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Study Highlights
o Downregulation of the MTARCI p.A165 risk allele reduces cell proliferation, intracellular neutral lipid accumula-
tion, and migration, while enhancing -oxidation in Hep3B2 cells.

o Transient knockdown of CPTIA, a key protein involved in B-oxidation, partially reverses the beneficial effects ob-
served upon MTARCI p.A165 knockout.

o MTARCI p.A165 knockout markedly reduces tumor growth and proliferation in a subcutaneous HCC xenograft
model.

o These findings identify MTARCI as a potential therapeutic target in hepatocellular carcinoma.
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Background/Aims: Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related mortality
worldwide and is driven by metabolic reprogramming that supports tumor growth and progression. A common
missense genetic variant (rs2642438, p.A165T) in mitochondrial amidoxime reducing component 1 (MTARCT),
identified as protective against liver disease, has been recently associated with lower prevalence of steatosis,
cirrhosis, and HCC. However, the mechanistic role of MTARC1 in HCC is unclear. Therefore, we sought to decipher
the role of MTARC1 in HCC.

Methods: We investigated the role of MTARC1 in HCC by performing siRNA-mediated knockdown across human
immortalized HCC cell lines (Hep3B2, HuH7, HepG2 and HepaRG) homozygous for the risk allele (p.A165) and
by generating stable CRISPR-Cas9 knockout (KO) models. Next, we assessed the effect of MTARC1 loss on cell
proliferation, migration, lipid metabolism, and fatty acid oxidation in vitro, as well as tumor aggressiveness in a
subcutaneous xenograft mouse model. Additionally, we performed global proteomics in both in vitro and xenograft
models.

Results: Transient knockdown of MTARC1 p.A165 reduced proliferation in HCC cell lines. CRISPR-Cas9-mediated
stable MTARC1 p.A165 KO in Hep3B2 cells led to decreased neutral lipid intracellular accumulation, enhanced
B-oxidation and reduced cell migration. An MTARC1 KO xenograft model had reduced tumor volume. Proteomic
analyses of both in vitro HCC cells and xenograft tumors revealed inhibition of oncogenic pathways and activation of
anti-proliferative proteins.

Conclusions: Downregulation of MTARC1 p.A165 inhibits lipid accumulation, dampens tumor-promoting pathways
and restricts tumor growth, highlighting MTARC1 as a promising therapeutic target for HCC. (Clin Mol Hepatol
2026;32:829-842)

Keywords: MTARC1; Subcutaneous xenograft model; Hypoxia; EMT; Fatty acid degradation

INTRODUCTION liver diseases, such as metabolic dysfunction-associated
steatotic liver disease (MASLD) and alcohol-related liver

Hepatocellular carcinoma (HCC) is the most common disease.” Despite recent advances in its treatment regi-
form of liver cancer and the third leading cause of cancer- men, including immune checkpoints and tyrosine kinase
related mortality worldwide.' The incidence of HCC contin- inhibitors, the overall prognosis for HCC remains poor, with
ues to rise, mainly due to increasing prevalence of chronic ~ a median survival of less than two years, indicating an un-
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met medical need.**

Metabolic reprogramming is a classical hallmark of HCC.
HCC cells adapt their metabolic state to increase prolifera-
tion, evade cell death and survive under hypoxic condi-
tions.® This adaptation involves lipid accumulation through
increased synthesis and impaired export, while altered fatty
acid oxidation supports energy production and survival un-
der stress.*® In this context, B-oxidation represents a
double-edged metabolic pathway. On the one hand, en-
hanced B-oxidation may promote tumorigenic activity by
providing energy and supporting survival,® but on the other,
it may exert anti-tumorigenic effects by limiting cell prolifer-
ation, such as in HCC, prostate and breast cancer, under-
scoring a context-dependent role of lipid metabolism in tu-
mor progression.® Understanding the molecular mediators
of these processes is essential for identifying novel thera-
peutic targets.

Mitochondrial amidoxime reducing component 1
(MTARCH1, also referred to as MARC1) is a molybdenum-
containing enzyme present on the outer mitochondrial
membrane.” Initially characterized for its role in the reduc-
tive metabolism of xenobiotics, MTARC1 has subsequently
been implicated in lipid metabolism and redox homeosta-
sis.”® Genome-wide association studies (GWASs) have
identified a common protective MTARC1 variant (p.A165T)
in which the minor allele is associated with lower hepatic
triglyceride content, as well as a lower prevalence of cirrho-
sis and of HCC®"® suggesting a relevant role of MTARCH in
cancer biology. However, the mechanistic contribution of
MTARC1 to HCC biology has not been elucidated.

To address this gap, we investigated the role of MTARC1
in HCC using in vitro and in vivo models. We found that
loss of MTARC1 p.A165 inhibits HCC cell proliferation and
disrupts key oncogenic signaling pathways. Further, in a
subcutaneous xenograft model of MTARC1 p.A165 knock-
out (KO) cells in mice we found reduced tumor volume and
weight compared with xenografts derived from MTARC1
control (mock) cells. Together, these findings establish that
downregulation of hepatic MTARC1 p.A165 may represent
a promising strategy to treat HCC.

MATERIALS AND METHODS

Details for each experiment are provided in the Support-
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ing Information.

RESULTS

Transient downregulation of the UITARC1 p.A165
risk allele reduces cellular proliferation in HCC
cell lines

To investigate the role of MTARC1 in HCC, we transiently
downregulated its expression using siRNA in four human
HCC cell lines homozygous for the p.A165 risk allele,
namely, Hep3B2, Huh7, HepG2, and HepaRG. MTARC1
p.A165 knockdown efficiency was confirmed by qPCR in all
cell lines, with mRNA levels lower by more than 80% at 24
hours, 48 hours and 72 hours compared with scrambled
siRNA control (siSCR) (Fig. 1, left panels; P<0.001 for all
time points).

MTARCT p.A165 downregulation lowered the cell count by
34% in Hep3B2, 24% in Huh7 and 24% in HepG2 cells, re-
spectively, averaged across the three time points (Fig. 1A-C,
right panels; P<0.01). In HepaRG cells, proliferation was re-
duced by 16% at 48 hours (P<0.01) and at 72 hours
(P<0.001) (Fig. 1D, right panel).

These findings demonstrate that transient downregula-
tion of MTARC1 p.A165 exerts an anti-proliferative effect.

Stable KO of MTARC1 p.A165 reduces
intracellular neutral lipid content, cell
proliferation and migration in vitro

To further characterize the role of MTARC1 in HCC, we
generated a stable MTARC1 p.A165 KO cell line using the
CRISPR-Cas9 method in Hep3B2 cells and tested the ef-
fect of the KO on intracellular neutral lipid content, cell pro-
liferation and migration in vitro. By immunoblot analysis we
found a marked reduction of MTARC1 protein expression
in the KO cell lysates (Fig. 2A, upper panel), and densito-
metric quantification normalized to calnexin (CNX) revealed
a more than 90% reduction in MTARC1 protein levels
(P<0.01).

We found that MTARC1 p.A165 KO cells had lower intra-
cellular neutral lipid content, as visualized by Oil-Red-O
staining (Fig. 2B; P<0.001) compared with mock cells. Addi-
tionally, via a [®H]-palmitate oxidation assay we found higher
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B-oxidation activity in KO cells compared with mock cells
(P<0.01), indicating higher fatty acid oxidation (Fig. 2D).

When we analyzed cell proliferation, we found that
MTARCT p.A165 KO had lower proliferation compared with
mock cells at 24 hours (35% reduction, P<0.001), 48 hours
(41.0% reduction, P<0.01) and 72 hours (43% reduction,
P<0.001) post-seeding (Fig. 2C).

Next, we examined cell migration using a wound healing
assay. Compared with mock cells, MTARC1 p.A165 KO
showed a markedly lower wound closure at 24 hours (73%
inhibition, P<0.001), 48 hours (55% inhibition, P<0.01) and
72 hours (60% inhibition, P<0.01) (Fig. 2E, lower panel).

These data were virtually identical in two different
MTARCT mock and KO cell clones (Supplementary Fig. 1).

In vitro proteomic profiling reveals that MTARC1
p-A165 KO inhibits oncogenic pathways in HCC

To gain further insight into the molecular mechanisms of
MTARC1 in HCC, we performed whole-cell proteomics on
mock and MTARC1 p.A165 KO Hep3B2 cells. We detected
a total of 9,193 proteins, of which 238 were upregulated and
190 were downregulated (FDR adjusted, llog,FCI>+0.58) in
MTARCT p.A165 KO cells compared with mock cells. To de-
cipher the biological significance of these differentially ex-
pressed proteins, we next performed pathway enrichment
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analysis and found that MTARC1 p.A165 KO results in a pro-
found downregulation of epithelial-mesenchymal transition
(EMT), hypoxia, epidermal growth factor receptor 1 (EGFR1)
signaling and TGF-B regulation of extracellular matrix, as
well as upregulation of fatty acid metabolism and p53 signal-
ing (Fig. 3). After analysis of the differentially expressed pro-
teins, five proteins were randomly selected whose expres-
sion levels were unchanged between Hep3B2 mock and
Hep3B2 MTARCT p.A165 KO cells (Supplementary Fig. 2A).

EMT enables cancer cells to acquire migratory and inva-
sive properties.” We found that levels of CTHRC1, THBS1,
CDH6 and DKK1 were lower in MTARC1 p.A165 KO cells
compared with mock cells, resulting in impaired mesenchy-
mal transition. This suggests that the loss of MTARC1
p.A165 hinders the epithelial-to-mesenchymal plasticity of
HCC cells (Fig. 3A).

Hypoxia is a major hallmark of HCC, driving tumor ag-
gressiveness, metabolic reprogramming and extracellular
matrix remodeling.”” We found that the expression levels of
proteins, such as BGN, NDRG1 and ALDOA, were mark-
edly lower in the MTARC1 p.A165 KO cells compared with
mock cells (Fig. 3B).

The EGFR pathway is a critical driver of HCC progres-
sion'® and MTARCT p.A165 KO led to lower levels of vari-
ous EGFR-associated regulators, including ITGA2, TAGLN
and TGFB2, compared with mock cells (Fig. 3C).
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Figure 1. MTARC1 p.A165 risk allele downregulation reduces cell proliferation. (A—D) mRNA expression levels of MTARCT (left panels)
and cell count per mL (right panels) assessed in (A) Hep3B2, (B) HuH7, (C) HepG2 and (D) HepaRG cells after siRNA mediated knock-
down of MTARCT. Cells were transfected with either siSCR (control) or siMARC1, and both mRNA expression and cell count was mea-
sured at 24 hours, 48 hours, and 72 hours post-transfection. P-values were calculated using unpaired Student’s t-test. Data are shown as
mean=SD for three independent experiments. Statistical analysis was performed using GraphPad Prism version 9 (San Diego, CA, USA).
**P<0.01, ***P<0.001. MTARC1, mitochondrial amidoxime-reducing component 1; siSCR, scrambled siRNA.
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Figure 2. Stable knockout (KO) of MTARC1 p.A165 in Hep3B2 cells reduces their proliferation, lipid content and migration. (A) Immunob-
lotting was performed to assess MTARC1 KO efficiency. Cell lysates were run in SDS-PAGE and probed against MTARC1 and CNX.
Band intensities were normalized to CNX and quantified using ImageLab software. Statistical analysis was performed using unpaired
Student’s t-test. (B) Hep3B2 mock or MTARCT p.A165 KO cells were seeded and fixed after 48 hours in 4% PFA, followed by Oil Red O
(ORO) and DAPI staining. The ORO stained area was quantified using Imaged. Objective: 20x, DAPI: Blue, ORO: Red. Scale bar=100
pm. P-values were calculated by Mann—Whitney non-parametric test. (C) Hep3B2 mock or MTARC1 p.A165 KO cells were collected at
24 hours, 48 hours, and 72 hours, and cell counts were performed. P-values were calculated using an unpaired Student’s t-test. (D) Cells
were incubated with 8.3 puCi/mL [°*H] palmitate and 110 uM palmitate for 2 hours. Media were collected, and radioactivity was measured
using a scintillation counter. Results were expressed as disintegrations per minute (DPM) and normalized to cell number. P-values were
calculated by Mann—Whitney non-parametric test. (E) A scratch wound assay was performed in Hep3B2 mock cells and MTARC1 KO
cells. After 24 hours of seeding, a scratch was made using pipette tips and images were captured at 24 hours, 48 hours, and 72 hours.
Objective: 20x. Scale bar=100 pm. Data are normalized to the mock control at each respective time point (set as 100%). Wound closure
was calculated in percentage. P-values were calculated using an unpaired Student’s t-test. Data are shown as mean+SD for three inde-
pendent experiments. Statistical analysis was performed using GraphPad Prism version 9 (San Diego, CA, USA). **P<0.01, ***P<0.001.
CNX, calnexin; MTARC1, mitochondrial amidoxime-reducing component 1; PFA, Paraformaldehyde.
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Fatty acid degradation is a cellular metabolic pathway The TGF-B pathway is known to promote cancer progres-
that involves the breakdown of fatty acids to generate met-  sion, metastasis and extracellular matrix remodeling."* We
abolic energy.® By proteomic profiling we found higher lev-  found that the levels of TGFB2 and RRAS were lower,
els of proteins involved in fatty acid degradation, including  whereas SKI was higher, in MTARCT p.A165 KO cells com-
HMGCS1, GPX1, FMO1 and CPT1A, in MTARC1 p.A165 pared with mock cells, indicating suppression of the TGF-f

KO cells compared with mock cells (Fig. 3D). pathway in the KO cells (Fig. 3E).
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Figure 3. Proteomics analysis of MTARC1 p.A165 KO in Hep3B2 cells. Whole-cell proteomics was performed on six technical replicates
of Hep3B2 mock and MTARC1 KO cells. Samples were processed and proteins were quantified using MS/MS, liquid chromatography-
tandem mass spectrometry. The protein abundance ratios were log2-transformed, and statistical significance was assessed using Ben-
jamini-Hochberg test, with an adjusted P-value threshold of <0.05. A llog,FCI>+0.58 cutoff was used to define upregulation or downregu-
lation. The colour intensity in the heatmap represents the Log2FC values. Pathway enrichment analysis was performed using Enrichr,
and the following pathways were enriched in MTARC1 KO cells: (A) EMT, (B) Hypoxia, (C) EGFR1, (D) Fatty acid metabolism, (E) TGF-p
regulation of extracellular matrix and (F) p53 pathway. EGFR1, epidermal growth factor receptor 1; EMT, epithelial-mesenchymal transi-
tion; KO, knockout; MS/MS, tandem mass spectrometry; MTARC1, mitochondrial amidoxime-reducing component 1; TGF-f, transforming
growth factor-beta.

Fatty acid metabolism
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Although Hep3B2 cells are null for TP53 (the gene en-
coding p53),” pathway enrichment analyses highlighted
higher p53-related signaling, likely reflecting a p53-inde-
pendent response converging on similar downstream tar-
gets. Notably, the tumor suppressor CDKN2A was higher
in MTARC1 p.A165 KO cells compared with mock cells,
consistent with the induction of an anti-proliferative path-
way (Fig. 3F).

Our findings demonstrate that loss of MTARC1 p.A165 in
Hep3B2 cells leads to suppression of EMT, hypoxia adap-
tation and EGFR signaling while promoting fatty acid deg-
radation.

We also performed whole-cell proteomics on MTARC1
p.A165 KO and MTARC1 mock HepG2 cells. We detected a
total of 7,000 proteins, of which 299 were upregulated and
296 were downregulated in the MTARC1 p.A165 KO cells
compared with the mock cells (FDR adjusted,
llog,FCI=+0.58). After analysis of the differentially expressed
proteins, five proteins were randomly selected whose ex-
pression levels were unchanged between HepG2 mock and
HepG2 MTARCT p.A165 KO cells (Supplementary Fig. 2C).
Heatmaps of differentially expressed proteins between
mock and MTARC1 p.A165 KO are shown for each path-
way (Supplementary Fig. 3). Loss of MTARC1 p.A165 in
HepG2 cells led to suppression of the mTORC1 pathway,
while promoting fatty acid metabolism. Certain EMT mark-
ers were increased; however, this should be interpreted
cautiously, as TGF-p—associated proteins were decreased
(Supplementary Fig. 3), indicating that the observed
changes may represent a feedback response rather than
bona fide EMT activation.

CPT1A knockdown counteracts the beneficial
effect of MTARC1 p.A165 KO on proliferation

To assess the causal relationship between MTARC1
p.A165 KO and f-oxidation on proliferation, we transiently
knocked down CPT7A in Hep3B2 mock and MTARC1
p.A165 KO cells. In mock cells, siCPT1A induced upregula-
tion of MTARC1 mRNA, suggesting a feedback response
to lower fatty acid availability in the mitochondria (P<0.01,
Fig. 4A). Consistent with these results, CPT1A knockdown
lowered B-oxidation by 30% (P<0.001) in mock cells and by
50% (P<0.001) in MTARCT1 p.A165 KO cells compared with
their respective siSCR-transfected cells (Fig. 4B).

http://www.e-cmh.org
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As a consequence of lower B-oxidation, CPT1A knock-
down was associated with higher neutral lipid content in
both backgrounds. siCPT1A knockdown resulted in 59%
(P<0.001) higher neutral lipid content compared with mock
siSCR. MTARC1 p.A165 KO siSCR exhibited 42%
(P<0.001) lower neutral lipid content than mock siSCR. The
double perturbation (MTARC1 p.A165 KO+siCPT1A)
showed 41% (P<0.001) higher neutral lipid content relative
to MTARC1 p.A165 KO siSCR but remained 18% (P<0.001)
lower than mock siSCR, indicating a partial rescue of the
KO phenotype (Fig. 4C).

Similarly, CPT1A knockdown enhanced cell proliferation.
siCPT1A knockdown resulted in a 22% (P<0.01) higher
number of cells than mock siSCR. MTARC1 p.A165 KO
siSCR exhibited 49% (P<0.01) lower cell numbers than
mock siSCR cells. The double perturbation (M TARC1
p.A165 KO+siCPT1A) showed 65% (P<0.01) higher cell
numbers relative to MTARC1 p.A165 KO siSCR but re-
mained 16% (P<0.01) lower than mock siSCR, again indi-
cating a partial rescue of the KO phenotype (Fig. 4D).

Together, these findings demonstrate that CPT7A knock-
down reduces B-oxidation and partially reverses, the bene-
ficial effect observed in MTARC1 p.A165 KO cells, demon-
strating a causal role for B-oxidation in this phenotype.

KO of MTARC1 p.A165 reduces tumor growth in
a subcutaneous xenograft mouse model

To determine whether MTARC1 p.A165 reduction influenc-
es tumorigenicity in vivo, MTARC1 p.A165 KO and Hep3B2
mock cells were injected subcutaneously into the flanks of
5-week-old BALB/c nude mice (Supplementary Fig. 4). Tu-
mor growth was monitored after injection over a period of
48 days, with tumor volumes measured every 3 days
(Supplementary Fig. 4).

Tumors derived from mock cells grew more rapidly,
whereas those from MTARC1 p.A165 KO cells showed
markedly lower growth (Fig. 5A, top and middle panels). At
the end point, gross examination revealed smaller tumors
in the MTARC1 p.A165 KO group, which also appeared
less red and less vascularized compared with the mock tu-
mors (Fig. 5A, bottom panel).

Longitudinal measurements of tumor volume revealed a
sustained difference between groups throughout the study,
with a lower volume observed from day 36 after injection
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onwards, until the end of the experiment (day 48). By day
48, tumor volume in the MTARC1 p.A165 KO group was
45% lower compared to the mock controls, indicating a re-
duction in tumor burden among the KO group (Fig. 5B;
P<0.001). Consistent with these results, tumor weight was
also 38% lower in the MTARCT1 p.A165 KO group com-
pared to the mock group (Fig. 4C; P<0.05). Additionally, we
found that the expression of Ki-67, a marker of cell prolifer-
ation, was 42% lower in the MTARC1 p.A165 KO tumors
compared with mock tumors, as visualized by immunofluo-
rescence (Fig. 5C; P<0.05).

These results demonstrate that MTARC1 p.A165 KO in-

hibits tumor growth in a subcutaneous xenograft mouse
model.

In vivo tumor proteomics reveals that MTARC1
p-A165 KO downregulates oncogenic pathways
in HCC

To investigate the molecular consequences of MTARCT
p.A165 KO in Hep3B2 xenograft tumors, we performed
whole-cell proteomic analysis comparing protein expres-
sion profiles between Hep3B2 mock and Hep3B2 MTARC1
p.A165 KO xenografts in nude mice. We detected 8,381
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Figure 4. CPT1A knockdown reduces B-oxidation and partially rescues the phenotype observed in MTARC1 p.A165 knockout (KO) cells.
Hep3B2 mock or MTARCT p.A165 KO were seeded and, after 24 hours, transfected with scrambled siRNA (siSCR) or CPT71A targeting
siRNA (siCPT1A). Cells were subsequently collected for the indicated analyses. (A) Relative mRNA expression of MTARC1 (left) and CP-
T1A (right) determined by qRT-PCR in mock and MTARC1 p.A165 KO following siSCR or siCPT1a transfection. Data are expressed as
relative units (RU). (B) p-oxidation measured by incubation with 8.3 uCi/mL [*H]-palmitate and 110 uM palmitate for 2 hours. Media were
collected and the radioactivity was quantified using a scintillation counter. Results are expressed as disintegrations per minute (DPM)
normalized to cell number. (C) Cells were fixed 48 hours post-transfection with 4% PFA and stained with Oil Red O (ORO) and DAPI. Lip-
id accumulation was quantified as ORO-positive area per cell using ImageJ. Representative images are shown (objective 20x; DAPI,
blue; ORO, red). Scale bar=100 pym. (D) Cell counts were performed 48 hours post-transfection. Data are shown as mean+SD from six in-
dependent experiments. Statistical significance was assessed using the Mann—Whitney non-parametric test and analyzed with Graph-
Pad Prism version 9 (San Diego, CA, USA). **P<0.01, and ***P<0.001. MTARC1, mitochondrial amidoxime-reducing component 1; PFA,
Paraformaldehyde.
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Figure 5. MTARC1 p.A165 knockout (KO) reduces tumor volume and weight in a subcutaneous xenograft mouse model. (A) Representa-
tive images of mice (top) and xenograft tumors (bottom) at the day of termination. Scale bar for mouse: 1.8 mm and scale bar for tumor:
0.38 mm. (B) Tumor volume was measured every 3 days. Statistical significance was determined using a linear mixed model. Linear
mixed-effects model was fitted using R. (C) Tumor weight was measured on the day of termination. The P-value was calculated by
Mann—-Whitney non-parametric test. (D) Representative tumor sections were processed for immunofluorescence with an anti-Ki-67 anti-
body, and the nuclei were stained with DAPI (blue). Objective: 20x, DAPI: Blue, Ki-67: Green. Scale bar=100 ym. P-values were calculat-
ed by Mann—-Whitney non-parametric test. Statistical analysis was performed using GraphPad Prism version 9 (San Diego, CA, USA).
*P<0.05, **P<0.01, and ***P<0.001. MTARC1, mitochondrial amidoxime-reducing component 1.
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proteins, of which 375 were upregulated and 228 were
downregulated in Hep3B2 MTARCT p.A165 KO xenografts
compared with the mock control group (FDR adjusted,
llog,FCl =+0.58).

In Hep3B2 2D proteomics (mock vs. MTARC1 p.A165
KO), we detected 428 differentially expressed proteins,
whereas in xenografted tumors in nude mice (mock vs.
MTARC1 p. A165 KO), we detected 603 differentially ex-
pressed proteins. Notably, 111 proteins were commonly dif-
ferentially expressed across both models. Among these
shared proteins, 102 proteins exhibited concordant expres-
sion changes while 9 displayed discordant regulation. The
inverse regulation may reflect adaptation of tumor cells to
the in vivo microenvironment and contributions from host-
tumor interactions within the xenograft setting.

The overall expression patterns demonstrated a strong
positive correlation in protein expression between Hep3B2
mock and MTARCT1 p.A165 KO cells and their correspond-
ing xenografted tumors, with a Log,FC concordance yield-
ing a Pearson correlation coefficient of r=0.76 (P=5.7x1072?)
(Fig. 6A).

Pathway enrichment analysis revealed changes in eryth-
rocytic proteins, hypoxia signaling, myc repressed pathway,
G2-M checkpoint and p53 signaling. Heatmaps of differen-
tially expressed proteins between mock tumors and KO
tumors are shown in each pathway (Fig. 6). After analysis
of the differentially expressed proteins, five proteins were
randomly selected whose expression levels did not differ
between Hep3B2 mock and Hep3B2 MTARCT p.A165 KO
xenograft tumors (Supplementary Fig. 2B).

We observed lower expression of several erythrocytic
markers, including HBA1, HBB and SPTB, in MTARC1
p.A165 KO tumors compared with mock tumors (Fig. 6B).

Hypoxia pathway analysis revealed lower expression of
hypoxia-related proteins, including PGAM2, EFNA1 and
GALK1, in MTARC1 p.A165 KO tumors compared with
mock tumors. This indicates that loss of MTARC1 reduces
hypoxic stress within tumors. The combined effect of re-
duced erythrocytic and hypoxia markers likely contributes
to the pale appearance of MTARC1 p.A165 KO tumors, re-
flecting lower vascularization compared with mock tumors
(Fig. 6C).

Despite the fact that Hep3B2 cells are TP53 null,”
MTARC1 KO exhibited higher levels of p53-associated pro-
teins, including PRKAB1, HEXIM1, and ZFP36L1. These
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proteins act as tumor suppressors in various cancers, and
their increased expression suggests that MTARCT loss can
restrict tumor growth even in the absence of p53 (Fig. 6D).

We also found increases in several G2/M checkpoints
proteins in MTARC1 p.A165 KO tumors compared with
mock tumors, which can lead to cell cycle arrest in re-
sponse to stress. Notably, CDKN1B was higher in the KO
tumors, potentially blocking cyclin—-CDK activity and ceas-
ing their progression into mitosis (Fig. 6E).

Notably, in MTARC1 p.A165 KO tumors we observed an
increase in the proteins that inhibit the Myc pathway, such
as CDKN1B, FOXO03, and SMAD2, suggesting a role for
MTARCT in this pathway (Fig. 6F).

DISCUSSION

The main finding of this study is that MARC1 p.A165 ab-
lation reduces HCC aggressiveness by metabolic repro-
gramming.

We began by assessing proliferation in human HCC cell
lines homozygous for the MTARCT risk allele (p.A165).
Transient siRNA-mediated knockdown of MTARCT p.A165
led to lower proliferation in four HCC cell lines (Hep3B2,
HuH7, HepG2 and HepaRG). These results were validated
in CRISPR-Cas9-mediated stable MTARC17 p.A165 KO
Hep3B2 cells, in which we found a larger effect size com-
pared to the transient knockdown approach, likely reflect-
ing the stable nature of CRISPR-Cas9-mediated KO. In ad-
dition to the effects on proliferation and migration, Hep3B2
MTARC1 p.A165 KO displayed reduced intracellular neutral
lipid content and increased fatty acid -oxidation compared
to mock KO control cells, consistent with our previous work
with human primary hepatocytes.” We should note that
transient knockdown of CPT1A partially reversed the bene-
ficial effect of the MTARC1 p.A165 KO, indicating that the
increase in B-oxidation induced by the KO underlies this
beneficial effect.

To further explore the molecular mechanisms underlying
the role of MTARC1 in HCC, we performed proteomic pro-
filing in vitro using Hep3B2 mock and MTARC1 KO cells.
Loss of MTARC1 p.A165 led to suppression of key onco-
genic pathways, including EMT, EGFR signaling, TGF-p-
mediated extracellular matrix remodeling and hypoxia re-
sponses. Downregulation of EMT markers (CTHRC1,
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Figure 6. Proteomic profiling of xenografted tumors reveals downregulation of oncogenic pathways in MTARC1 p.A165 knockout (KO) tu-
mors. Whole-cell proteomics was performed on 8 Hep3B2 mock and 7 MTARC1 p.A165 KO xenografted tumors. Samples were pro-
cessed and proteins were quantified using MS/MS, liquid chromatography-tandem mass spectrometry. The protein abundance ratios
were log2-transformed, and statistical significance was assessed using Benjamini-Hochberg test, with an adjusted P-value threshold of
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proteins while blue colour indicates downregulated proteins in both cell lines and tumors. The correlation highlights the similarities and
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(F) Myc repressed pathway. MTARCT, mitochondrial amidoxime-reducing component 1; MS/MS, tandem mass spectrometry.
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THBS1) and hypoxia-related proteins (NDRG1, ALDOA) in-
dicates impaired cellular plasticity and adaptation to hypox-
ic stress, both of which are critical for HCC aggressive-
ness.®" Interestingly, we found that MTARC1 p.A165 KO
increased levels of tumor suppressor-associated proteins
(CDKN2A, ZBTB16), suggesting activation of anti-prolifera-
tive pathways, even in Hep3B2 cells, which are p53 defi-
cient. All together, these findings indicate that MTARC1
contributes to tumor progression by orchestrating onco-
genic signaling cascades. In vivo, we found that MTARC1
p.A165 KO had profound effects on tumor growth. Xeno-
graft tumors derived from MTARC1 p.A165 KO Hep3B2
cells exhibited slower growth, reduced vascularization and
smaller size compared with Hep3B2 mock cells. We also
found a 42% reduction in Ki-67 expression, a well-known
proliferation marker upregulated in HCC,* in MTARC1
p.A165 KO tumors. Consistent with these observations,
erythrocyte markers and hypoxia-related proteins were
lower in MTARC1 p.A165 KO tumors, supporting the notion
that MTARC1 influences both tumor metabolism and its mi-
croenvironment. Interestingly, by proteomics, we found
30% more differentially expressed proteins in xenograft tu-
mors compared with 2D cell culture, highlighting the com-
plexity of host-tumor interactions and involvement of addi-
tional signaling pathways in vivo.

The missense variant p.A165T (rs2642438) is associated
with a small protective effect on HCC risk with an odds ra-
tio (OR) of ~0.83, which is attenuated when HCC cases are
compared specifically with cirrhosis without HCC (OR 0.91;
95% CI 0.84-1.00), indicating that the observed effect of
the variant is shared with progression to cirrhosis rather
than tumor development per se."

In contrast, a recent genome-wide meta-analysis identi-
fied a separate MTARC1 signal, an intronic variant
(rs2642442), which reaches genome-wide significance and
is associated with a modest increase in risk (p ~0.17, corre-
sponding to an OR of ~1.2).”' The genetic effect correlates
strongly with genetic determinants of hepatic steatosis
(r2=0.75) and cirrhosis (r2=0.69). These data support a
model in which this variant influences HCC risk primarily
through hepatic lipid accumulation and progression of
chronic liver disease. Notably, this intronic variant is com-
patible with a gain-of-function and is associated with an in-
creased risk of MASLD (OR of 1.15).%

Overall, both studies are consistent with typical common
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germline variants, supporting a role for MTARC1 as a mod-
ifier of risk rather than a strong oncogenic driver. Also, our
study focuses on germline variation and metabolic regula-
tion rather than somatic mutagenesis.

The modest effect size associated with the MTARC1
p.A165 variant in humans contrasts with the much larger
effects observed following MTARC1 KO in cancer cell
lines. There are at least three plausible explanations for the
observed discrepancy: (1) in our hands, the MTARC1 p.
A165 variant reduces protein levels by approximately
50%,%*** whereas CRISPR-mediated KO virtually elimi-
nates the protein, resulting in a stronger perturbation of the
system; (2) people born with the MTARC1 protective ge-
netic variant may develop compensatory mechanisms as a
consequence of lifelong reduction in MTARCT function,
whereas acute ablation of MTARC1 on a wild-type back-
ground would not allow for such adaptation and may there-
fore produce a larger effect size. An illustrative example is
congenital analbuminemia, a largely benign condition char-
acterized by oedematous swelling, in contrast to acquired
severe hypoalbuminemia, which is a life-threatening condi-
tion®®; and (3) in carriers of the genetic variant, MTARC1
loss of function occurs at the whole-body level (including
the immune system), whereas our experiments are limited
to hepatocytes.

Our study has some limitations. All experiments were
conducted in HCC cells carrying the MTARCT risk variant
(p-A165) and not in cells expressing the protective p.T165
allele. We have previously demonstrated that the protective
allele leads to a loss of MTARC1 function through protea-
somal degradation.”® Based on these findings, silencing
the protective allele would be expected to have little or no
impact on cell proliferation and metabolic reprogramming.
Moreover, our in vivo studies were performed in nude mice,
which do not reflect the interaction with the immune sys-
tem. Further studies in orthotopic models or humanized
mouse systems will be valuable to confirm these results.
Finally, our proteomic analyses revealed suppression of
various oncogenic pathways. The causal relationship be-
tween MTARCT1 ablation and these signaling cascades re-
mains to be defined.

In conclusion, our results demonstrate that MTARC1
p.A165 ablation results in metabolic reprogramming attenu-
ating HCC aggressiveness by downregulating oncogenic
and upregulating tumor suppressor signals. These data
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suggest that downregulation of MTARC1 p.A165 may be a
potential strategy to treat HCC.
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