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INTRODUCTION

mARC1 enzyme, which is localized to the mitochondria and has no known
MASH-relevant molecular function. Our studies aimed to expand on the
published human genetic mMARC1 data and to observe the molecular effects
of mMARC1 modulation in preclinical MASH models.

Methods and Results: We identified a novel human structural variant
deletion in MTARC1, which is associated with various biomarkers of liver
health, including alanine aminotransferase levels. Phenome-wide Mendelian
Randomization analyses additionally identified novel putatively causal asso-
ciations between MTARC1 expression, and esophageal varices and cardio-
respiratory traits. We observed that protective MTARC1 variants decreased
protein accumulation in in vitro overexpression systems and used genetic
tools to study mARC1 depletion in relevant human and mouse systems.
Hepatocyte mARC1 knockdown in murine MASH models reduced body
weight, liver steatosis, oxidative stress, cell death, and fibrogenesis markers.
mARC1 siRNA treatment and overexpression modulated lipid accumulation
and cell death consistently in primary human hepatocytes, hepatocyte cell
lines, and primary human adipocytes. mMARC1 depletion affected the
accumulation of distinct lipid species and the expression of inflammatory and
mitochondrial pathway genes/proteins in both in vitro and in vivo models.
Conclusions: Depleting hepatocyte mARC1 improved metabolic dysfunction—
associated steatotic liver disease—related outcomes. Given the functional role of
mARC1 in human adipocyte lipid accumulation, systemic targeting of mARC1
should be considered when designing mARC1 therapies. Our data point to
plasma lipid biomarkers predictive of mMARC1 abundance, such as Ceramide
22:1. We propose future areas of study to describe the precise molecular
function of mARC1, including lipid trafficking and subcellular location within or
around the mitochondria and endoplasmic reticulum.

Several human genes with potential causal relation-
ships to MASH phenotypes have been discovered

Metabolic dysfunction—associated steatotic liver  through population genetics approaches, including the

disease (MASLD; previously NAFLD) and the mitochondrial amidoxime—reducing component 1 gene

advanced form, metabolic dysfunction—associated
steatohepatitis (MASH; previously NASH) are
chronic polygenic liver diseases associated with
metabolic syndrome.['l Up to 10% of patients with
MASH will progress to cirrhosis with a risk for HCC
and death from liver decompensation.?! Currently,
there are no approved therapies for the treatment of
MASH, and the high global incidence of MASH
represents a significant unmet medical need.[!
Hepatocytes, hepatic stellate cells, and immune
cells such as Kupffer cells and monocyte-derived
macrophages have been the primary focus in MASH
therapeutic concepts. MASH is promoted by sys-
temic dysmetabolism, through a variety of mecha-
nisms including tissue crosstalk between the
adipose tissue and liver.4-7]

(MTARC1, encoding outer mitochondrial membrane
protein mARC1).8-13 Missense and nonsense variants
in MTARC1 were identified in a genome-wide associ-
ation study (GWAS), which implicated these variants in
protecting their carriers from MASH phenotypes, includ-
ing reduced risk for MASH, hepatic steatosis, liver
enzyme elevations, cirrhosis, and all-cause liver-related
mortality.[®12]

mMARC1’s enzymatic activity was first observed in rat
liver lysates in the 1960s." It was later described in
porcine liver mitochondrial preparations as a molybde-
num cofactor-dependent enzyme capable of reducing
xenobiotics and certain endogenous N-hydroxylated
compounds in concert with the cytochrome BS electron
transfer proteins and NADH.['*l Despite the long-standing
knowledge of mMARC1’s enzymatic functions, mechanistic
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studies defining the role of MARC1 enzyme as it relates
to metabolic diseases or liver biology are limited.

In this manuscript, we present genetic data comple-
menting the published associations of MTARC1 with
phenotypes related to MASLD and cirrhosis and
functional characterization of the protective genetic
variants. In addition, we utilized long-read sequencing
to identify a novel structural variant deletion in MTARC1
and analyzed its association with various liver health—
related traits. We also carried out phenome-wide
Mendelian Randomization (MR) analyses to identify
potential repurposing opportunities. Finally, we report
data from preclinical experiments that build on the body
of literature testing the potential utility of mARC1-
targeted therapies for MASLD!'9! by extending the
study of mMARC1’s function into human adipocytes.
The multiomics analyses employed in these systems
serve as a molecular spotlight revealing the physiologi-
cal effects of mMARC1’s function in MASH.

METHODS
Ethics statement

All animal procedures were approved by the Institutional
Animal Care and Use Committee of Boehringer
Ingelheim Pharmaceuticals or Gubra Aps. Both
research locations are accredited by the Association
for Assessment and Accreditation of Laboratory Animal
Care (AAALAC) and work performed at Gubra Aps was
licensed by the Danish Animal Experimentation Coun-
cil. All animal procedures are reported according to the
Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines.[16]

All cell lines, primary human cells, and human
tissues were obtained from commercial vendors in
accordance with internal compliance protocols. All
primary cells and human tissues were deidentified and
no whole-genome sequencing data were produced.
Most of the in silico research has been conducted
using the UK Biobank Resource under Application
Number 57952.

Animal husbandry

All animals were housed on a 12:12 hour light-dark
cycle with all compound treatments and tissue collec-
tion occurring during the light cycle. Animals were
group-housed except for studies performed at Gubra
Aps where mice were individually housed for the
duration of experiments. Animals had ad-lib access to
food and water and were housed with bedding, shelters,
and nesting supplies or chewing sticks for enrichment.
A summary of the mouse strains and diets used across
studies and 2 experimental locations used in this

manuscript can be found in Supplemental Methods,
Tables S6 and S7, http://links.lww.com/HC9/A798.

Cloning—Variant plasmids,
Overexpression plasmids

Cloning and purification of expression plasmids, lenti-
virus transfer plasmids, and lentivirus packaging plas-
mids was performed at Genscript, New Jersey, USA.
MTARC1 coding sequence was downloaded from
NCBI, transcript ID NM_022746.4.

Data analysis

All data were analyzed using GraphPad Prism Version.
Pairwise comparisons were performed using Student
t test. For the comparison of the 3 groups, one-way
ANOVA was performed. For groups of 4 or more
groups, a t test was first performed to compare control
and diseased conditions, then one-way ANOVA with
Dunnett's comparison was performed to compare
treatment groups to the diseased group. Longitudinal
data were analyzed by two-way ANOVA with repeated
measures and pairwise comparisons analyzed within a
given time point. Data are presented as mean + SEM
with individual data points represented in bar graphs.
Significance is considered at p < 0.05.

The detailed methodology can be found in the
Supplemental Methods, http://links.lww.com/HC9/A798
and Supplemental Tables, http://links.lww.com/HC9/A799.

RESULTS

Variants affecting MTARC1 function and/or
expression are putatively causally
associated with liver enzyme levels and
liver disease progression

We replicated the previously published associations
between nonsynonymous variants in MTARC7 and
protection from MASH, cirrhosis, liver-related mortality,
and other MASLD-associated phenotypes utilizing a
GWAS approach in ~500,000 UK Biobank participants
(Supplemental Data Tables 1-3, http://links.lww.com/
HC9/A799). The protective effects of 2 variants (ie,
rs12023067 and rs2642438) on circulating alanine
aminotransferase levels were sex-specific and/or sex-
dependent (Supplemental Genetics Figure S1, http:/
links.lww.com/HC9/A800). In addition, our phenome-wide
MR analyses identified a putatively causal link between
mMARC1 expression levels and the risk of esophageal
varices (Supplemental Data Tables S3—S6, http:/links.
lww.com/HC9/A799, Supplemental Genetics Figure S2,
http://links.lww.com/HC9/A800).'1  Utilizing long-read
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sequencing technologies to call structural variants in the
human genome and imputation into UK Biobank, we also
identified a common 64-base structural variant deletion
overlapping with the 3'UTR of MTARC1, which is
significantly associated with circulating alanine amino-
transferase, HDL cholesterol, triglycerides, and albumin
levels (Figure 1A, Supplemental Data Table S7, http://
links.lww.com/HC9/A799).

Previous studies indicated that the protective loss-
of-function MTARC1 variants identified by genetics do
not affect enzymatic activity or protein folding.[819 We
reasoned that the protective effect of these variants
must be mediated by some other mechanism such as
protein stability or subcellular localization. Conse-
quently, we studied the localization and protein accu-
mulation of 3 published human missense and nonsense
variants associated with protection from MASH (A allele
of rs2642438, p.M187K, and p.R200%),I'"l as well as
one synthetic mutation known to abrogate the enzy-
matic function of the protein, p.C273A2% using in vitro
overexpression experiments.

We identified several cell lines that were positive for
mMARC1 including the hepatoma cell lines HepG2 and
HuH7,12" as well as HEK293T 22l and several cell lines
that were negative for mARC1, including the glioblas-
toma cell line U-138MG (Supplemental Figure S1A,
http://links.lww.com/HC9/A801).23] We made stable cell
lines in the U-138MG background expressing each
variant of MTARC1. In these stable cell lines, there was
less accumulation of the variant proteins compared with
the protein encoded by the major risk allele of MTARC1
(Figure 1C). The truncation variant p.R200* was not
detectable by western blot. To rule out differences in
mRNA abundance in explaining differential protein
accumulation of the variant proteins, we normalized
the western blot data to mRNA abundance, and the
effect of mMARC1 variants to reduce protein abundance
was sustained (Figure 1C, Supplemental Figure S1B,
http://links.lww.com/HC9/A801). Transient transfection
experiments of MTARC1 variants were repeated in
HEK293T cells and resulted in the same rank-order of
protein accumulation that was observed in the stable
U-138MG cell lines (Supplemental Figure S1C, http://
links.lww.com/HC9/A801).

Next, we used the mARC1-negative U-138MG cell
line for localizing variant mMARC1 proteins within the cell
using confocal microscopy and transient transfections
with a construct expressing c-terminally MYC-tagged
mMARC1 variants. Although our western blotting experi-
ments indicated that the variant transcripts produce less
protein, we were able to identify cells that expressed
each variant protein including the nonsense variant p.
R200*. All mARC1 variants colocalized with TOMMZ20,
an outer mitochondrial membrane marker (Figure 1D).

MTARCT1 protective variants do not affect enzyme
activity, folding, or active site architecture of the
mARC1 protein!'®'9 but do affect protein accumulation

(Figure 1). As such, protein depletion is a reasonable
approach to phenocopy the genetic variants in patients.
To support our experimental designs related to protein
depletion in cellular and in vivo MASH models, we
quantified the half-life of the mARC1 protein in HepG2
cells to be 60 hoursl?! (Supplemental Figure S1D,
http://links.lww.com/HC9/A801).

Pleiotropic effects of variants affecting
MTARC1 function and/or expression on
heart and respiratory disease risk

To identify novel putatively causal effects of MTARC1
expression on susceptibility to heart and respiratory
diseases, we carried out cis-expression quantitative trait
locus-based phenome-wide MR analyses followed by
fine mapping'?®! and colocalization (“MR+Coloc”, hence-
forth; see Methods). We identified strong MR+Coloc
evidence (Lowest MR p value=1.9x1078; Coloc
H4~99%) linking MTARC1 expression levels in lung
disease-relevant tissues to FEV—a clinically relevant
lung function measure (Supplemental Genetics Figure
S3, http://links.lww.com/HC9/A800). Complementing
this potential link to respiratory disease risk, we
identified MR+Coloc evidence linking MTARC1 expres-
sion to lymphangioleiomyomatosis (Supplemental
Genetics Figure S4, http://links.lww.com/HC9/A800), a
rare and progressive interstitial lung disease.

In line with MTARC7's suspected links to heart
disease, we identified strong MR+Coloc evidence
linking increased MTARC1 expression levels to myo-
cardial infarction risk, blood pressure, and irbesartan
and ezetimibe usage—medications used to treat high
blood pressure and LDL cholesterol, respectively
(Supplemental Genetics Figures S5-S7, http://links.
Iww.com/HC9/A800). In addition, there is also weaker
but complementary evidence from MR+Coloc linking
increased MTARC1 expression to atrial fibrillation risk,
angina pectoris, gamma-glutamyl-leucine levels, and
insulin sensitivity (Supplemental Genetics Figures
S8-S10, http://links.lww.com/HC9/A800). Full results
(incl. >700k analyses) are available in Supplemental
Data Table S6, http://links.lww.com/HC9/A799, for
further hypothesis generation or hypothesis-driven
analyses related to MTARC1.

Tissue expression profile and subcellular
localization of mMARC1 in human and
preclinical species

Using a publicly accessible data set (genotype-tissue
expression),’?8! we confirmed hepatic MTARC1 expres-
sion (mean franscripts per million reads 9.3) and
observed that the transcript is most abundant in human
adipose tissue (Figure 2A, average transcripts per
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FIGURE 1 Genetic variants in MTARC1 are associated with liver enzyme levels and susceptibility to and progression of MASLD-related and
cirrhosis-related human traits—likely by decreasing mARC1 protein accumulation. (A) Schema of previously reported associations between variants
in MTARC1 (including the novel SV-deletion identified in this study) and liver enzymes and liver disease—related outcomes. (B) Phenome-wide
Mendelian randomization analyses followed by colocalization analyses identified putatively causal links between mARC1 expression levels and
susceptibility to develop esophageal varices (IEU OpenGWAS study ID: finn-b-l9_VARICVEOES).[38] (C) mARC1 protein expression in U-138 MG-
derived stable cell clones transfected with vectors encoding variants of MTARC1. Risk allele: A allele of rs2642438 (coding for missense: p.T165A),
Protective alleles: G allele of rs2642438, p.M187K, and p.R200*; Synthetic: p.C273A. Western blot quantitation is normalized to mRNA expression.
Data are presented as means + SEM, n=6-8 clones/variant. (D) Immunofluorescence imaging of human U-138 MG cells expressing mARC1 variant
proteins (green), TOMM20 (mitochondria—red), nuclei (blue) labeled. Scale bars, 10 pm. *p <0.05, ***p <0.001, one-way ANOVA. Abbreviations:
ALT, alanine aminotransferase; eQTL, expression quantitative trait locus; GWAS, genome-wide association study; MASLD, metabolic dysfunction—
associated steatotic liver disease; MTARC1, mitochondrial amidoxime—-reducing component 1; SV, structural variant.
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million reads value 37). We measured the expression of
MARC1 in human liver and adipose tissue using
western blotting and quantitative reverse transcription
PCR and confirmed that MTARC7 mRNA is more
abundant in the adipose than in the liver of humans
(Figure 2A). This difference in mRNA abundance did
not translate to protein in our western blot analyses;
mARC1 protein abundance was equivalent in human
liver and adipose tissues (Figure 2A).

We employed multiplexed immunofluorescence histol-
ogy of human liver sections to determine the hepatic cell
types expressing the mARC1 protein. mMARC1 expression
was confirmed in human hepatocytes and in cluster of
differentiation 68 (CD68)-positive cells (macrophages,
Figure 2B). MTARC1 expression was also observed in
CD14* (cluster of differentiation 14) monocytes in a
published?”! single-cell RNAseq data set of peripheral
blood mononuclear cells from patients with cirrhosis.
MTARC1 was most highly expressed in a subpopulation of
MHCII-low/SELL+ cells (average log fold-change =0.24,
p<1.52% and expressed lowest in an MHCII-high
subpopulation (Supplemental Figure S2A, http://links.
Iww.com/HC9/A802). Despite this evidence for MTARC1
expression in myeloid cells in vivo, we were unable to
confirm mARC1 protein expression in primary human
Kupffer cells, monocytes, or monocyte-derived macro-
phages in culture (Supplemental Figures S2B, S2C, http://
links.lww.com/HC9/A802). We observed mARC1 protein
expression in the human monocyte cell line THP-1, but
only at passage zero, and thus we could not pursue
functional studies of mMARC1 in myeloid cells in vitro.

In mice, MARC1 mRNA and protein abundance were
greatest in the liver with low mRNA abundance detected
in white (inguinal, gonadal, and perirenal) and brown
adipose depots (Figure 2C). In mouse liver Mtarc1
expression was confirmed in hepatocytes by
colocalization with ASGR1 but not F4/80* cells
(representing macrophages) (Figure 2C).

We observed the localization of exogenous mARC1
using super-resolution microscopy in a human hepa-
toma cell line-derived mARC1 knockout (KO) cell line
(Supplemental Figure S2E, http:/links.lww.com/HC9/
A802). Localizations of exogenous epitope-tagged
mARC1 were distributed on the outer edge of the
mitochondria defined by the mitochondrial matrix
marker HSP60 (Figure 2D), which supports the
published localization of mARC1 to the outer
mitochondrial membrane.[28]

mARC1 expression promotes steatosis,
oxidative stress, and cell death in
hepatocytes in vitro

To validate mARC1 as a therapeutic target for MASH,
we first studied the functional effects of mARC1
depletion and overexpression in human in vitro

hepatocyte models, focusing on functional outcomes
related to hepatoprotection. The half-life of mARC1
in vitro is incompatible with knockdown studies in
traditional short-lived primary human hepatocyte
(PHH) culture systems. To circumvent this obstacle,
PHH spheroids and a long-term two-dimensional PHH
culture system were used with N-acetylgalactos-
amine—conjugated short-interfering RNA (GalNAc-
siRNA) tools to deplete mARC1 mRNA and protein.
The potency and durability of the GalNAc-siMTARC1
knockdown effects were characterized in time course
and dose-response studies (Figure 3A, Supplemental
Figure S3A, http://links.lww.com/HC9/A803). We
observed maximal mARC1 protein knockdown (65%)
10 days after GalNAc-siRNA treatment. mRNA knock-
down reached 90% as early as 3 days after GalNAc-
siRNA treatment and persisted for up to 14 days in
culture.

To validate human genetic findings associating
MTARC1 loss-of-function alleles with protection from
MASLD,!"" we knocked down MTARC1 in PHHSs using
a long-term 2-dimensional culture system and studied
steatosis using high-content microscopy. GalNAc-
SiIMTARC1 reduced lipid accumulation under both
baseline conditions (in the absence of exogenous
fatty acids) and in the presence of increasing doses
of palmitate (Figure 3B). These studies were
replicated in a HEK293T-derived MTARC1-KO cell
line (Supplemental Figure S3B, S3C, http://links.lww.
com/HC9/A803). In this cell line, lipid reductions during
palmitate treatment were not statistically significant,
but the observed effects had the same directional
trend. GalNAc-siMTARC1 treatment reduced the
abundance of oxidized glutathione, a marker of
oxidative stress, in PHH spheroids (Figure 3C).

We hypothesized that mARC1 promotes the onset
and progression of MASH in humans by increasing
hepatocyte stress and death through a metabolic
mechanism. To test this hypothesis, we reconstituted
mARC1 in MTARC1-KO hepatoma cell lines by
transducing them with lentiviruses encoding the
MTARC1 risk allele or the MTARC1 protective allele
(the nonsense variant p.R200*). Overexpression of
the risk allele resulted in a 15%—25% decrease in
mitochondrial oxygen consumption (Figure 3D,
Supplemental Figure S3D, http://links.lww.com/HC9/
A803). Using microscopy-based methods in combina-
tion with overnutrition conditions relevant to human
MASH (fatty acids, carbohydrates, and insulin),
we observed that the overexpression of the MTARC1
risk allele promoted mitochondrial dysfunction and
cell death as quantified by reduced mitochondrial
membrane potential, membrane permeability, and
annexin V reactivity (Figure 3E, Supplemental Figure
S3E, http://links.lww.com/HC9/A803). To further pro-
file these KO cell lines under stress conditions, we
performed targeted lipidomics on MTARC1-KO cells
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FIGURE 2

mARC1 expression profile differs in human and mouse tissues and mMARC1 protein localizes to the outer mitochondrial membrane.

(A) Human mARC1 expression from GTEx database (mMRNA, TPM) and by gPCR and western blots in human liver and adipose tissue.

(B) Immunofluorescence imaging of human healthy and MASH (fibrosis score 3) livers (nuclei =blue, carbamoyl phosphate synthetase [CPS1]
hepatocytes = yellow, mMARC1 =red, CD68 = green). Pink arrowheads highlight CD68/mARC1 coexpression. Scale bars, 50 um. (C) mMARC1 RNA
and protein expression in mouse liver, inguinal (iWAT), gonadal (JWAT), and perirenal (rWAT) white adipose tissue and brown adipose tissue
(BAT). Multiplexed Mtarc1 in situ hybridization (red) and immunofluorescence colocalization with ASGR1 (hepatocytes/green) or F4/80 (macro-
phages/green) and nuclei (blue) in mouse liver. Scale bars, 50 pm. (D) Single-molecule localization of mMARC1 (red) and heat shock protein 60
(HSP60 = mitochondrial matrix/blue) in cultured human cells. Scale bars, 10 ym and 1 pm (inset). n=20 human liver and 8 human adipose
samples in western blots and qPCR. Data in bar graphs are presented as mean + SEM with individual data points represented. Abbreviations:
CD68, cluster of differentiation 68; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GTEXx, genotype-tissue expression; mARC1, mito-
chondrial amidoxime—reducing component 1; MASH, metabolic dysfunction—associated steatohepatitis; gqPCR, quantitative reverse transcription

polymerase chain reaction; TPM, transcripts per million.

treated with palmitate, fructose, and insulin. In
MTARC1-KO cells, there were reductions in Choles-
teryl Ester 16:1, Ceramide d18:1/22:1, and triglyceride
46:3-fatty acid 16:1 (Figure 3F). Among the
cholesteryl ester and triglyceride species, the most
significant changes in abundance were observed
in poly-unsaturated lipids (20:4, 22:5, or 22:6)
(Supplemental Figure S3F, http://links.lww.com/HC9/
A803 and Supplemental Data Table S9, http://links.
Iww.com/HC9/A799).

Multiomics analysis of hepatocyte-specific
Mtarc1 knockdown in a lipotoxicity setting
reveals modulation of specific lipid classes
and hepatocyte-immune cross-talk

To build upon in vitro observations that mARC1 promotes
steatosis and oxidative stress, we tested Mtarc1 knock-
down in an acute lipotoxicity setting by feeding mice the
Gubra-amylin-NASH overnutrition diet for 6 weeks
(Figure 4A). Target engagement was confirmed in
hepatocytes by in situ hybridization showing the absence
of cytoplasmic Mtarc1 but leaving nascent nuclear mRNA
(Supplemental Figure S4A, http://links.lww.com/HC9/
A804). In bulk liver RNA, GalNAc-siMtarc1 achieved
> 87% knockdown (Supplemental Figure S4B, http://links.
Iww.com/HC9/A804). GalNAc-siMtarc1 reduced weight
gain (Figure 4B) and circulating concentrations of
biomarkers consistent with human GWAS associations,
including serum cholesterol, LDL, and HDL (Figure 4C).
GalNAc-siMtarc1 reduced hepatic mitochondrial DNA,
thiobarbituric acid reactive substances, and 8-iso-PGF2«
content, confirming the role of MARC1 in oxidative stress
(Figure 4D). Total hepatic lipids trended (p=0.07) to
reduce with GalNAc-siMtarc1, with the greatest effect in
cholesterol ester and triglyceride lipid classes (Figure 4E,
Supplemental Data Table S10, http:/links.lww.com/HC9/
A799).

RNA sequencing was performed from the livers of
GalNAc-siMtarc1-treated mice (Figure 4F). Mtarc1
knockdown modulated gene expression in the Gubra-
amylin-NASH diet setting, and some differentially
expressed genes were regulated by Mtarc1, independent
of the dietary setting. These mMARC1-dependent

differentially expressed genes were broadly involved in
body weight regulation (H79 [long noncoding RNA H19],
Ntrk2 [neurotrophic receptor tyrosine kinase 2]), cell cycle
regulation (Ccnd1Whrm [Cyclin D1 Whirin], Lltrm2
[leucine-rich repeats and transmembrane domain 2],
Ly6d [lymphocyte antigen 6 family member D], Nap1/3
[nucleosome assembly protein 1 like 3]), other outer
mitochondrial membrane proteins (Maoa [monoamine
oxidase A]), and immune signaling (Cxc/13 [chemokine
CXC motif ligand 3], Trem2 [triggering receptor expressed
on myeloid cells 2], Ly6d) (Figure 4F, Supplemental Data
Table S11, http://links.lww.com/HC9/A799). Pathway
enrichment analysis of genes regulated by mARC1 during
lipotoxicity identified innate immunity, immunity, and
inflammatory response as pathways with overrepresenta-
tion (12.2, 14.2, 4.7%, respectively, Figure 4F). To validate
the role of mARC1 in hepatocyte-immune crosstalk and
rule out the possibility of a confounding immune response
due to the GalNAc-siRNA modality, the 6-week lipotoxicity
experiment was repeated in a second cohort of mice
including a GalNAc-siControl. GalNAc-siMtarc1 did not
change the total number of CD45-positive cells and no
immune cell subpopulations were affected by GalNAc-
siControl as measured by flow cytometry (Supplemental
Figure S4C, http://links.lww.com/HC9/A804). GalNAc-siM-
tarc1 reduced the amount of CD4-positive T-helper cells
compared with untreated mice (Figure 4F, Supplemental
Figure S4C, http://links.lww.com/HC9/A804).

Hepatocyte-specific Mtarc1 knockdown
reduces body weight, hepatic lipid content,
and markers of fibrogenesis

The therapeutic potential of mMARC1 in MASH was
tested using DIO-NASH mice available at Gubra that
have preexisting NASH and are obese at the time of
treatment.[29301  GalNAc-siMtarc1 (88% knockdown)
induced ~8% body weight loss after 12 weeks,
concurrent with a reduction in fat mass and no change
in food intake (Figure 5A, Supplemental Figures S5A,
S5B, http://links.lww.com/HC9/A805). Consistent with
observations in the acute lipotoxicity setting, GalNAc-
siMtarc1 reduced plasma cholesterol, LDL, and HDL in
DIO-NASH mice (Supplemental Figure 5C, http://links.
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FIGURE 3 mARC1 expression modulation by genetic tools affects steatosis, oxidative stress, cell death, and lipid profile in human in vitro
hepatocyte models. (A) Time course and dose-response of mMARC1 RNA and protein in PHH spheroids treated with GaINAc-siMTARC1. n=2
wells. (B) Lipid accumulation in the 2-dimensional culture of GalINAc-siMTARC1.1-treated PHHs assessed by Nile Red fluorescence assay, nuclei
(blue), neutral lipids (green), and phospholipids (yellow). Scale bars, 100 pm. n=6-8/group. (C) Ratio of reduced to oxidized glutathione in PHH
spheroids treated with GalNAc-siMTARC1.1 at days 7 and 9 after treatment. n=6/group. (D) Oxygen consumption rate parameters measured in
mARC1 KO cell lines overexpressing mARC1 risk and protective (p.R200%) alleles. N = 24/well/group. (E) Quantification of mitochondrial mem-
brane potential, cell permeability, and annexin V in palmitate, fructose, and glucose-treated mARC1 overexpressing cells measured by live-cell
microscopy. n = 3/group. (F) Quantification of lipid species in mMARC1 OE mARC1 KO cell lines. n=5/group. Data are presented as mean + SEM.
*p<0.05, **p<0.01, ***p <0.001, one-way ANOVA or ¢ test. Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; KO, knockout;
mARC1, mitochondrial amidoxime—reducing component 1; OE, overexpression; PHH, primary human hepatocytes; WT, Wild-type.
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FIGURE 4 mARCH1 depletion by GalNAc-siMtarc1 (3 mg/kg) reduces hepatic steatosis and oxidative stress in a lipotoxicity setting. (A)
Experimental design (n=6-8 mice/group). (B) Body weight curve. (C) Serum cholesterol biomarkers. (C) Hepatic mitochondrial DNA content and
oxidative stress markers. (E) Quantification of total hepatic lipid content and specific lipid classes. (F) DEGs by GalNAc-siMtarc1, pathway
enrichment of DEG by GalNAc-siMtarc1 versus GAN, hepatic flow cytometry analysis. Data are presented as mean + SEM. Data sets with

3 groups: one-way ANOVA (*p <0.05). Data sets with 4 groups: t test Chow versus GAN (*p < 0.05), then one-way ANOVA with Dunnet's to
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1"

compare GalNAc-treatment to GAN (#p < 0.05). Longitudinal data were analyzed by two-way ANOVA with repeated measures (*p <0.05 GAN vs.
chow, #p < 0.05 GalNAc-siMtarc1 vs. GAN). Abbreviations: CYTB, Cytochrome B; DEG, differentially expressed gene; GAN, Gubra-amylin-NASH
diet; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; mARC1, mitochondrial amidoxime—reducing component 1; PGF2a«, prostaglandin

F2alpha; TBARS, thiobarbituric acid reactive substances.

lww.com/HC9/A805). GalNAc-siMtarc1 improved liver
injury biomarkers, including reductions in plasma
cytokeratin 18-M65 (total cell death) and alanine
aminotransferase concentrations (Figure 5B). In the
liver, GalNAc-siMtarc1 reduced steatosis and oxidative
stress marker 4-hydroxy-nonenal (Figure 5C). GalNAc-
siMtarc1 reduced hepatic mRNA markers of
fibrogenesis Col1a1 (collagen type 1 alpha 1), Col3a1
(collagen type 3 alpha 1), and Timp7 but did not
improve the Sirius red morphometry area (Figure 5D).
There were no improvements in plasma cytokeratin 18-
M30 (apoptosis) or hepatic terminal deoxynucleotidyl
transferase dUTP nick end labeling and alpha smooth
muscle actin area with GalNAc-siMtarc1 (Supplemental
Figures S5C, S5D, http://links.lww.com/HC9/A805). To
identify plasma-lipids correlating with liver mARC1
protein expression, we clustered all abundance corre-
lation profiles by Pearson and zoomed into the plasma
lipid module of interest (Figure 5E). This revealed a
dependency of 18-carbon chain length ceramides
and hexosylceramides in the plasma with liver
mMARC1 expression (Figure 5E). The reduction of
plasma Ceramide d18:1/22:1, Cholesterol ester 16:1,
Sphingomyelin 18:1/22:1, and Hexosylceramide d18:1/
22:1 with GalNAc-siMtarc1 were confirmed by targeted
lipidomics (Figure 5F, Supplemental Data Table S12,
http://links.lww.com/HC9/A799).

Level of hepatocyte-specific Mtarc1
knockdown correlates with specific lipid
and protein species

A second study of a similar therapeutic design in
DIO-NASH mice was performed using a GalNAc-siMtarc1
dose-response (Figure 6A, Supplemental Figure S6A,
http:/links.lww.com/HC9/A806). GalNAc-siMtarc1 re-
duced plasma cholesterol concentrations in a dose-
dependent manner; however, the magnitude of reduction
in plasma TIMP1 (metallopeptidase inhibitor 1), PIIINP
(procollagen Il N-terminal peptide), and cytokeratin 18-
M65 concentrations was similar across dose groups
(Figure 6B, Supplemental Figure S6B, http:/links.lww.
com/HC9/A806). GalNAc-siMtarc1 reduced hepatic stea-
tosis but did not affect the alpha smooth muscle actin area,
consistent with previous studies (Figure 6C, Supplemental
Figures S6C, S6D, http://links.lww.com/HC9/A806). To
validate the liquid biomarkers related to MARC1 hepatic
abundance (Figure 5F) and further explore mechanisms
related to MARC1 on the proteome level, we performed a
targeted analysis of the plasma lipid candidates identified
previously (Figure 5F) and unbiased proteomics from the

liver in this dose-dependent setting. We validated that the
plasma abundance of Ceramide d18:1/22:1, Phosphatidyl
Choline 16:0/18:1, and Sphingomyelin d18:1/22:1 was
dose-dependently reduced in plasma by GalNAc-siMtarc1
(Figure 6D). We observed a high correlation (R? = 0.60) of
plasma Ceramide 18:1/22:1 and liver mARC1 protein,
rendering this lipid a promising liquid biomarker candidate
(Figure 6E). Our liver proteomics revealed a correlation
between the abundance of hepatic proteins related to
mitochondrial function and lipid handling and transport
with  mARC1, including TMEMZ245 [transmembrane
protein 245], ACAA1A, GPAM (glycerol 3 phosphate
acyltransferase), ACAA1B, SLC25A17, CRAT (carnitine
o-acetyltransferase), ACOT12 (acetyl-coenzyme A
thioesterase 12), ASCL4 (long-chain-fatty-acid-CoA
ligase 4), SLC25A20, and SLC25A10 (R?=0.69-0.31;
Figure 6F, Supplemental Data Table S13, http:/links.lww.
com/HC9/A799).

MARC1 modulates lipid accumulation in
human adipocytes

We used siRNA compounds (siMTARC1) to knock down
MTARCT in human primary stromal vascular fraction
(SVF)-derived adipocytes. MTARC1 is not expressed in
the precursor SVF cells but increases in expression
throughout the differentiation and maturation process
(Supplemental Figure S7A, http://links.lww.com/HC9/
A807). We tested SVF cells derived from visceral
(omental) and subcutaneous adipose depots and
observed low differentiation efficiency (data not shown)
in the visceral SVF cells, concomitant with low MTARC1
expression when compared with subcutaneous SVF-
adipocytes. MTARC1 expression increased 2000-fold
throughout a 21-day culture time course of subcutaneous
SVF-adipocytes, and 1000-fold during the first week of
differentiation. Therefore, we differentiated the cells for 1
week, then treated them with siMTARC1 during the
second week of adipocyte maturation (Figure 7B). Two
SiMTARC1 compounds of differing potency were used
(XD38785 and XD38758, of intermediate and high
potency, respectively) in SVF-adipocytes derived from
3 human donors.

On culture day 12 (5 days after siRNA treatment), the
lipid droplet content of siMTARC1-treated adipocytes
was visibly decreased when observed by fluorescent
microscopy (Figure 7C). This qualitative microscopy-
based assessment of lipid droplet accumulation was
complemented by biochemical analyses of triglyceride
content in the adipocytes. Triglyceride abundance was
decreased in proportion to the amount of knockdown
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FIGURE 5 mARCH1 depletion by GalNAc-siMtarc1 reduces steatosis, cell death, and fibrogenesis markers in a therapeutic MASH setting. (A)

Experimental design (n=8-16 mice/group), relative body weight change, and body fat mass after 12 weeks GalNAc-siMtarc1. (B) Circulating
biomarkers of hepatocyte health. (C) Quantification of hepatic steatosis and hepatic oxidative stress. (D) Hepatic fibrogenesis mMRNA and fibrosis
area. Circulating fibrogenesis biomarker, hepatic mRNA, and fibrosis area. (E) Left: Profiling of global plasma lipidomics correlation with Mtarc1
hepatic protein expression; Right: Zoomed-in cluster representing greatest Mtarc1 protein correlation to distinct lipids. (F) Selected plasma-lipids
correlating with Mtarc1 hepatic protein expression. Data are presented as mean + SEM. Data sets with 3 groups: one-way ANOVA (*p <0.05).
Data sets with 4 groups: t test Chow versus GAN (*p < 0.05), then one-way ANOVA with Dunnet's compared GalNAc-treatment to GAN

(#p < 0.05). Longitudinal data were analyzed by two-way ANOVA with repeated measures (#p < 0.05 GalNAc-siMtarc1 vs. GAN). Abbreviations: 4-
HNE, 4-hydroxy-nonenal; ALT, alanine aminotransferase; BW, body weight; GAN, Gubra-amylin-NASH diet; mARC1, mitochondrial amidoxime—
reducing component 1; MASH, metabolic dysfunction—associated steatohepatitis; SRM, Sirius red morphometry.
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FIGURE 6 Dose-responsive effects of GalNAc-siMtarc1 on lipidomic and proteomic profile in a therapeutic MASH setting. (A) Experimental
design (n=8-16 mice/group). (B) Serum cholesterol and fibrogenesis biomarkers. (C) Quantification of hepatic steatosis. (D) Plasma abundance
of targeted lipid species. (E) Correlation of plasma Ceramide d18:1/22:1 with hepatic mMARC1 protein. (F) Correlation of hepatic proteins and
mARC1 expression. Data are presented as mean + SEM. Data were analyzed by t test to compare control and diet conditions (*p < 0.05), then a
one-way ANOVA with Dunnett's to compare GalNAc-treated groups to diet (#p < 0.05). Correlations were generated by linear regression.
Abbreviations: ACOT12, acetyl-coenzyme A thioesterase 12; ASCL4, long-chain-fatty-acid-CoA ligase 4; GAN, Gubra-amylin-NASH diet;
mTARC1, mitochondrial amidoxime—reducing component 1; MASH, metabolic dysfunction—associated steatohepatitis; PIIINP, procollagen IlI
N-terminal peptide; SLC25a17, solute carrier family 25 member 17; TIMP1, metallopeptidase inhibitor 1.

achieved with each siMTARC1 (Figure 7D). The more
potent sSiIMTARC1 yielded a 51%—65% reduction in
triglycerides, and the less potent siMTARC1 yielded a
16%—-39% reduction in triglycerides (Figure 7D).
Triglyceride lipolysis was increased in mARC1-
depleted adipocytes under basal serum starvation
conditions in adipocytes from 2 different human

donors, but no consistent difference in activated
lipolysis was observed (Supplemental Figure S7B,
http://links.lww.com/HC9/A807). We hypothesized that
this increase in basal lipolysis would result in increased
oxygen consumption because of increased fatty acid
oxidation; however, we observed no difference in
oxygen consumption rate in the adipocytes assayed


http://links.lww.com/HC9/A807
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after siMTARC1 treatment (representative data in
Supplemental Figure S7C, http://links.lww.com/HC9/
A807). siMTARC1 treatment also did not affect the
percentage of cells that differentiated into adipocytes
(Supplemental Figure S7D, http://links.lww.com/HC9/
A807).

Our observation that siUTARC1 reduced triglycer-
ides in adipocytes was supported by targeted lipidomics
performed on SVF-adipocytes derived from one donor.
The lipidomics analyses revealed reductions in intra-
cellular C16 and C16:1-containing species in all
measured lipid classes in sSiMTARC 1-treated adipocytes
(Supplemental Figure S7F, http://links.lww.com/HC9/
A807), including several species that also were affected
by mARC1 modulation in the in vitro hepatocyte and
in vivo MASH models (Figure 7E). As observed in
hepatocytes (Supplemental Figure S3F, http://links.lww.
com/HC9/A803), the specific lipid species increased
after MTARC1 knockdown incorporated highly
unsaturated fatty acids (Supplemental Figure S7E,
http://links.lIww.com/HC9/A807, Supplemental Data
Table S14, http://links.lww.com/HC9/A799).

We developed the hypothesis that in vivo in humans,
MTARC1 knockdown may reduce the abundance of
systemic factors derived from adipocytes that promote
MASH. To test this hypothesis, we performed RNA
profiling using a metabolism-focused multiplexed RNA
hybridization array (Supplemental Figure S7F, S7G,
http://links.lww.com/HC9/A807, Supplemental Data
Table S15, http://links.lww.com/HC9/A799) and profiled
secreted proteins (Supplemental Figure S7H, http:/
links.lww.com/HC9/A807, Supplemental Data Table
S16, http://links.lww.com/HC9/A799) in the SVF-adipo-
cytes treated with siMTARC1. Pathway enrichment
analysis indicated that mitochondrial electron transport
(eg, COX8A and NDUFB8) and apoptosis and cell
stress pathways (eg, GPX4) were downregulated by
MTARC1 knockdown. The de novo lipogenesis genes
ACACA and ACACB were decreased, while CPT1A
was increased. mRNA and secreted protein for many
proinflammatory factors were increased, including
chemokine (C-C motif) ligands 4, 5, and 13 (CCL4,
CCL5, and CCL13), and indoleamine 2,3 dioxygenase 1
(IDO1) (Supplemental Figures S7F, S7G, S7H, http://
links.lww.com/HC9/A807).25! The abundance of the
adipokines adiponectin (ADIPOQ), fatty acid binding
protein 4 (FABP4), and leptin (LEP) in the media were
not significantly altered, and PCSK9, PLTP, and
SORT1 secretion were decreased by MTARC1 knock-
down (Figure 7F).

DISCUSSION

The goal of our work was to expand on the published
genetic data linking mARC1 to human disease and to
observe the molecular effects of mMARC1 modulation in

preclinical MASH models. We observed that the
protective MTARC1 variants identified by genetics
reduce  mARC1 protein abundance and thus we
propose that protein depletion would be an appropriate
approach to model the genetic variants for therapeutic
targeting of this protein. This contrasts with the data
reported in Hudert et al®’l where the MTARC1
protective variant rs2643248 was not correlated with
any change in hepatic mARC1 protein. We describe the
reproducible benefits of MARC1 depletion on steatosis
and cell death across both in vitro human hepatocytes
and adipocytes, and in vivo MASH models, with specific
lipid species modulated by mARC1 across these
experimental systems (summarized in Figure 8). Our
findings build upon the previously described role of
mMARC1 in N-reductive metabolism and add to a
growing body of literature surrounding mARC1 in
MASHI' by describing a functional role in adipocytes.
We conclude that targeting hepatocyte mARC1 using
GalNAc-siRNAs may improve dysmetabolism and
steatosis outcomes to slow fibrogenesis in patients
with MASLD.

We observed mARC1 effects in body weight regula-
tion. GalNAc-siMtarc1 prevented body weight gain,
induced body weight loss of obese mice, and upregu-
lated H19 in mouse liver, a lincRNA inversely correlated
with body mass index in humans.32 mARC1-targeted
therapies might reduce body weight in humans, offering
an added benefit to patients with MASLD who are
typically of high body mass index.33 Consistent with
these preclinical observations, the protective effects of
MTARCT1 loss-of-function variants on MASH risk are
amplified in patients with high body mass index in large-
scale GWAS, although this has also been observed for
other fatty-liver SNPs.!®l These human genetic findings
encouraged us to study mARC1 in human adipocytes,
and we report human primary adipocyte phenotypes
that are proportional to MTARC1 knockdown, lending
support for a direct role of MARC1 in adipose tissue lipid
accumulation.

Cumulative evidence from our work and others!'s!
implies a central role of mARC1 in lipid handling
(Figure 8). From these data, we hypothesize that
mMARC1’s role in lipid handling may be related to lipid
synthesis, desaturation, or conjugation rather than fatty
acid oxidation. Given that palmitate-containing species
(16:0) are lipotoxic,¥ their reduction by way of MTARC1
knockdown would decrease lipid-driven oxidative stress,
ER stress, and apoptosis signaling, consistent with our
observations in preclinical MASH models. Whether the
role of mARC1 in lipid handling is connected to
N-reductive metabolism or is an independent molecular
function of the protein remains unclear.

Subcellular localization, lipid trafficking, and protein-
protein interactions may be areas of interest for future
mARC1-focused studies. The genetic underpinnings of
MASLD are centralized around the formation and
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FIGURE 7 siMTARC1 treatment reduces triglyceride accumulation and cell death in human primary SVF-adipocytes. (A) Study plan for
SiMTARC1 treatment in primary human SVF-adipocytes and mARC1 knockdown percentage measured by western blot. n=2 wells. (B) Immu-
nofluorescence imaging of nuclei (blue), lipid droplets (green), and PPARG (red). (C) Biochemical quantitation of TG abundance in siMTARC1.2-
treated primary human SVF-adipocytes from 3 human donors. Scale bar=100 pm. n=5 wells/group. (D) LC/MS quantitation of cholesteryl ester
16:1, and lipid classes in sSiIMTARC1.2-treated primary human SVF-adipocytes from one human donor. n=>5 samples per group. (E) RNA and (F)
secreted protein abundance of adipokines in siMTARC7-treated primary human SVF-adipocytes from 3 human donors. n=3 for RNA, n=5 for
protein. Data in bar graphs presented as mean + SEM. *p <0.05, **p<0.01, ***p <0.001, one-way ANOVA or { test. Abbreviations: LC/MS, Liquid
chromatography/Mass spectrometry; mTARC1, mitochondrial amidoxime—reducing component 1; PPARG, Peroxisome proliferator activated
receptor gamma; SVF, stromal vascular fraction of adipose tissue.
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trafficking of lipid droplets between organelles.[35:3¢]
With its positioning on the outer mitochondrial mem-
brane, mMARC1 has the potential to interact with proteins
on neighboring organelles and thereby influence lipid
synthesis and trafficking pathways. For example,
mARC1 interacts with transmembrane 6 superfamily
member 2 (TM6SF2), an ER-Golgi membrane protein
involved in lipidation of very low-density lipoproteins.[3”]
It is not yet clear what function the mARC1-TM6SF2
interaction serves.

We raise the possibility that mARC1 has a role in
immune cells. This inflammatory role may be direct,
as mARC1 protein was observed in human hepatic
CD68+ (macrophage) cells. However, our ability to test
MARC1’s mechanism in macrophages was hindered by
the lack of sustained mARC1 expression in primary

cells in vitro. In addition, the inflammatory role of
mARC1 may be indirect, as we observed the hepato-
cyte-immune crosstalk in vivo after hepatocyte knock-
down, and in human adipocytes mARC1 depletion
promoted proinflammatory protein secretion. The direc-
tionality, implications, and tissue-specific effects of
mMARC1 in inflammation will be an area of further
investigation.

In conclusion, our phenotyping data can be used for
generating hypotheses about the disease-relevant
function of MARCH1, but further mechanistic experiments
are required to delineate the precise molecular function
of mARCH1 in disease. In addition, specific lipid species
identified may be considered as biomarkers of mARC1
for application in future clinical studies. These insights
will benefit translational strategies and mechanistic
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understanding to strengthen the potential for mARC1
therapy in patients with MASLD or MASH.
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