knockdown or VDAC2 overexpression
under BSA/PAOA treatment. Scale bar: 25 um. (E) Quantification of Nile Red staining density. (F and G) Relative mRNA
expression levels of genes with respect to fatty acid metabolism (F) and inflammatory cytokines and chemokines (G) in primary
hepatocytes transfected with or without OTUD5 knockdown or VDAC?2 overexpression under PAOA treatment. For all panels,
data are presented as mean + standard error of the mean (n = 3 independent experiments). P values were calculated by two-

tailed unpaired Student t test. *P < .05; *P < .01; **P < .001.

Cell Lines

Human hepatoma cell line HepG2 and HEK293T were
obtained from the Cell Bank of the Type Culture Collection
of the Chinese Academy of Sciences. The cells were cultured
in Dulbecco modified Eagle medium with 10% fetal bovine
serum at 37°C in a humidified atmosphere with 5% CO,.

Immunofluorescence Staining and Confocal
Microscopy

For immunofluorescence staining, paraffin sections of liver
tissues from humans and mice were incubated with primary
antibodies overnight at 4°C and then labeled with

fluorophore-conjugated secondary antibodies. Immunofluo-
rescence images were captured using a fluorescence micro-
scope. For confocal microscopy, cells transfected with HA-
OTUDS and Flag-VDAC2 were labeled with mouse anti-HA
and rabbit anti-Flag-tag antibodies at 4°C and then incu-
bated with fluorophore-conjugated secondary antibodies.
Confocal images were acquired using a confocal laser scan-
ning microscope.

gPCR Analysis
Total RNA from tissues and cells was extracted using the
TRIzol reagent, and qPCR analysis was performed using the
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Figure 14. VDAC?2 is indis-
pensable in the role of
OTUD5 on mitochondrial
homeostasis. (A and B)
Schema demonstrates
intracellular fluxes in primary
hepatocytes detected using
U-'3C¢ glucose tracer. Blue
circle indicates '2C and red
circle '°C atoms. (C and D)
Relative TCA metabolite
levels (C) and relative
glycolytic metabolite levels
(D), as quantified by meta-
bolic flux in primary mouse
hepatocytes under PAOA
treatment, with or without
OTUD5  knockdown  or
VDAC2 overexpression. (E)
Results  of  respiration
detection in primary mouse
hepatocytes under PAOA
treatment, with or without
OTUD5  knockdown  or
VDAC2 overexpression. (F)
Representative pictures of

mitochondrial morphology
observed under trans-
mission  electron  micro-
scopy, with or without
OTUD5  knockdown  or
VDAC2 overexpression
(scale bar, 200 nm). (Q)

Representative images (left)
and statistical results (right)
of mitochondrial membrane
potential visualization by
JC-1 staining in primary
mouse hepatocytes under
PAOA treatment, with or
without OTUD5 knockdown
or VDAC2 overexpression.
Scale bar: 10 um. For all
panels, data are presented
as mean =+ standard error of
the mean (n = 3 indepen-
dent experiments). P values
were calculated by two-
tailed unpaired Student t
test. *P < .05; ™*P < .01; *™P
< .001.

Total protein from tissues and cells was isolated and lysed
using RIPA lysis buffer and quantified using a BCA kit. The
quantified proteins were separated using sodium dodecyl
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sulfate-polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes. The polyvinylidene
difluoride membranes were blocked using 5% skimmed milk
in tris-buffered saline tween,
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antibodies overnight at 4°C, and subsequently incubated with
horseradish peroxidase-conjugated secondary antibodies. The
indicated proteins were thereafter quantified using an elec-
trochemoluminescent kit and a ChemiDoc MP Imaging System.
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Primary Hepatocyte Isolation

To isolate primary hepatocytes from 6- to 8-week-old
male C57BL/6 mice, collagenase perfusion and gradient
centrifugation were performed as previously described.”® A
palmitic acid mixture (0.5 mmol/L; Sigma-Aldrich) and oleic
acid (1.0 mmol/L; Sigma-Aldrich) was added to the medium
for 12-16 hours to establish an in vitro model of lipid
accumulation in hepatocytes.

Adenoviral Vector Construction

Three mouse adenovirus vector-mediated OTUDS5-
knockdown plasmids (AdshOtud5), OTUD5-overexpression
plasmids (AdOtud5-Flag), and VDAC2 overexpression
plasmids (AdVdac2) were purchased from Haixing Bio-
sciences (Suzhou, China). An adenovirus vector carrying
OTUDS5 but lacking the OTU domain (AdOTUD5-AOTU-
Flag) was purchased from Haixing Biosciences. The shuttle
plasmid pENTR-U6-CMV-flag-T2A-EGFP and ViraPower
Adenoviral Expression System (V493-20; Invitrogen;
Carlsbad, CA) were used to generate mouse OTUD5-over-
expressing, VDACZ-overexpressing, or OTUD5-knockdown
adenoviral vectors. The recombinant adenoviral vector
was linearized by Pacl (R0547L; New England Biolabs,
Ipswich, MA) before co-transfection into 293 cells with
polyethyleneimine (24765-1; Polysciences; Warrington,
UK) transfection reagent. Cells were harvested after 6-7
days to assess the initial virus. The adenovirus was
amplified by infecting 293 producer cells with the crude
viral lysate, and the adenovirus was purified by cesium
chloride density gradient centrifugation. Primary mouse
hepatocytes were infected with adenovirus at a multi-
plicity of infection of 50.

Cellular Oil Red O Staining

Using 0.3% Oil Red O working solution, the HepG2 cells
and primary mouse hepatocytes were stained for 30 mi-
nutes to detect intracellular lipid accumulation.

Cellular and Molecular Gastroenterology and Hepatology Vol. 17, Iss. 3

Cellular Nile Red Staining

HepG2 cells and primary mouse hepatocytes treated
with BSA/PAOA were fixed in 4% paraformaldehyde. Sub-
sequently, the cells were stained with Nile Red. Lipid
accumulation was determined using a laser scanning
confocal microscope.

Histopathologic Analysis

Paraffin-embedded and OCT-embedded liver sections
from humans and mice were stained with H&E and Oil Red
0, respectively. Liver fibrosis was determined using Mas-
son’s trichrome and Picrosirius red staining and visualized
using a light microscope. The proportion of the Masson-
positive and Picrosirius red-positive area was calculated
using Image] software.

Mouse Metabolic and Liver Function Assays

Body weight and fasting serum blood glucose levels
were monitored every 4 weeks. For glucose tolerance test
assays, the mice were fasted for 6 hours, and their blood
glucose levels were determined at the indicated time points
after injection with 1 g/kg glucose or 0.75 IU/kg of insulin
via the tail vein. Serum TG, TC, ALT, and AST levels were
measured using an ADVIA 2400 Chemistry System Analyzer
according to the manufacturer’s instructions.

Immunoprecipitation Assays

IP assays were performed as previously described.*’
HepG2 and HEK293T cells transfected with the indicated
plasmids were lysed using IP lysis buffer containing an in-
hibitor cocktail. After centrifugation, the samples were
incubated overnight at 4°C with protein A/G agarose beads
and the indicated anti-tag antibodies. For endogenous IP,
cells were incubated with the primary antibody. The beads
were then washed with IP lysis buffer. After centrifugation,
the proteins were boiled in sodium dodecyl sulfate loading

Figure 15. (See previous page). Hepatic Otud5 overexpression by AAV alleviates HFF-induced MASH. (A) Schematic
showing injection of AAV-GFP or AAV-Otud5 in HFF-fed mice. (B) Protein levels of OTUDS in livers of HFF-fed mice after AAV-
GFP or AAV-Otud5 injection. n = 3 mice/group. (C) Body weights of HFF-fed mice after AAV-GFP or AAV-Otud5 injection,
respectively. n = 6 mice/group. (D) Liver weights of HFF-fed mice after AAV-GFP or AAV-Otud5 injection, respectively. n = 6
mice/group. (E) Liver/body weight ratios of HFF-fed mice after AAV-GFP or AAV-Otud5 injection, respectively. n = 6 mice/
group. (F) Fasting blood glucose concentration of HFF-fed mice after AAV-GFP or AAV-Otud5 injection, respectively. n = 6
mice/group. (G and H) Concentrations of hepatic TG (G) and TC (H) of HFF-fed mice after AAV-GFP or AAV-Otud5 injection,
respectively. n = 6 mice/group. (/ and J) H&E (/) and Oil Red O (J) stained liver sections of HFF-fed mice after AAV-GFP or AAV-
Otud5 injection, respectively. NAS score was calculated. n = 6 mice/group. Scale bar: 50 um. (K) Scores of hepatic steatosis,
inflammation, and ballooning were quantified respectively. n = 6 mice/group. (L) Relative mRNA expression levels of genes
with respect to fatty acid metabolism in livers of HFF-fed mice after AAV-GFP or AAV-Otud5 injection, respectively. n = 6 mice/
group. (M) Immunofluorescence images of CD11b (red) and F4/80 (green) in livers of HFF-fed mice after AAV-GFP or AAV-
Otuds5 injection, respectively. Percentages of CD11b™" and F4/80™" cells were quantified. n = 6 mice/group. Scale bar: 50 um.
(N) Relative mRNA expression levels of genes related to inflammation in livers of HFF-fed mice after AAV-GFP or AAV-Otud5
injection, respectively. n = 6 mice/group. (O) Left: Masson (upper) and PSR (lower) stained livers of HFF-fed mice after AAV-
GFP or AAV-Otud5 injection, respectively. n = 6 mice/group. Scale bar: 50 um. Right: quantification of Masson and PSR
positive cells. (P) Relative mRNA expression levels of genes related to fibrosis in livers of HFF-fed mice after AAV-GFP or AAV-
Otud5 injection, respectively. n = 6 mice/group. (Q) Serum ALT and AST concentrations of HFF-fed mice after AAV-GFP or
AAV-Otud5 injection, respectively. n = 6 mice/group. For all panels, data are presented as mean + standard error of the mean,
and n represents biologically independent repeats. P values were calculated by two-tailed unpaired Student t test. *P < .05;
P < .01; *™P < .001; ns, not significant.
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Table 1.Primers Sequences Used for Real-Time PCR Table 1.Continued

Gene  Species Sequence (5'-3') Gene  Species Sequence (5'-3')
oTUD1 Human Forward: GACGAGAAGCTGGCCCTATAC a-Sma Mouse  Forward: CCCAGACATCAGGGAGTAATGG
Reverse: TGGAATGATGTGGAATCGGTACT Reverse: TCTATCGGATACTTCAGCGTCA
oTUD2 Human Forward: ATGTTTGGCCCCGCTAAAGG TNF Human  Forward: CCTCTCTCTAATCAGCCCTCTG
Reverse: CGGTGATGGCGGCAATTTG Reverse: GAGGACCTGGGAGTAGATGAG
OTUD3 Human  Forward: TGCGAGGAGGAGTTCGTCA IL6 Human  Forward: ACTCACCTCTTCAGAACGAATTG
Reverse: GTGCTTGAGATGATTTCGTGAGT Reverse: CCATCTTTGGAAGGTTCAGGTTG
OTUD4 Human  Forward: TTCTGATGTGGATTACAGAGGGC
Reverse: ACGCATGTTGTCTTACTCCTGA
OTUD5 Human  Forward: GGTTGTGCGAAAGCATTGCAT buffer for 10 minutes. Finally, Western blotting analysis was
Reverse: ACCTCCACAGGACGGTTGT performed.
OTUD6A  Human  Forward: ATGGATGATCCGAAGAGTGAACA
Reverse: GGTCTTGGGGACCGAG .
OTUD6B Human Forward: TGAGAAGGCATCGCAAAGAGA  Mass Spectrometry Analysis
Reverse: ATCTTCGGTGAGTTGCTTCCT As described in IP assays, OTUDS5 and its interacting
ALG13 Human  Forward: AAGTGCGTGTTTGTTACCGTA proteins were immunoprecipitated. Proteins were subjected
Reverse: ATTTGCAGGATAAGTCGGTTGT to liquid chromatography coupled to tandem mass spec-
Otud1 Mouse  Forward: AGAGGCAGGACAAGTACCTGA trometry analysis.
Reverse: CCCGTACACAGTCTTGCTGAC
Otud2 Mouse  Forward: TCAGCGAATCCTCGTTGGC L .
Reverse: GCATGTCACCTGACTGGATGG Ubiquitination Assays
Otud3 Mouse Forward: GAGCTTCGCCAACCAACTG Hepatocytes transfected with the various plasmids were
Reverse: CGCTGCCTTATCATGTAGTCC boiled in sodium dodecyl sulfate loading buffer for 10 mi-
Otud4 Mouse  Forward: GCAAACTGGGCTTGTATCGGA nutes. Subsequently, the lysates were treated with 0.9 mL IP
Reverse: CACATGCCGAGACTGAGAGTG lysis buffer. After sonication and centrifugation, the super-
Otud5 Mouse  Forward: AACAGTGAAGACGAGTATGAAGC  natants were incubated with anti-tag or antibodies of the
Fizuizs SO0 CHACEREINENIEETE target proteins and protein A/G agarose beads at 4°C. The
Otud6A Mouse  Forward: GAACTCCAACGGGTGATCCG ; ; ; ;
Reverse: GCTIGTOGHCTITGGRACGS beads. were then ll‘msed twice with IP ly51.s buffer. After
centrifugation, sodium dodecyl sulfate loading buffer was
Otud6B Mouse  Forward: AACGCTGTTCCCAAAAACGAC dded to th tei d th ixt boiled for 10
Reverse: GGTGGTTGATTCTCAAGTACCAA ~ adde °W € pro El‘“' an ‘T mixture Wafs 012 or
Alg13 Mouse Forward: AAGAGAGCGTTTGTGACTGTC minutes. Western blotting analysis was performed.
Reverse: GGAATGGTTTGGGCACCAC
Reverse: TTTGCCACGTCATCTGGGTTT - .
E v . & GGAGGTGGTGATAGCCGGTAT Statistical analyses were performed using the GraphPad
asn ouse orward: . .
Reverse: TGGGTAATCCATAGAGCCCAG Prism s‘ie:;lortl tgt' Nieans b_f’t"‘éetevr\‘, Zt 3;0(‘1‘pspwere ?nalyzed
Acaca  Mouse Forward: CTCCCGATTCATAATTGGGTCTG 118 HICAR. 168 (unpglre P ) AR
Reverse: TCGACCTTGTTTTACTAGGTGC ation ana ysIs Wa.S use tO. .etern.lln(.-:‘.t e correlations
Cptla Mouse  Forward: TGGCATCATCACTGGTGTGTT between the 2 variables. Statistical significance was set at
Reverse: GTCTAGGGTCCGATTGATCTTTG P < .05.
Ccl2 Mouse  Forward: TAAAAACCTGGATCGGAACCAAA
Reverse: GCATTAGCTTCAGATTTACGGGT
Cxcl2 Mouse  Forward: CCAACCACCAGGCTACAGG Ref_erences . " .
Reverse: GCGTCACACTCAAGCTCTG 1. Li X D|ng K, L|.X, et al. Deficiency of WTAP in hepato-
116 Mouse  Forward: CTGCAAGAGACTTCCATCCAG cytg; induces lipoatrophy and .non.—alcohohc steatohe-
Reverse: AGTGGTATAGACAGGTCTGTTGG patitis (NASH). Nature Communications 2022;13:4549.
18 Mouse  Forward: TCGAGACCATTTACTGCAACAG 2. Gao H, Jin Z, Bandyopadhyay G, et al. Aberrant iron
Reverse: CATTGCCGGTGGAAATTCCTT distribution via hepatocyte-stellate cell axis drives liver
110 Mouse Forward: CTTACTGACTGGCATGAGGATCA lipogenesis and fibrosis. Cell Metabolism 2022;
Reverse: GCAGCTCTAGGAGCATGTGG 34:1201-1213 e5.
Collat Mouse  Forward: GCTCCTCTTAGGGGCCACT 3. Allen AM, Therneau TM, Ahmed OT, et al. Clinical
Reverse: ATTGGGGACCCTTAGGCCAT course of non-alcoholic fatty liver disease and the im-
Col3al Mouse  Forward: CTGTAACATGGAAACTGGGGAAA plications for clinical trial design. J Hepatol 2022;
Reverse: CCATAGCTGAACTGAAAACCACC 77:1237-1245.
Ctgf Mouse  Forward: GGCCTCTTCTGCGATTTCG 4. Qiu H, Song E, Hu Y, et al. Hepatocyte-secreted auto-
Reverse: GCAGCTTGACCCTTCTCGG taxin exacerbates nonalcoholic fatty liver disease
Tgfg Mouse  Forward: CCACCTGCAAGACCATCGAC through autocrine inhibition of the PPARa/FGF21 axis.
Reverse: CTGGCGAGCCTTAGTTTGGAC

Cell Mol Gastroenterol Hepatol 2022;14:1003-1023.
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