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Study Highlights
o Our study provides convincing evidence of epigenetic alteration of complement genes linked to MASLD, as

evidenced by hypermethylation and downregulation of the complement genes CIR, CIS, C3, C6, C4BPA, and
SERPINGI alongside hypomethylation and upregulation of C5AR1, C7 and CD59. These findings offer crucial
insights into the mechanisms propelling MASLD progression and suggest that precision-targeted therapies, including
the use of inhibitors of the complement system, could be promising strategies for managing MASLD.
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Background/Aims: Blocking the complement system is a promising strategy to impede the progression of metabolic
dysfunction—associated steatotic liver disease (MASLD). However, the interplay between complement and MASLD
remains to be elucidated. This comprehensive approach aimed to investigate the potential association between com-
plement dysregulation and the histological severity of MASLD.

Methods: Liver biopsy specimens were procured from a cohort comprising 106 Korean individuals, which included
31 controls, 17 with isolated steatosis, and 58 with metabolic dysfunction—associated steatohepatitis (MVASH). Utiliz-
ing the Infinium Methylation EPIC array, thorough analysis of methylation alterations in 61 complement genes was
conducted. The expression and methylation of nine complement genes in a murine MASH model were examined us-
ing quantitative RT-PCR and pyrosequencing.

Results: Methylome and transcriptome analyses of liver biopsies revealed significant (P<0.05) hypermethylation and
downregulation of C71R, C1S, C3, C6, C4BPA, and SERPINGT1, as well as hypomethylation (P<0.0005) and upregu-
lation (P<0.05) of C5AR1, C7, and CD59, in association with the histological severity of MASLD. Furthermore, DNA
methylation and the relative expression of nine complement genes in a MASH diet mouse model aligned with human
data.

Conclusions: Our research provides compelling evidence that epigenetic alterations in complement genes correlate
with MASLD severity, offering valuable insights into the mechanisms driving MASLD progression, and suggests that
inhibiting the function of certain complement proteins may be a promising strategy for managing MASLD. (Clin Mol
Hepatol 2024;30:824-844)

Keywords: MASLD; MASH; DNA methylation; Complement; Epigenetics

INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease
(MASLD), formerly known as nonalcoholic fatty liver dis-
ease (NAFLD), has undergone a redefinition to encompass
liver steatosis accompanied by cardiometabolic risk fac-
tors.! This spectrum of histopathological findings includes

metabolic dysfunction-associated steatotic liver (MASL;
isolated steatosis) and metabolic dysfunction—associated
steatohepatitis (MASH), previously referred to as nonalco-
holic steatohepatitis (NASH). MASH represents the inflam-
matory subtype of MASLD, carrying a significant risk for
progression to cirrhosis and hepatocellular carcinoma
(HCC). Individuals diagnosed with MASH face an elevated
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mortality risk, primarily due to cardiovascular causes. The
prevalence of MASLD has surged alongside the worldwide
obesity epidemic. Presently, MASLD afflicts approximately
25-30% of adults worldwide, although projections from hi-
erarchical Bayesian analysis suggest that more than half of
all adults could be affected by 2040.?

The progression of MASLD is influenced by various fac-
tors, including diet, lifestyle choices, and composition of
the gut microbiome, which collectively can trigger aberrant
epigenetic modifications that contribute to disease progres-
sion.® DNA methylation stands out as a relatively stable
epigenetic mechanism governing gene expression pat-
terns. Typically, hypermethylation of DNA can silence gene
expression, whereas hypomethylation can activate gene
expression. Therefore, investigating the DNA methylome is
crucial for identifying biomarkers linked to disease progres-
sion as well as for screening potential therapeutic targets.
Studies conducted with human liver specimens have re-
vealed associations between MASLD and abnormal pat-
terns of DNA methylation.*® Nevertheless, the epigenetic
mechanisms of MASLD are not completely understood.

The complement system is a crucial component of innate
immunity that plays a pivotal role in defending against in-
vading pathogens.® Complement is comprised of approxi-
mately 60 soluble and membrane-bound proteins including
core components as well as receptors and regulatory fac-
tors.® Recent comprehensive assessments of complement
function have revealed its multifaceted involvement beyond
canonical immune processes. Indeed, complement con-
tributes to essential physiological processes such as reso-
lution of inflammation, clearance of apoptotic cells, angio-
genesis, wound healing, stem-cell recruitment and
activation, and tissue repair.7'g However, age-related pro-
cesses and deficiencies as well as genetic variations in
complement proteins can perturb complement function,
with detrimental consequences.’ Moreover, burgeoning re-
search indicates a significant involvement of the comple-
ment system in MASLD progression.'®"* Despite this patho-
physiological connection, our understanding of the
interplay between complement and MASLD remains rudi-
mentary, primarily owing to isolated studies that often have
been conducted with animal models or in vitro.® These in-
vestigations have yielded varied and occasionally conflict-
ing conclusions," perhaps owing to the complexity of com-
plement’s roles in numerous physiological processes.

826 https://doi.org/10.3350/cmh.2024.0229

Moreover, the cellular levels of complement components
can dictate whether the effects are pro-inflammatory or an-
ti-inflammatory depending on MASLD status.®

Analyses of human MASLD cases are scarce, leaving
unanswered questions regarding the abundance of com-
plement components in both health and disease and the
extent to which they become activated or suppressed in
MASLD patients. Debates persist concerning whether
complement activation is heightened or suppressed in
MASLD and whether the levels of complement compo-
nents correlate with MASLD severity. To address this issue,
we conducted a comprehensive analysis by combining
data obtained from DNA methylome and transcriptome
studies with the goal of deepening our understanding of
the potential link between complement dysregulation and
the risk or severity of MASLD.

MATERIALS AND METHODS
Patients

Patients with biopsy-proven MASLD were enrolled follow-
ing the procedures outlined in our previous study."® Approv-
al for this study was obtained from the institutional review
board of Seoul Metropolitan Government Boramae Medical
Center. We established a prospective cohort from the on-
going Boramae MASLD registry (NCT 02206841) as de-
scribed previously.” The MASLD cohort (ITEN) comprised
106 Korean individuals aged 25—-80 who sought medical
attention at Seoul Metropolitan Government Boramae
Medical Center. Prior to participation, all individuals were
fully informed about the study protocol and provided written
informed consent.

NAFLD activity score (NAS) and fibrosis stage are as-
sessed according to the Kleiner classification and all study
participants were categorized into the control, MASL, and
MASH groups (Table 1)."®

SAF score encompasses three main components: ste-
atosis (S), activity (A), and fibrosis (F). Steatosis is graded
from SO to S3 based on the percentage of the hepatocytes
affected by large- or medium-sized lipid droplets. Activity is
assessed by the presence and severity of hepatocyte bal-
looning and lobular inflammation, graded from AO to A3. Fi-
brosis is categorized into stages ranging from FO (no fibro-
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Table 1. Clinical and histological characteristics of study participants
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Characteristic Total (n=106) Control (n=31) MASL (n=17) MASH (n=58) P-value®
Male sex 49 (46.2%) 16 (51.6%) 11 (64.7%) 22 (37.9%) 0.116
Continuous variables
Age (years) 56.0 (44.0, 65.0) 58.0 (48.5, 66.5) 42.0 (35.0, 62.0) 57.5 (45.0, 65.0) 0.130
Body weight (kg) 66.6 (59.4, 78.4) 60.1 (52.9, 66.0) 71.0 (65.4, 82.3) 71.0 (62.1, 81.5) <0.001
BMI (kg/m?) 25.6 (23.4, 28.6) 22.9 (211, 23.9) 26.5 (24.3, 29.4) 27.2 (25.4, 31.0) <0.001
ALT (U/L) 42.0 (25.3, 75.5) 22.0 (16.0, 28.5) 36.0 (26.0, 61.0) 63.0 (41.5, 103.5) <0.001
AST (U/L) 40.0 (24.0, 53.0) 23.0 (20.0, 30.0) 35.0 (23.0, 49.0) 49.5 (40.0, 79.0) <0.001
HDL cholesterol (mg/dL) 44.5 (37.0, 52.0) 46.0 (38.5, 55.5) 44.0 (40.0, 48.0) 445 (34.3,51.8) 0.755
Total cholesterol (mg/dL) 171.0 (146.5,200.5)  163.0 (133.0,192.5)  180.0 (152.0,196.0)  178.5 (152.0, 203.0) 0.268
TG (mg/dL) 125.0 (89.3, 176.0) 89.0 (81.5, 136.0) 111.0 (90.0, 167.0) 148.5 (110.3, 187.8) 0.001
Albumin (g/dL) 1(3.9,4.3) 4.0 (3.7,4.2) 4.3 (4.1,4.4) 1(3.9,4.3) 0.015
Concomitant medications
Antidiabetics 31 (29.2%) 5 (16.1%) 3 (17.6%) 23 (39.7%) 0.035
Antihypertensive drugs 41 (38.7%) 9 (29.0%) 5 (29.4%) 27 (46.6%) 0.188
Statins 34 (32.1%) 12 (38.7%) 6 (35.3%) 16 (27.6%) 0.537
Comorbidities®
Obesity*® 6 (52.8%) 3(9.7%) 9 (52.9%) 44 (75.9%) <0.001
Diabetes 31 (29.2%) 5 (16.1%) 3 (17.6%) 23 (39.7%) 0.035
CVD 2 (11.3%) 3(9.7%) 1 (5.9%) 8 (13.8%) 0.626
Hypertension 44 (41.5%) 9 (29.0%) 6 (35.3%) 29 (50.0%) 0.137
Dyslipidemia 34 (32.1%) 12 (38.7%) 6 (35.3%) 16 (27.6%) 0.537
Hypothyroidism 10 (9.4%) 4 (12.9%) 0 6 (10.3%) 0.300
Histological features
Steatosis
Grade 0 (<5%) 1(29.2%) 31 (100.0%) 0 0 <0.001
Grade 1 (5-33%) 3(12.3%) 0 6 (35.3%) 7 (12.1%)
Grade 2 (33-66%) 9 (17.9%) 0 5 (29.4%) 14 (24.1%)
Grade 3 (>66%) 43 (40.6%) 0 6 (35.3%) 37 (63.8%)
Lobular inflammation
Grade 0 28 (26.4%) 21 (67.7%) 6 (35.3%) 1(1.7%) <0.001
Grade 1 53 (50.0%) 10 (32.3%) 10 (58.8%) 33 (56.9%)
Grade 2 24 (22.6%) 0 1(5.9%) 23 (39.7%)
Grade 3 1 (0.9%) 0 0 1(1.7%)
Ballooning
Grade 0 39 (36.8%) 28 (90.3%) 10 (58.8%) 1(1.7%) <0.001
Grade 1 62 (58.5%) 3(9.7%) 7 (41.2%) 52 (89.7%)
Grade 2 5 (4.7%) 0 0 5 (8.6%)
Fibrosis stage
FO 30 (28.3%) 26 (83.9%) 4 (23.5%) 0 <0.001
F1 37 (34.9%) 4 (12.9%) 1(64.7%) 22 (37.9%)
F2 26 (24.5%) 1(3.2%) 2 (11.8%) 23 (39.7%)
F3 3(2.8%) 0 0 3(5.2%)
F4 10 (9.4%) 0 0 10 (17.2%)

MASL, metabolic dysfunction-associated steatotic liver; MASH, metabolic dysfunction-associated steatohepatitis; CVD, cardiovascular
disease; BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; HDL, high-density lipoprotein; TG,
triglycerides.

“Categorical data are expressed as the number (%), and the differences between groups were determined by the x* test. Continuous
variables are expressed as the median (interquartile range), and differences between groups were determined by the Kruskal-Wallis
test.

°The presence of these comorbidities is based on a combination of medical history and medication use in their medical records. For
example, if someone was taking statins, then dyslipidemia was identified, etc.

‘BMI >25.
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sis) to F4 (cirrhosis) based on the extent and pattern of
fibrosis within the liver tissue. SAF severity was catego-
rized into of ‘0’ (no MASLD; control), ‘1, 2, and ‘3’ based
on the criteria established by Bedossa et al."® SAF scoring
in our analysis aligns with established severity levels: SAF
severity ‘1’ denotes mild severity, characterized by A <2
and F <2. SAF severity 2’ indicates significant severity with
A =2 and/or F >2. Finally, SAF severity ‘3’ signifies severe
severity, indicating A >3 and/or F >3.

Liver tissues were collected from healthy control subjects
who underwent liver biopsy in a pre-evaluation for becom-
ing a liver transplantation donor, and normal liver paren-
chyma was collected from patients with intrahepatic benign
tumors. In subsequent analyses, we considered the ab-
sence of MASLD as a control and either MASL or MASH
as the MASLD group.

DNA methylation microarray experiment and
data analysis

The EPIC BeadChip (lllumina) was employed for methyl-
ation array analyses. Initially, 1 pg genomic DNA sourced
from human liver tissue underwent treatment with 20 pL
sodium bisulfite solution provided in the EZ DNA Methyla-
tion-Gold kit (Zymo Research, Orange, CA, USA). Subse-
quently, bisulfite-converted DNA (4 pL) was subjected to
amplification using the Infinium Methylation Assay kit (lllu-
mina). The amplified DNA was then hybridized onto an
EPIC BeadChip and scanned utilizing the lllumina iISCAN
system.

To assess the extent of CpG methylation, we utilized the
SeSAMe package (v1.20.0) within the R software (v4.3.1),
incorporating functional normalization to mitigate technical
variabilities. Preliminary processing encompassed several
steps: ‘qualityMask’, ‘infniumlChannel’, ‘dyeBiasNL,
‘POOBAH’, and ‘noob’, aimed at filtering out poor-quality
probe data, correcting for dye bias and channel switching,
and executing background subtraction. Specifically, CpG
probes failing in 10% or more samples, non-CpG probes,
probes targeting chromosome X or Y and flagged probes
were excluded from the analysis. Additionally, measure-
ments with detection P-values of <0.05 were deemed to
exhibit a significant signal above background. For publicly
available data from GEO (GSE180474),* idat files under-
went similar preprocessing procedures. Finally, all primary

828 https://doi.org/10.3350/cmh.2024.0229

methylation array data were deposited in K-BDS (Korea
BioData Station, https:/kbds.re.kr) under accession num-
ber KAP240571.

RNA-seq data analysis

The RNA sequencing (RNA-seq) data from our previous
study encompassed 92 liver samples from 28 control, 16
MASL, and 48 MASH subjects.® Total RNA extracted from
each liver sample was utilized for RNA sequencing with the
HiSeq2500 platform. The reads were subsequently
mapped and quantified using the human genome (hg19/
GRCh37) reference based on GENCODE v19. Additionally,
publicly available data were sourced from GEO
(GSE135251).° The counts matrix underwent normalization
for trimmed mean of M values (i.e., TMM) using the edgeR
package (version 4.0.11), followed by conversion to counts
per million and subsequent log, transformation to yield
normalized values. From this normalized matrix, the ex-
pression values of complement genes were extracted.
Subsequently, we utilized clinical data pertaining to NAS
and fibrosis stage to explore the expression patterns of
complement genes across various MASLD spectra, em-

ploying boxplots for visualization,
Analysis of single-nucleus RNA-seq data

We utilized pre-processed and annotated single-nucleus
RNA-seq (snRNA-seq) data from the Gene Expression
Omnibus (GEO) under accession number GSE202379.%
This dataset comprises transcriptomic profiles from 47 liver
biopsies representing the entire spectrum of MASLD pro-
gression. The snRNA-seq data were merged and annotat-
ed into a comprehensive Seurat object (GSE202379_Seur-
atObject_AlICells.rds) for downstream analysis. We utilized
the Seurat package (v4.1.3) for our analysis.

Hepatocytes zonation signature analysis

We employed previously established human zonation
marker genes to distinguish portal- and central-zone hepa-
tocytes within healthy and three other conditions.”"™ The
zonation analysis method employed in this study followed
the approach outlined in Guilliams et al.*® For human hepa-
tocytes, this approach successfully identified zonated ex-
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pression patterns of landmark genes, such as HAL, SDS,
ASS1 and PCK1 (periportal zone) and CYP2E1, SLCO1B3
and GLUL (pericentral zone).?*

Mice

C57BL/6N male mice, 6 weeks old, were purchased from
ORIENTBIO (Korea). The mice used in this study were
maintained at the Korea Research Institute of Bioscience
and Biotechnology in accordance with the guidelines pro-
vided by the Institutional Animal Care and Use Committee.
Mice were housed in a specific-pathogen-free environment
at 23°C, humidity 40-50%, and a 12-h light-dark cycle.
Throughout the study, the mice had ad libitum access to
water. At age 8 weeks, the experimental mice were divided
into two groups. One group was fed a MASH diet
(#TD.190142, Teklad Custom Diet; ENVIGO, Indianapolis,
IN, USA) supplemented with a sucrose solution (p-glu-
cose=18.9 g/L, fructose=23.1 g/L), whereas the control
group was fed a normal chow diet (#2018S, Teklad Global
18% Protein Rodent Diet, ENVIGO). After 14 weeks on the
respective diets, the mice were sacrificed and their livers
analyzed.

Data analysis and representation

The statistical significance of differences between groups
was evaluated using the Kruskal-Wallis test for continuous
variables and the chi-square test for categorical variables.
The gene expression and DNA methylation heatmap was
created using the Heatmap function of the ComplexHeat-
map package (version 2.18.0). Boxplots depicting comple-
ment genes were generated using the ggplot2 package
(version 3.5.0). All statistical analyses were performed in R
(version 4.3.2). Findings with a P-value <0.05 were deemed
statistically significant.

RESULTS

Aberrant methylation and expression of
complement genes in MASLD

For the DNA methylome analysis, liver biopsy specimens
were collected from 106 Korean individuals with diverse

http://www.e-cmh.org
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metabolic status and histological status. Employing stan-
dardized pathological scores, the samples were catego-
rized into the control (n=31) and MASLD (n=75, comprising
17 MASL and 58 MASH individuals) groups (Fig. 1A and
Table 1). To identify DMPs specific for MASLD, we per-
formed a comprehensive genome-wide methylation analy-
sis using the Infinium Methylation EPIC array. We estab-
lished two criteria for DMP identification: (1) P<0.005, and
(2) methylation differences greater than 0.05 or less than
—0.05 (based on mean B values) between control and
MASLD samples. This approach led to the identification of
277,484 DMPs among the MASLD specimens, comprising
106,116 hypermethylated and 171,368 hypomethylated
CpGs. The results are illustrated in Supplementary Figure
1 with a Manhattan plot and a quantile-quantile plot.

The complement system can be activated through three
separate pathways: the classical pathway, lectin pathway,
and alternative pathway (Fig. 1A). These pathways are initi-
ated by pathogen- or damage-associated molecular pat-
terns, each distinguished by specific contextual cues.® The
HUGO Gene Nomenclature Committee report for the com-
plement system comprises 56 genes, including 27 activa-
tion components and 29 regulators and receptors.® Addi-
tionally, we included 5 genes (CTRL, C1QTNF3, C1QTNF9,
C1QTNF9B, and C5AR2) in the complement gene list
(Supplementary Table 1).

To investigate the potential association between the dys-
regulation of complement genes and MASLD severity, we
analyzed DMPs linked to 61 complement genes. This led
to the identification of 277 DMPs that were associated with
complement genes. Specifically, 187 CpGs were hyper-
methylated and 90 were hypomethylated in patients with
MASLD (Supplementary Table 2). Among the 61 comple-
ment genes, 47 had DMPs; 16 had only hypermethylated
DMPs, and 7 had only hypomethylated DMPs. The remain-
ing 24 genes had both hypermethylated and hypomethyl-
ated DMPs. The supervised hierarchical clustering of the
DNA methylation patterns of these DMPs is presented in
Figure 1B.

Our analysis involved stratifying samples based on dis-
ease severity, specifically focusing on fibrosis (from 0 to 4),
lobular inflammation (from 0 to 2), steatosis (from 0 to 3),
and NAS (from 0 to 7). Remarkably, we observed concur-
rent escalation in methylation alterations corresponding to
disease severity (Fig. 1B).
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Figure 1. Altered methylation and expression of complement genes in MASLD progression. (A) Left: Schematic of the study design.
MASL, metabolic dysfunction-associated steatotic liver; MASH, metabolic dysfunction-associated steatohepatitis; DMPs, differentially
methylated CpG positions. Right: Simplified scheme of the complement system. Complement system activation comprises three proteo-
lytic cascades called the classical, lectin, and alternative pathways, all converging at the activation of C3 convertase, a central point in
complement activation. This cascade leads to the activation of crucial effectors such as the membrane attack complex (MAC) and ana-
phylatoxins (C3a and C5a). (B) Heatmap for DNA methylation of complement genes showing changes at CpG sites associated with
MASLD progression in the ITEN cohort (106 samples). (C) Heatmap for mRNAs transcribed from complement genes showing changes

related to MASLD progression in the ITEN cohort (92 samples).
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Next, we examined the expression of the 61 complement
genes utilizing RNA-seq data obtained from 92 specimens
(comprising 28 control, 16 MASL, and 48 MASH) included
in our previous study'® (see Fig. 1C for supervised hierar-
chical clustering of complement gene expression patterns).
The expression of complement activation genes, including
C2, C3, C5, C6, C9, C1R, and C1S, declined progressively
as disease progressed, whereas the expression of comple-
ment regulators and receptors such as CD59, CD93, and
C5AR1 gradually increased. These findings implied that al-
terations in DNA methylation patterns of complement
genes accumulate with increasing MASLD severity, and
these alterations likely impact gene expression.

Defining DMPs associated with complement
gene expression

To further elucidate the relationship between DMP meth-
ylation and complement gene expression, we conducted a
Pearson correlation analysis (Fig. 2A). Among the 277
DMPs examined, 143 CpGs exhibited an inverse correla-
tion (R <—0.3) with complement gene expression, whereas
35 CpGs exhibited a positive correlation (R >0.3). Analysis
using ChromHMM state annotation files® revealed that
DMPs exhibiting an inverse correlation were predominantly
located within active promoter regions and strong enhanc-
ers in human hepatocytes (Fig. 2B). In contrast, DMPs ex-
hibiting a positive correlation were associated with hetero-
chromatin regions and displayed weaker transcriptional
activity (Fig. 2B). These findings implied that, throughout
the progression to MASLD, changes in CpG methylation
within promoter and enhancer regions of complement
genes play a role in modulating gene expression.

Notably, the inverse relationship between complement
gene expression and DNA methylation was more evident
in MASH samples than in controls. This correlation identi-
fied nine genes with an R value less than —0.5 in MASH
(Fig. 2C). Within this cohort, C1R, C1S, C3, C6, C4BPA,
and SERPING1 were downregulated, whereas C5AR1, C7,
and CD59 were upregulated in MASH (Fig. 1C). Supple-
mentary Figure 2 presents the DMPs associated with
MASH in the nine genes. Hypermethylation was observed
in DMPs associated with the genes C71R (3 DMPs), C1S (16
DMPs), C3 (16 DMPs), C6 (3 DMPs), C4BPA (11 DMPs),
and SERPING1 (11 DMPs), and hypomethylation was ob-
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served in DMPs associated with C5AR7 (8 DMPs), C7 (3
DMPs), and CD59 (8 DMPs).

Particularly, the methylation status of C1R showed a ro-
bust inverse correlation with its expression in MASH (R=—
0.58) and MASL (R=-0.47), whereas no discernible corre-
lation was observed in control samples (R=0.013).
Similarly, for C5AR1, a strong inverse correlation was found
in MASH (R=-0.67), with relatively weaker correlations in
MASL (R=—-0.22) and controls (R=—0.15) (Fig. 2C). These
findings suggested that DNA methylation changes within
nine complement genes increase with increasing severity
of MASLD, with consequent effects on expression.

Methylation patterns of selected complement
genes correlate with histological severity of
MASLD

We next examined the methylation patterns of nine se-
lected complement genes in correlation with the histologi-
cal severity of MASLD, encompassing liver fibrosis and
NAS. For MASH, there was increased methylation of six
genes (C1R, C1S, C3, C6, C4BPA, and SERPINGT) along-
side decreased methylation of three genes (C5AR1, C7,
and CD59) (Fig. 3A). The methylation patterns of the nine
genes in MASLD were consistent with liver steatosis (Sup-
plementary Fig. 3), lobular inflammation (Supplementary
Fig. 4), and ballooning (Supplementary Fig. 5).

Furthermore, our analysis extended to assessing methyl-
ation levels across various liver fibrosis stages, ranging
from 0 to 4. Notably, significant disparities in complement
gene methylation emerged between the most advanced
stages (F3—4) and earlier stages (FO-2) (Fig. 3B).

Within our cohort, NAS ranged from 0 (mild MASLD) to 7
(most severe MASLD). Notably, six complement genes that
underwent hypermethylation in MASLD had relatively high
NAS values, whereas three genes that underwent hypo-
methylation had lower values (Fig. 3C).

To distinguish between MASH and non-MASH, the meth-
ylation patterns of the nine complement genes were ana-
lyzed according to the SAF score classification. Correlation
analysis of the methylation patterns of the nine genes with
SAF score revealed more pronounced differences between
groups than what was observed for correlation with NAS
(Fig. 3D).

To confirm the methylation status of the selected genes
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Figure 2. Relationship between DNA methylation and expression of complement genes. (A) Volcano plot depicting Pearson correlations
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Figure 3. Methylation patterns of nine selected complement genes and correlations with the histological severity spectrum of MASLD.
Boxplots illustrating highly differentially methylated complement-related CpG sites in MASLD stages using ITEN cohort data. (A) MASLD
groups: Control (n=31), MASL (n=17), and MASH (n=58); (B) fibrotic stage: FO (n=30), F1 (n=37), F2 (n=26), F3 (n=3), and F4 (n=10); (C)
NAFLD activity score (NAS): 0 (n=20), 1 (n=11), 2 (n=5), 3 (n=9), 4 (n=15), 5 (n=31), 6 (n=12), and 7 (n=3); (D) SAF (steatosis, activity and
fibrosis) score: 0 (n=31), 1 (n=15), and 2 (n=60). (E) Boxplots for the same CpG sites in the fibrotic stage based on public data
(GSE180474). P-values indicate the significance of differences among groups (Kruskal-Wallis test). MASLD, metabolic dysfunction-as-
sociated steatotic liver disease; MASL, metabolic dysfunction-associated steatotic liver; MASH, metabolic dysfunction—associated ste-
atohepatitis; NAFLD, nonalcoholic fatty liver disease.
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in a separate cohort, we utilized publicly available data
from GSE180474, which comprises 325 individuals of Eu-
ropean ancestry. Among them, 68% had no fibrosis (grade
0), 17% had bridging fibrosis (grade 3), 11% had incomplete
cirrhosis (grade 3/4), and 9% had cirrhosis (grade 4). Simi-
lar to the findings for our Korean cohort, six complement
genes were hypermethylated and the remaining three were
hypomethylated, in accordance with fibrosis severity (Fig.
3E), suggesting that these alterations in complement gene
methylation were consistent across diverse ethnic groups.

Alterations in complement gene expression
during the progression of liver fibrosis

We next investigated the expression patterns of the six
hypermethylated and three hypomethylated complement
genes in MASLD. Among them, C1R, C1S, C3, C4BPA,
and SERPING1 exhibited significantly decreased expres-
sion in MASH. Additionally, C6 was significantly downregu-
lated in MASL, with even further downregulation observed
in MASH. In contrast, C5AR1, C7, and CD59 were upregu-
lated in MASH (Fig. 4A). Furthermore, the expression of
these nine genes in MASLD mirrored the trends observed
for liver steatosis (Supplementary Fig. 6), lobular inflamma-
tion (Supplementary Fig. 7), and ballooning (Supplementa-
ry Fig. 8).

We next analyzed complement gene expression in rela-
tion to fibrosis, observing a decrease in the expression of
six genes, whereas the remaining three demonstrated in-
creased expression correlating with liver fibrosis (Fig. 4B).
Regarding NAS, although C3 expression did not change
significantly, C1R, C1S, C6, C4BPA, and SERPING1 dis-
played a declining trend in NAS 5 and 6. Conversely,
C5AR1, C7, and CD59 demonstrated an increasing trend in
mRNA levels in cases with severe disease (NAS 5-7) com-
pared with less severe disease (NAS 0-4) (Fig. 4C). Ex-
pression of the nine genes differed significantly depending
on SAF score (Fig. 4D).

To confirm the expression levels of the nine complement
genes in a separate cohort, we utilized publicly available
data from GSE135251, which includes 403 European Cau-
casian patients (381 MASLD samples and 22 control sam-
ples).” In this dataset, C1R, C1S, and SERPING1 exhibited
decreased expression, whereas C5AR1, C7, and CD59
demonstrated increased expression with respect to the

834 https://doi.org/10.3350/cmh.2024.0229

progression of liver fibrosis (Fig. 4E).

As an additional validation of complement gene expres-
sion based on fibrosis stage, we utilized SteatoSITE
(https://shiny.igc.ed.ac.uk/SteatoSITE_gene_explorer/),
which is an open resource comprising data for 940 histo-
logically defined patients spanning the entire spectrum of
MASLD severity.”” Consistent with observations for the Ko-
rean ITEN cohort, the six hypermethylated complement
genes exhibited reduced expression, whereas the three
hypomethylated genes exhibited increased expression, in
line with fibrosis severity (Fig. 4F).

To analyze the effect of various factors (antidiabetics, an-
tihypertensive drugs, statins, obesity, and smoking) on the
expression of complement genes and DNA methylation
patterns, multiple linear regression analysis was conduct-
ed. Among the independent variables, DNA methylation
was found to have the most significant impact on the ex-
pression of complement genes. Specifically, methylation of
C1S, C3, C6, SERPING1, C5AR1, C7, and CD59 was most
significantly influenced by MASH status. In contrast, the
methylation of C1R and C4BPA was more significantly af-
fected by antidiabetics than by MASH status. The results of
the multiple linear regression analysis indicated that meth-
ylation of complement genes is predominantly influenced
by MASH status, whereas gene expression is primarily af-
fected by methylation status (Supplementary Table 3).

Altogether, it appears that changes in complement gene
expression may influence the progression of liver fibrosis in
individuals with MASLD, potentially serving as indicators of
the severity and progression of MASLD.

Single-cell analysis of complement gene
expression

The liver is composed of various cellular constituents,
such as hepatocytes and non-parenchymal cells. To inves-
tigate the expression of complement genes across different
liver cell types, we analyzed snRNA-seq datasets from the
GEO dataset GSE202379.”' This dataset includes liver bi-
opsies from 47 individuals at different stages of MASLD
progression: healthy controls (n=4), MASL (n=7), MASH
(n=27), cirrhosis (n=4), and end-stage disease requiring
transplantation (n=5).>' From this analysis, we obtained
99,809 high-quality nuclei, with a significant proportion be-
ing hepatocytes (n=69,426).”' The cell type-specific ex-
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Figure 4. Gene expression patterns of the six hypermethylated and three hypomethylated genes in MASLD. Boxplots for mRNAs ex-
pressed according to MASLD stages using ITEN cohort data. (A) MASLD groups: Control (n=28), MASL (n=16), and MASH (n=48); (B) fi-
brotic stage: FO (n=27), F1 (n=36), F2 (n=20), F3 (n=3), and F4 (n=6); (C) NAS: 0 (n=18), 1 (n=10), 2 (n=5), 3 (n=8), 4 (n=14), 5 (n=26), 6
(n=8), and 7 (n=3); (D) SAF score: 0 (n=28), 1 (n=14), and 2 (n=50). (E) Boxplots for mMRNAs expressed during the fibrotic stage: FO (n=46),
F1 (n=48), F2 (n=54), F3 (n=54), and F4 (n=14) based on public data (GSE135251).° P-values indicate the significance of differences
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gene_explorer/), an open resource comprising data for 940 histologically defined MASLD patients.”” MASLD, metabolic dysfunction-as-
sociated steatotic liver disease; MASL, metabolic dysfunction-associated steatotic liver; MASH, metabolic dysfunction—associated ste-
atohepatitis; NAS, NAFLD activity score.
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pression levels of complement genes are detailed in Sup-
plementary Figure 9A. Notably, the six hypermethylated
genes were predominantly expressed in hepatocytes (Fig.
5A), whereas the three hypomethylated genes (C7, C5ART,
and CD59) exhibited low expression levels (Fig. 5A).

The expression of complement genes throughout dis-
ease progression at the single-cell level is illustrated in
Supplementary Figure 9B. Notably, the highest expression
of complement genes was observed in hepatocyte popula-
tions, prompting a focused differential expression analysis
on these cells. Across all disease stages, the six comple-
ment genes exhibited differential expression, with a marked
downregulation observed in end-stage disease, suggesting
a correlation between disease progression and the expres-
sion of these genes (Fig. 5B). Specifically, in hepatocytes
at end-stage disease, there was significant downregulation
of C1R (logFC=-1.2, FDR=0), C3 (logFC=-0.97, FDR=0),
C1S (logFC=-0.4, FDR=3.98x107""), SERPING1 (log-
FC=-0.34, FDR=3.33x10"%), and C4BPA (logFC=-0.25,
FDR=3.64x10"%) (Fig. 5B). These patterns of downregula-
tion were consistent across other pathological features, in-
cluding lobular inflammation (Fig. 5C), ballooning (Fig. 5D),
and fibrosis (Fig. 5E), underscoring their broader relevance
in hepatic pathology.

Hepatocytes arranged along the lobule axis have a zona-
tion pattern marked by spatial disparities in gene expres-
sion and metabolic functions.®** Consequently, we investi-
gated complement gene expression in the context of liver
zonation. Hepatocyte subpopulations could be classified
as periportal (marked by SDS, HAL, PCK1, and ASS7) and
pericentral (CYP2E1, SLCO1B3, and GLUL) (Fig. 5F). We
examined whether complement genes exhibited zonation
patterns of expression similar to hepatocytes in healthy tis-
sues (Supplementary Fig. 9C). We found distinct zonation
patterns in healthy liver tissue, with similar expression lev-
els of complement genes in periportal and pericentral pop-
ulations. However, in MASLD, these patterns differed sub-
stantially, particularly with regard to downregulation of the
six complement genes in central-zone hepatocytes (Sup-
plementary Fig. 9D). This suggests that these genes are
predominantly downregulated in cells displaying a central-
zone expression pattern in hepatocytes in MASLD tissue.
Specifically, C6 (logFC=-0.7, FDR=1.32x107"%), C4BPA
(logFC=-0.36, FDR=6.99x107%*"), SERPING1 (log-
FC=-0.34, FDR=1.84x10"%), and C3 (logFC=-0.12,
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FDR=1.18x10""') were significantly downregulated in cen-
tral-zone hepatocytes at the end-stage condition (Fig. 5G).
Figure 5H and Supplementary Figure 10 illustrate the cor-
relation between the levels of the six complement genes
and liver zonation markers. With disease progression, this
correlation decreased. These findings suggest a complex
relationship between complement gene expression and liv-
er zonation, highlighting the dynamic nature of liver pathol-
ogy in MASLD.

Expression and methylation of complement
genes in a mouse model of MASH

To further investigate DNA methylation and relative ex-
pression of the nine complement genes in MASH samples,
we conducted a comparative analysis between mice fed a
normal diet (n=5) and those fed a MASH diet (n=7). Methyl-
ation levels were determined using pyrosequencing, and
mRNA levels were measured using RT-qPCR (Fig. 6). The
CpG sites analyzed were selected based on their similarity
to those studied in humans. Consistent with findings from
human samples, the results from the MASH-diet mice vali-
dated the involvement of these nine complement genes in
pathology. Notably, the methylation levels of C1ra, C3, C6,
C4bpa, and Serping1 were significantly elevated in the
MASH group, with C7s7 showing a non-significant in-
crease. Conversely, methylation of C5ar1 was significantly
decreased, whereas no significant differences were ob-
served for C7 and Cd59 (Fig. 6B). Additionally, expression
of Clra, C1s1, C3, C4bpa, and Serping1 was significantly
reduced in the MASH group, with C6 showing a non-signif-
icant decrease. In contrast, C5ar1 expression was signifi-
cantly increased, with C7 and Cd59 showing non-signifi-
cant increases (Fig. 6C). These findings in the MASH
mouse model aligned with the human data, further confirm-
ing the involvement of these nine genes in MASLD. Specifi-
cally, CTra, C3, C4bpa, and Serping1 displayed significant
hypermethylation and downregulation, whereas C5ar1 dis-
played significant hypomethylation and upregulation (Fig.
6).

To elucidate the functional consequences of these epi-
genetic changes in MASLD pathogenesis, an in vitro assay
was performed. Mouse hepatocyte cell line AML12 was
treated with 200 uM palmitate and 0.5 pg/mL lipopolysac-
charide for 12 hours to induce lipogenesis and inflamma-
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Figure 6. Methylation and expression patterns of nine complement genes in MASH mouse model. (A) Overall scheme for experimental
MASH diet mouse model. Experimental MASH was induced in C57BL/6 male mice using a high-fat, high-sucrose diet for 14 weeks. (B)
Pyrosequencing and (C) RT-qPCR were performed on nine complement genes in the control group (n=5) and MASH group (n=7). P-val-
ues indicate the significance of differences between control and MASH mice using the Mann—-Whitney U test. **P<0.01; *P<0.05. MASH,

metabolic dysfunction—associated steatohepatitis.

tion, followed by treatment with 10 pM AZA, a DNA methyl-
ation inhibitor,*® for 36 hours (Supplementary Fig. 11A).
Induction of lipogenesis and inflammation in AML12 cells
resulted in decreased expression of C1s1, C3, C6, and
Serping1, whereas expression of C5ar1 and Cd59a in-
creased (Supplementary Fig. 11B). AZA treatment restored
the expression of these complement genes to control lev-
els (Supplementary Fig. 11B). Furthermore, MASLD pro-
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gression—related genes involved in lipogenesis (Fasn,
Scd1, and Cd36), inflammation (//6 and //1b), and fibrosis
(Col1at) were also restored (Supplementary Fig. 11C).
These findings suggested that epigenetic alterations of
these complement genes may contribute to MASLD pro-
gression and represent potential targets for drug develop-
ment.
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DISCUSSION

In our research, we provide compelling evidence of epi-
genetic alteration of complement genes linked to MASLD
progression. An integrative analysis of DNA methylome
and transcriptome data obtained from liver biopsies of Ko-
rean patients with MASLD revealed a consistent pattern:
hypermethylation and downregulation of six genes, namely
C1R, C1S, C3, C6, C4BPA, and SERPINGT, alongside hy-
pomethylation and upregulation of three genes, C5AR1,
C7, and CD59. Although similar patterns of DNA methyla-
tion and mRNA abundance were observed in European
ancestry groups, our study exclusively focused on subjects
of East Asian ethnicity. Furthermore, through the integra-
tion of publicly accessible datasets, we established a cor-
relation between complement gene expression and liver
zonation, elucidating the complex interplay between com-
plement regulation and hepatic pathophysiology. Our find-
ings represent a significant advancement in understanding
the functional implications of epigenetic modifications of
complement genes in MASLD.

Activation of the complement system involves three pro-
teolytic cascades called the classical, lectin, and alterna-
tive pathways, all converging at the activation of C3 conver-
tase, a central point in complement activation. This
cascade leads to the activation of crucial effectors such as
the membrane attack complex and anaphylatoxins (C3a
and Cb5a), as illustrated in Figure 1A. In the classical path-
way, C1q recognizes immune complexes, initiating a chain
reaction involving serine proteases C1r and C1s, leading to
the activation of C4 and C2. The classical and lectin path-
ways are activated through binding to complement-fixing
antibodies in immune complexes or mannose residues on
microorganisms, respectively. In contrast, the alternative
pathway undergoes spontaneous activation via continual
low-rate hydrolysis of the thioester bond of C3. The result-
ing activated C3 then binds to factor B, promoting its cleav-
age into Ba and Bb by factor D. The resulting C3 conver-
tase initiates an amplification loop, generating more C3b
and C3a.

Extensive research has increasingly revealed the signifi-
cant role of the complement system not only in the immune
system but also in lipid metabolism. Dysregulated comple-
ment activity has been associated with metabolic syn-
drome, obesity, insulin resistance, and diabetes, all contrib-
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uting to the development of MASLD."**'

Hepatocytes, which are highly metabolic cells, are also
the primary source of extracellular complement synthesis.*
The six complement genes we identified in the present
study (C1R, C1S, C3, C6, C4BPA, and SERPINGT), which
are primarily expressed in hepatocytes, exhibited elevated
methylation in MASLD. Once synthesized and activated,
factors encoded by these complement genes may play a
vital role in maintaining the normal function and regenera-
tive capacity of hepatocytes.***

Interestingly, we noted increased methylation and re-
duced expression of C3 in liver samples from MASLD pa-
tients, which contradicts previous findings of elevated lev-
els of C3 in plasma of MASLD patients.*® Moreover, type 2
diabetes is linked to heightened systemic concentrations of
C3.% Given the frequent concurrence of MASLD and type
2 diabetes, it is plausible that the observed heightened C3
levels could originate from sources beyond the liver, such
as adipose tissue.**

Our observations of reduced C3 expression in the MASH
group are supported by the findings of Segers et al., who
reported significantly diminished liver C3 mRNA and pro-
tein levels in individuals with MASH.*® Specifically, in
mouse hepatocytes, it has been elucidated that C3 has a
protective role against hepatic steatosis by influencing lipo-
phagy, a specialized form of autophagy targeting lipid drop-
lets in liver triglyceride breakdown.*® Additionally, intracellu-
lar C3 has been shown to promote the assembly and
secretion of very low—density lipoprotein, thereby assisting
in the reduction of lipid accumulation within hepatocytes.*
These insights underscore the multifaceted roles of C3 in
lipid metabolism in the liver with potential implications in
metabolic liver diseases.

Besides parenchymal cells, the liver houses various non-
parenchymal and immune cells like macrophages, stellate
cells, and lymphoid cells. Consequently, the liver is not only
a metabolic center but also an immune organ responsible
for maintaining whole-body homeostasis under normal
conditions. The three complement genes (C7, C5AR1, and
CD59) that we found were primarily expressed in non-pa-
renchymal cells were hypomethylated and upregulated in
MASLD specimens. Epigenetic alterations of these genes
could result in abnormalities in the innate immune re-
sponse, potentially culminating in liver injury and fibro-
sis.""** As pivotal components of the innate immune re-
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sponse, aberrant activation of these genes might contribute
to the progression of MASLD by impacting various immune
cell populations within the liver."

It has been established that the C5a/C5aR pathway is in-
volved in promoting macrophage accumulation and M1-like
polarization within white adipose tissue of obese mice,
leading to insulin resistance.*® This suggests that height-
ened expression of C5aR may contribute to the develop-
ment of MASLD by activating Kupffer cells/macrophages.
Notably, Castellano et al.** observed that exposure to C5a
resulted in widespread hypomethylation across the ge-
nome of human renal tubular epithelial cells, specifically
affecting genes involved in cell cycle regulation, DNA dam-
age response, and Wnt signaling pathways.** indicating
that epigenetic changes of complement genes could both
instigate and result from altered complement gene expres-
sion in MASLD.

C7 is a terminal component of the complement cascade.
Elevated concentrations of C7 in plasma have been linked
to MASH with advanced fibrosis.***® In a study by Wei Hou
et al.*®, high levels of Complement C7 were associated with
advanced fibrosis in MASH patients and effectively classi-
fied these patients in a pilot study.***® This study also found
that C7, along with other complement proteins, significantly
correlated with liver stiffness, suggesting its potential as a
biomarker for advanced fibrosis in MAFLD.**® Consistent
with other proteomic investigations, our study observed re-
duced methylation of C7 and elevated levels of its mMRNA in
the liver tissue of MASH patients with advanced fibrosis.
These findings suggest a potentially significant role of C7
in MASLD pathogenesis. However, further research is
needed to elucidate the precise mechanisms by which C7
influences the progression of MASLD.

CD59 is a membrane complement regulatory protein that
plays a crucial role in preventing the formation of the mem-
brane attack complex and maintaining control over comple-
ment activation. CD59 is found abundantly across diverse
cell types in vertebrates, encompassing blood cells, endo-
thelial cells, and epithelial cells.”” Diminished methylation
of CD59 and elevated levels of its MRNA might lead to an
imbalance in complement activation and inhibition, thereby
impacting the progression of MASLD. Additional investiga-
tion is needed for a deeper understanding of these mecha-
nisms.

Hepatic zonation, a fundamental feature of liver structure,

840 https://doi.org/10.3350/cmh.2024.0229

denotes the partitioning of liver lobules into specialized
functional regions along the porto-central axis. Each of
these regions has distinct metabolic and physiological
traits, facilitating specialized functions and interactions
within the liver.”® Periportal hepatocytes oversee energy-in-
tensive tasks like xenobiotic metabolism, bile acid synthe-
sis, and glycolysis. Conversely, central hepatocytes are re-
sponsible for less demanding functions such as
B-oxidation, cholesterol biosynthesis, protein secretion,
and gluconeogenesis.” The initial progression of MASLD
primarily takes place in the pericentral region, with steato-
sis extending along the porto-central axis.*® In hepatocytes
from MASLD tissue, we noted a reduction in complement
gene expression predominantly in cells showing a central-
zone expression pattern. Further research is required to
deepen our understanding of the complex interaction be-
tween these spatial factors and the trajectory of MASLD.

Blocking the complement system has emerged as a
promising approach to hinder the progression of MASH,
potentially opening avenues for innovative treatment mo-
dalities.”® Presently, more than 20 therapeutic agents are in
clinical development, each aimed at distinct components
and pathways within the complement cascade, addressing
various indications.* The complement cascade offers nu-
merous opportunities for therapeutic intervention, each
with its own set of advantages and disadvantages depend-
ing on the clinical context and underlying pathophysiology.
However, inappropriate or nonspecific modulation of the
complement system carries a significant risk of adverse ef-
fects, such as increased susceptibility to infections.®

Our findings indicate that targeting C5/C5aR holds prom-
ise for anti-MASH therapy. Drugs, such as eculizumab, ra-
vulizumab, and avacopan, which target C5/C5aR, have al-
ready been approved for clinical use to treat conditions
such as atypical hemolytic uremic syndrome or anti-neu-
trophil cytoplasmic antibody—associated vasculitis.***' En-
couragingly, preclinical studies utilizing antagonists against
C5aR have demonstrated protective effects against diet-in-
duced obesity and metabolic dysfunction.” However, fur-
ther investigation is warranted for the clinical application of
targeting C5/C5aR for MASH treatment.

This study’s limitations include the lack of experimental
validation regarding the therapeutic aspects of targeting
the complement system for MASH, which should be con-
ducted in future research. Moreover, any cross-sectional
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study aiming to elucidate changes in both DNA methylation
and gene expression in MASLD faces inherent constraints.
Enhancing the evidence base through secondary data
analysis from longitudinal studies or interventional trials
would better delineate causality and temporal relationships
between variables.

Furthermore, this study categorized biopsy specimens
into the control and MASLD groups based on standardized
histological scores. There are potential limitations, howev-
er, in that sample selection may have inherent biases, and
the criteria for categorization could introduce confounding
factors that affect the observed methylation and expression
patterns of complement genes. Additionally, the sample
size in this study was relatively small compared to other
open-source studies, and we relied on snRNA-seq data
from a public database representing a different ethnic pop-
ulation rather than utilizing our own data. To address this, it
is essential to validate these findings in a larger sample
group.

Although our dataset included information on lifestyle
factors, comorbidities, and related medications, it some-
times contained only non-quantitative data for some sam-
ples. These limitations hindered any comprehensive analy-
sis of all variables in this study, indicating that further
research is needed to identify additional factors that influ-
ence DNA methylation patterns and gene expression levels
in liver samples from MASLD patients. Moreover, the study
did not collect liver tissue samples from an independent
patient group, thus preventing the isolation and analysis of
genomic DNA from liver tissue. To address these limita-
tions, future research should aim to validate our findings in
an independent MASLD cohort, ensuring a more robust
understanding of epigenetic mechanisms involved in
MASLD.

In summary, our study reveals, for the first time, the epi-
genetic and transcriptional changes in complement genes
in the liver during the progression of MASLD. These find-
ings have potential implications for understanding the core
mechanisms underlying MASLD progression and for devel-
oping targeted therapeutic approaches.
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