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Aims: In this methylome-wide association study of cholestatic liver diseases (primary sclerosing cholangitis
and primary biliary cholangitis), the authors aimed to elucidate changes in methylome and pathway
enrichment to identify candidate genes. Patients & methods: Reduced representation bisulfite sequencing
was performed on liver tissue from 58 patients with primary sclerosing cholangitis (n = 13), primary biliary
cholangitis (n = 20), alcoholic liver disease (n = 21) and live liver donors (n = 4). Pathway enrichment and
network analysis were used to explore key genes/pathways. Results: Both cholestatic liver diseases were
characterized by global hypomethylation, with pathway enrichment demonstrating distinct genes and
pathways associated with the methylome. Conclusions: This novel study demonstrated that differential
methylation in cholestatic liver disease was associated with unique pathways, suggesting it may drive
disease pathogenesis.

Plain language summary: While DNA is the permanent code that defines each living being, the
epigenome comprises sequences attached to DNA that can change with the environment. This means
that abnormal changes to the epigenome may lead to disease and that finding and treating these
abnormalities may in turn help treat disease. In this study of liver tissue from individuals with two rare
liver diseases, primary sclerosing cholangitis and primary biliary cholangitis, the authors found that the
epigenome of these two conditions is distinct, suggesting that the epigenome is linked to the development
of these conditions and may be the key to treating them.

Tweetable abstract: Novel study in rare cholestatic liver diseases (primary sclerosing cholangitis and
primary biliary cholangitis) shows unique methylome changes, which may lead to novel treatment
opportunities.
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There is increasing evidence that alterations in DNA methylation (i.e., the methylome) are associated with human
disease, ranging from cancer to autoimmune disease to cardiovascular pathology [1–3]. In the mammalian genome,
methylation of cytosines in CpGs plays a critical role in transcriptional regulation, chromatin stability and gene
silencing [4]. Of the 28 million CpG dinucleotides in the human genome, 60–80% are methylated, many of
which are concentrated in ∼1 kb CpG-rich regions called CpG islands (CGIs) [5]. Notably, approximately 70%
of promoters are located in CGIs, reflecting the critical role of CGIs in transcriptional regulation [6]. Another key
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feature of the methylome is that it is modifiable; thus, it may not only play a role in disease pathogenesis but also
provide the means to novel therapies [2].

Primary sclerosing cholangitis (PSC) and primary biliary cholangitis (PBC) are immune-mediated, cholestatic
liver diseases of unknown etiology and uncertain pathogenesis. To date, there has been a limited, targeted evaluation
of DNA methylation in both PSC and PBC [7]. In PSC, interest in differentially methylated DNA has largely
been confined to its use as a biomarker for cholangiocarcinoma (bile duct cancer). This has demonstrated that bile
from PSC patients with cholangiocarcinoma features promoter methylation of INK4a/ARF [8], as well as frequent
methylation of CDO1, CNRIP1, SEPT9 and VIM [9]. DNA methylation may also help risk stratify patients with
PSC, as advanced epigenetic age has been shown to be a predictor of clinical outcomes such as compensated or
decompensated cirrhosis, death, transplant and cholangiocarcinoma regardless of chronological age [10]. Studies of
DNA methylation in PBC have predominantly focused on peripheral blood mononuclear cells (PBMCs) and/or
the X chromosome. These studies have demonstrated relative hypermethylation of CLIC2, PIN4, FUNDC2 and
AE2/SLC4A2 and hypomethylation of CXCR3 and CD40L [11–13].

Herein, the authors present a methylome-wide association study (MWAS) of liver tissue for PSC and PBC using
reduced representation bisulfite sequencing (RRBS). They demonstrate that PSC and PBC have unique methylome
profiles when compared with cirrhotic controls with non-cholestatic liver disease (alcoholic liver disease [ALD])
and healthy controls (HCs). Pathway enrichment of gene promoters and enhancers with methylome changes under
each disease condition provides key insights into disease pathogenesis.

Patients & methods
Study population & design
Patients were included from the Mayo Clinic Transplant Registry, a prospective collection of blood and explanted
liver tissue from patients with liver disease as well as HCs [14]. Adult patients with PSC and PBC were diagnosed
according to internationally accepted criteria [15,16]. Controls included patients with ALD (cirrhotic controls) and
unmatched live liver donors (HCs). ALD was defined as the presence of advanced fibrosis and a history of alcohol
consumption over 60 g per day for men and over 20 g per day for women for over 10 years [17]. PSC, PBC
and ALD patients were excluded if they had evidence of concomitant liver disease (e.g., non-alcoholic fatty liver,
autoimmune hepatitis, viral hepatitis) or clinical features known to impact the methylome [1–3]: severe infection
(i.e., sepsis, abscess, acute cholangitis), significant comorbid illness (i.e., diabetes mellitus, renal failure, chronic
lung disease, chronic cardiac disease) or malignancy as per clinical history and/or liver biopsy. Histologic reasons
for exclusion included the presence of severe hemosiderosis, portal vein thrombus, the absence of portal tracts
and/or significant steatosis (>15%) [18,19]. Patients were also excluded if they had insufficient liver tissue available
for RRBS. Normal controls were patients who were live liver donors for recipients with any liver disease. These
individuals were 21–55 years of age, with a BMI <30 kg/m2 and no evidence of liver disease, as required by the
Mayo Clinic Live Donor Transplant Program [14].

Clinical and laboratory data, including sex, age at diagnosis and transplant, year of transplant, Model for End-
stage Liver Disease (MELD) score at time of transplant, history of inflammatory bowel disease (IBD) or colectomy
and biochemistry (alkaline phosphatase [ALP], alanine aminotransferase [ALT], aspartate aminotransferase [AST],
bilirubin, albumin, creatinine, platelets and anti-mitochondrial antibody [AMA] status history if relevant), were
abstracted from the medical record and reviewed for accuracy by a qualified physician (AC Cheung).

Liver tissue specimens
Liver tissue specimens were obtained at the time of liver explant as per Tissue Registry protocols (patients with
liver disease) or segmentectomy according to a prospective research protocol (live donors). Slides from available
formalin-fixed paraffin-embedded (FFPE) liver from PSC, PBC, ALD and live donors were re-reviewed by an expert
liver pathologist (TT Wu). Samples were evaluated for the proportion of hepatocytes and portal tracts, degree of
hepatic steatosis, portal/lobular inflammation, bile ductular proliferation, cholestasis, Mallory bodies and fibrosis
stage [20].

RRBS library preparation & sequencing
RRBS libraries were prepared using 500 ng of genomic DNA as previously described [21]. The concentration and
size distribution of the completed libraries were evaluated using an Agilent Bioanalyzer DNA 1000 chip (CA, USA)
and Qubit fluorometry (Invitrogen, CA, USA). Once the completed libraries were pooled, 10% commercially
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prepared PhiX library (Illumina, CA, USA) was added to increase base diversity for improved sequencing quality.
Samples were then sequenced at six samples per lane to generate 100 million 51 basepair (bp) paired-end reads
following Illumina’s standard protocol using the Illumina cBot and HiSeq 3000/4000 Paired-end (PE) Cluster Kit
and collection software (HiSeq Control Software v3.3.52). Base-calling was performed using Illumina’s Real-Time
Analysis software version 2.7.3.

RRBS data pre-processing & quality assessment
The raw sequence FASTQ data were processed using the authors’ internal bisulfite sequence analytical pipeline,
SAAP-RRBS (with alignment to human reference genome version 19, to obtain counts of methylated and un-
methylated cytosine and methylation ratios on CpG sites [22]. Briefly, FASTQ files were trimmed to remove adaptor
sequences, and any reads with less than 15 bp were discarded. Trimmed FASTQs were then aligned against the
reference genome using BSMAP (a whole genome bisulfite sequence mapping program) [23]. CpG methylation and
bisulfite conversion ratios were determined using Samtools and custom PERL scripts [24]. A minimum coverage
of five reads was required for inclusion of a cytosine in a sample. All samples were merged and samples with
sample CpG call rate <80% were dropped and then CpGs across the remaining sample with a call rate <80%
were excluded. Chromosomes X and Y were excluded to eliminate confounding of results by sex, given the known
differences in sex distribution of patients with PSC, PBC and ALD. Unsupervised hierarchical clustering and
principle components analysis (PCA) were performed to examine the sample relationship by overall methylation
patterns of CpGs using complete data in all samples.

Statistical analysis for patient & histologic characteristics
Continuous values were summarized using the median and interquartile range (IQR) and comparisons between
PSC, PBC and ALD were made using the Kruskal–Wallis test. Categorical values were reported as percentages, with
comparisons of group differences between PSC, PBC and ALD estimated using a chi-square test. A p-value of <0.05
was considered significant. The sodium MELD (Na-MELD) score was calculated using published methods [25].
This score determines the degree of liver dysfunction at the time of transplant. Key liver parameters were collected
within a month of transplant: ALP (normally the primary derangement in PSC and PBC), ALT (a key liver enzyme
in PSC, PBC, ALD and controls) and bilirubin (a measure of liver function). Histologic characteristics were also
compared between PSC, PBC and ALD. This included assessment of the proportion of hepatocytes (liver cells),
portal fibrosis (scarring of portal tracts) and steatosis (fat) in each representative slide from each patient. These were
recorded as percentages. The degree of fibrosis and inflammation was also noted, with fibrosis noted according to
standardized criteria [26]. Statistical analysis for patient characteristics and differential methylation was performed
using R (R Core Team, Vienna, Austria, version 3.4.1).

Statistical analysis for differential methylation between patients & controls
Differentially methylated CpG loci (DML) were identified using a beta-binomial model that takes into account
read coverage and biological variation across samples (R dispersion shrinkage for sequencing data [DSS] package
2.26) and were defined as loci with an absolute methylation difference of >10% and p < 0.01 [27]. As nearby
CpGs often change in coordinated fashion, the authors used differentially methylated regions (DMRs) for the main
analysis and further interpretation. DMRs were derived from the DML analysis and required a region to have at
least four CpG sites (DML with methylation difference >5% and p < 0.05), a minimum of 50 bases long, with
adjacent CpGs < 100 bases apart and with a regional absolute methylation difference >5% after pulling in other
non-significant CpGs in the DMR. The analysis also accounted for the direction of CpG differences, as well as the
percentage of significant DML in the DMR. Methylation comparisons were performed by subtracting the average
methylation of controls from that of the disease groups.

Differentially methylated genes (DMGs) were defined using DMRs ±1.5 kb of transcription start sites (TSSs),
as determined by Ensembl gene annotation (v75). Differentially methylated enhancer regions were identified,
and the genes they are known to regulate (enhancer-associated genes [EAGs]) were defined using FANTOM5
(http://fantom.gsc.riken.jp/5/) [28]. Candidate genes identified by these two approaches were then pooled for the
purposes of pathway enrichment (Ingenuity Pathway Analysis [IPA], QIAGEN, Hilden, Germany) [29]. Functional
enrichment analysis was also performed using g:Profiler [30].
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Table 1. Number and proportions of total, hypomethylated and hypermethylated differentially methylated loci and
differentially methylated regions in primary sclerosing cholangitis, primary biliary cholangitis and alcoholic liver disease.†

Disease Total DML
n

Hypomethylated DML
n (%)

Hypermethylated DML
n (%)

Total DMRs
n

Hypomethylated DMRs
n (%)

Hypermethylated DMRs
n (%)

PSC 18,498 14,074 (76) 4424 (24) 1432 1274 (89) 158 (11)

PBC 17,509 11,444 (65) 6065 (35) 1374 1003 (73) 374 (27)

ALD 23,455 16185 (69) 7270 (31) 1905 1409 (74) 496 (26)

Note that discrepancies in the total number of DMRs in Table 1 and Figure 3B are a consequence of genomic ranges with multiple overlaps.
†With HC as the comparator group.
ALD: Alcoholic liver disease; DML: Differentially methylated loci; DMR: Differentially methylated region; PBC: Primary biliary cholangitis; PSC: Primary sclerosing cholangitis.

Pathway enrichment & network analysis
Pathway enrichment with comparative analysis was performed using IPA. Additional pathway enrichment was
performed using g:Profiler, and these results were used for network analysis (Cytoscape, ClueGo). Potential candidate
genes involved in the following key disease states were established using publicly available curated databases: genes
involved in PSC, PBC, fibrosis, epigenetic regulation, tumor suppressor genes and cancer-germline genes (Library
of Molecular Associations [LOMA]), senescence (Cell Senescence Gene Database [CSGene]), immune regulation
(ImmPort), tumor suppressor genes (TSGene), Catalogue of Somatic Mutations in Cancer (COSMIC) [31–34].

Results
Patients & samples
Following the clinical exclusion criteria, there were 81 eligible individuals who underwent liver transplant or were
living donors for liver transplant, from whom 306 FFPE slides were reviewed. Of these, there were a total of 60
individuals with available FFPE liver tissue blocks that did not meet any exclusion criteria (PSC, n = 14; PBC,
n = 20; ALD, n = 21; HCs, n = 5). Following RRBS of these FFPE samples, a single HC sample failed the library
preparation and one PSC sample was excluded, as the sample call rate was below 80%. The clinical and histologic
characteristics of the final 58 included patients are provided in Supplementary Tables 1 & 2.

RRBS data & global methylation patterns
A mean of 88 million paired-end reads were generated for each sample with an average mapping rate of 62%
(44–82%). The bisulfite conversion rate exceeded 98% in all samples and an average of 3.9 million CpG sites
per sample were sequenced at a depth of 5X or greater, the minimum cutoff for study inclusion (Supplementary
Figure 1). After removing CpGs on X and Y chromosomes and those with less than 5X coverage in at least 80%
of the samples, there were 2,270,877 CpGs available for final analyses. As expected for the RRBS platform, CpGs
were predominantly CGIs located in the intergenic, promoter and intronic regions (Supplementary Figure 2A &
B).

The cytosine residues at the majority of CpG sites were either unmethylated or minimally methylated, consistent
with expectations. On unsupervised clustering, HC samples were mostly in a distinct cluster; most PSC and
PBC samples grouped in close proximity (Figure 1A). PCA showed some separation of samples based on disease
(Figure 1B). Approximately 20–40% of DML and 20–44% of DMRs were unique to PSC, PBC and ALD
(Figure 1C & D). In total, there were 18,498, 17,509 and 23,455 DML identified for PSC, PBC and ALD,
respectively, and 1432, 1374 and 1905 DMRs, respectively (Table 1).

Comparing liver diseases to HCs
DMGs were predominantly hypomethylated in PSC (90%), compared with PBC (71%) and ALD (73%), with
hypomethylation distributed globally (Figure 2A & B). Candidate genes derived from differentially methylated
promoters annotated to 324, 346 and 464 Ensembl genes for PSC, PBC and ALD, respectively; approximately
20% of genes were unique to PSC and PBC, and 36% unique to ALD (Figure 2C & D). For all three diseases,
approximately 60% were protein coding, while the remainder were largely lincRNA and antisense transcripts
(Supplementary Figure 3).

Comparative pathway enrichment (IPA) demonstrated common and unique enriched canonical pathways in PSC
and PBC (Figure 3A). Both PSC and PBC were enriched in Th1 and Th2 activation pathways, with a predominance
of Th2. Neither demonstrated enrichment of 3-phosphoinositide biosynthesis, unlike ALD. Meanwhile, PSC alone
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Figure 1. Cluster analyses of CpG level data and summary of differentially methylated loci/differentially methylated
regions. (A) Unsupervised hierarchical clustering. Hierarchical clustering of CpGs from PSC, PBC, ALD and HC samples
demonstrates that PSC and PBC samples formed relative clusters, while ALD and HCs formed more distinct clusters. (B)
Principle component analysis. A clustering plot of CpGs from PSC, PBC and ALD demonstrated that PSC, PBC and ALD
samples demonstrated some clustering. (C) Venn diagram of DML. DML were defined as using an absolute
methylation difference of >10% and p < 0.01. (D) Venn diagram of Differentially methylated regions (DMRs). DMRs
were defined as regions ≥4 CpGs with CpGs ≤100 bases apart, with p < 0.05 and regional methylation difference
>5%. PSC, PBC and ALD were compared with HCs to define DMRs for each disease. This demonstrated that there are
unique and common DMRs associated with PSC, PBC and ALD when compared with HCs. Note that discrepancies in
the total number of DMRs in Table 1 and this (D) are a consequence of genomic ranges with multiple overlaps.
ALD: Alcoholic liver disease; DML: Differentially methylated loci; HC: Healthy control; PBC: Primary biliary cholangitis;
PSC: Primary sclerosing cholangitis; TSS: Transcription start site.

was enriched in macrophage signaling and PBC was uniquely enriched in stem cell differentiation. PSC was uniquely
enriched in signal transduction and cellular response to stimulus, while PBC was uniquely enriched in inflammatory
response and cell surface receptor signaling pathway (Figure 3B). The common theme related to DMGs from all
three diseases was the enrichment of multiple immune-related pathways, some of which were shared (Figure 3A). To
further investigate commonalities and differences at a gene level, the authors extracted pathways with enrichment
in at least one disease (Supplementary File 1). This demonstrates that all three diseases are associated with virtually
identical genes in Th1 and Th2 pathways, but only PSC and PBC involve differential methylation in IL2RA, whereas
ALD involved NFATCC4 and NFATC1. While both CXCR4 and CXCR5 signaling pathways were enriched in PSC,
PBC involved only CXCR5, and neither pathway was enriched in ALD. Moreover, there was strong involvement
of pathways involving leukocyte extravasation and macrophages, fibroblasts and endothelial cells in both PBC and
PSC, but not ALD. Notably, PSC but not PBC was enriched in IL-17 and IL-22 pathways. Due to the discrete
number of hypermethylated promoters, the authors sought to determine the function of these candidate genes.
Pathway enrichment showed that these were largely associated with transcription factors among all three diseases,
with specific associations with retinol metabolism (PSC) and 22q11.2 deletion syndrome (PBC).

future science group www.futuremedicine.com 485



Research Article Cheung, Juran, Schlicht et al.

PSC

PBC

ALD

Hyper Hypo

Methylation

PSC

PBC

ALD

Hyper Hypo

Methylation

Methylation
0.5
0.0
-0.5
-1.0

P
B

C

P
S

C

A
LD

PSC vs HC

ALD vs HC

PBC vs HC

61

50

166

187

61

26
72

1

2

3

4
5

6

7
89

10

11

12

13

14
15

16

17

18
19

20 21 22

1

2

3

4
5

6

7
89

10

11

12

13

14
15

16

17

18
19 20 21 22

Figure 2. Plots of differentially methylated regions and differentially methylated genes. (A) Differentially
methylated region (DMR) distribution across the genome. Hypermethylated DMRs are represented by darker colors
and hypomethylated DMRs are represented by lighter colors. Each disease is represented by the following colors: PSC
in red, PBC in blue and ALD in green. (B) Heat map of DMRs. PSC and PBC were demonstrated to be more similar than
ALD using a heat map with hierarchical clustering. Red bars demonstrate hypermethylation and blue bars
hypomethylation. (C) Circos plot of differentially methylated genes (DMGs). The majority of DMGs were
hypomethylated (light colors), and relatively few were hypermethylated (dark colors). There was no clear distribution
across the genome. (D) Venn diagram of DMGs.
ALD: Alcoholic liver disease; HCs: Healthy controls; PBC: Primary biliary cholangitis; PSC: Primary sclerosing cholangitis.

As the majority of PSC, PBC and ALD patients in this study had cirrhosis, and all diseases were highly
enriched in immune signaling, the authors sought to determine if PSC, PBC and ALD shared genes specifically
involved in fibrosis or senescence or whether these genes had previously been associated with PSC and PBC
(Figure 3C) or immune response (Figure 3D). This demonstrated that while all three diseases shared numerous
genes involved in immune signaling, the same could not be said of genes associated with fibrosis and senescence.
Notably, of the genes that have been associated with PSC and PBC in genome-wide association studies (GWAS),

486 Epigenomics (2022) 14(8) future science group



DNA methylation in cholestatic liver disease Research Article

Th1 and Th2 activation pathway
Th1 pathway
Th2 pathway

3-phosphoinositide biosynthesis
D-myo-inositol (3,4,5,6)-tetrakisphosphate biosynthesis
D-myo-inositol (1,4,5,6)-tetrakisphosphate biosynthesis

3-phosphoinositide degradation
Superpathway of inositol phosphate compounds

D-myo-inositol-5-phosphate metabolism
Regulation of lL-2 expression in activated and anergic T lymphocytes

CCR5 signaling in macrophages
GPCR-mediated nutrient sensing in enteroendocrine cells

Role of macrophages, fibroblasts and endothelial cells in rheumatoid arthritis
Sperm motility

Embryonic stem cell differentiation into cardiac lineages
Nur77 signaling in T lymphocytes

Wnt/Ca+ pathway
GP6 signaling pathway

Adrenomedullin signaling pathway
iCOS-iCOSL signaling in T helper cell

GPCR-mediated nutrient sensing in enteroendocrine cells

2 3.8

Canonical pathway

P
S

C
 v

s 
H

C
P

B
C

 v
s 

H
C

A
LD

 v
s 

H
C

Cell periphery

Cell surface receptor signaling pathway

PSC PBC

0.5 1.50 2

lnflammatory response

Cellular response to stimulus

Signal transduction

Plasma membrane part

1.0 2 0 0.5 1 1.5

PSC

PBC

FlB

SEN

PSC

PBC

ALD

SPlN
T2

CBX4
SOCS3

TBX2

TB
X

3

T
A

G
LN

lR
F

7

lL2RA
ANAPC2

ABCA1

CTGF

HMGA1

KlT

PRKCD

K
lF

2C

MAPK7

R
B

M
38

AKT2
GDF1

GDF15

lL12RB1

PGLYRP2

FG
F21

A
D

R
M

1
TN

FR
S

F68

lL17R
A

O
S

M

T
N

F
R

S
F

4

S
Y

T
L1

C
D

24
7

E
S

R
R

G
U

C
N

PD
CD1

PF4
CD14

CANX

LTA

CTGF

CLDN4

TPM2
lL2RA

lRF7
SCT

UNC93B1CD3GTNFRSF1A

M
LN

R

LT
B

4R
2

LT
B

4R

N
F

A
T

C
4

JA
G

2

D
U

O
X

1

ANGPTL6

VAV3
C3

SEMA6B

NFATC1

SO
CS3

G
RN

V
TN

lT
G

A
L

C
IIT

A

Methylation
Hyper Hypo

PSC

PBC

ALD

-Log (p-value)

Figure 3. Pathway enrichment of candidate genes (derived from differentially methylated genes). (A) Comparative
analysis of canonical pathway enrichment of DMGs. Comparative analysis (Ingenuity Pathway Analysis) was used to
identify canonical pathways and their associations with each disease. PSC and PBC were strongly associated with
pathways involved in Th2 >Th1 signaling. PSC was also enriched in pathways involved in lymphocyte and macrophage
signaling. By contrast, ALD was significantly enriched for Th1 signaling and inositol phosphate metabolism. (B)
Pathway enrichment analysis (g:Profiler) demonstrating pathways uniquely and commonly enriched in PSC and PBC.
Bubble size represents proportion of candidate genes in PSC and PBC in each pathway, compared with total number
of candidate genes. (C) Overlap between differentially methylated genes (DMGs) and known genes involved in
fibrosis, senescence, PSC and PBC. Each band in the circular form represents a chromosome with an associated gene.
(D) Overlap between DMGs and known genes involved in immune response. Each band in the circular form represents
a chromosome with an associated gene.
ALD: Alcoholic liver disease; FIB: Fibrosis; IPA: Ingenuity Pathway Analysis; PBC: Primary biliary cholangitis; PSC:
Primary sclerosing cholangitis, SEN: Senescence.

only CD247 and C3 were found to be differentially methylated. To determine if promoter methylation for the
DMGs enriched in the immune-related pathways clustered in specific diseases, the authors also created a heat
map (Supplementary Figure 4). This showed that the vast majority of these genes had reduced methylation in
the diseased samples (relative to the normal controls). While differential methylation in PBC, PSC and ALD was
variable from patient to patient, patients with ALD did appear to cluster together, while PBC and PSC patients
both clustered among each other, suggesting the presence of common immune-related genes.
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Figure 4. Comparison between liver diseases. (A) Paired comparisons of differential methylation (differentially
methylated regions). PSC demonstrated the greatest relative hypomethylation. Green, hypomethylation; red,
hypermethylation. (B) Comparative pathway enrichment between diseases. This demonstrated that PSC and primary
biliary cholangitis share similar pathways but that PSC is enriched in a number of distinct pathways.
ALD: Alcoholic liver disease; PBC: Primary biliary cholangitis; PSC: Primary sclerosing cholangitis.

Comparing the liver diseases with each other
The authors also compared differential methylation across all three diseases directly (Figure 4A). Compared with
ALD, DMRs in PBC were relatively hypermethylated, while DMRs in PSC were relatively hypomethylated.
Interestingly, when compared with PBC, DMRs in PSC were almost all hypomethylated.

When compared with ALD, similar pathways were enriched in PBC and PSC DMGs, although PSC had more
enriched pathways (Figure 4B). This suggests that while differential methylation is associated with similar pathways
in PSC and PBC, there are also distinct pathways enriched only in PSC. When comparing PSC and PBC, only
two pathways (notch signaling, mechanisms of viral exit) were enriched. All these genes had reduced methylation
in PSC, suggesting that these genes and pathways are more active in PSC.
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Table 2. Associations between differentially methylated regions, genes and enhancers.
Disease DMR-enhancer overlap (n) No DMR-enhancer overlap (n) Overlap (%) Genes

PSC 99 1333 6.9 279

PBC 86 1288 6.3 262

ALD 108 1797 5.7 288

ALD: Alcoholic liver disease; DMR: Differentially methylated region; PBC: Primary biliary cholangitis; PSC: Primary sclerosing cholangitis.

Network analysis
Network analysis of pathways derived from DMGs demonstrated unique features for each disease (Supplementary
Figure 5A–C). PSC involved networks related to immune response, signal transduction, cellular response to stress,
response to stimulus and cell population proliferation. PBC networks were similarly involved with immune response,
cellular response to stress and response to stimulus, but also metabolic processes and extracellular and intracellular
components (i.e., vesicles, intracellular organelles, non-membrane-bound organelles). ALD networks shared many
similarities with PBC.

Expanded gene annotation using differentially methylated Fantom5 enhancers & pathway
enrichment analysis
The overlaps between DMRs and Fantom5 enhancers are listed in Table 2. Like DMGs, enhancers were glob-
ally distributed (Figure 5A). The majority of enhancers were hypomethylated, with nearly 100% of enhancers
hypomethylated in PSC (all but one), as well as 93% and 96% hypomethylated in PBC and ALD, respectively.
Approximately 50% of genes were common among the three diseases, with 66% common between any disease
pair (Figure 5B). A number of DMGs and EAGs involved in epigenetic control were shown to be differentially
methylated, with several uniquely hypomethylated in PSC and one in PBC (Supplementary Table 3). TET3, critical
to control of methylation, was hypomethylated in all three diseases.

IPA analysis showed tumor/cell proliferation pathways were significantly enriched in all three conditions;
however, each disease was also enriched for specific pathways; PSC was enriched for pathways involving cancer,
apoptosis and telomerase signaling, while PBC was enriched in only CD27 signaling in lymphocytes (Figure 5C).
Toxicity functions analysis revealed significant involvement with PSC in liver-related pathological processes, such
as liver carcinoma, hepatocyte apoptosis, cell death of liver cells and proliferation of hepatocytes (Figure 5D). Given
the enrichment bias toward malignancy, the authors sought to determine the relationship among tumor suppressor
genes (TSGs), cancer-germline genes, disease and methylation status. This demonstrated that approximately 10%
of enhancer-associated genes in all three diseases have been identified as TSGs; these were all hypomethylated.
None of the EAGs were associated with cancer-germline genes (Supplementary Table 4).

Pathway enrichment with g:Profiler showed that PSC and PBC shared numerous enriched pathways with similar
gene involvement, such as pathways related to cytokine binding, immune system processes and cell communication,
as well as transcriptional regulation (Figure 6A). PSC was uniquely enriched with numerous pathways involving
immunity and inflammation (B cell receptor signaling, leukocyte, human T cell leukemia virus 1 infection),
apoptosis, cell architecture (septin cytoskeleton, cell cortex) and cancer signaling (signaling by NOTCH, regulation
of RUNX1 expression and activity) (Figure 6B). PBC was enriched with few distinct pathways (response to external
stimulus, response to stress, tumor necrosis factor-activated receptor activity) (Figure 6C). (Data is available in the
form of Supplementary Files 1–4).

Discussion
In this methylome-wide study in cholestatic liver disease, the authors have shown that liver tissues from individuals
with advanced PSC and PBC have similar, but distinct, methylome signatures. Both cholestatic liver diseases are
characterized by hypomethylation as compared with HCs. Relative to cirrhotic controls with ALD, PSC liver
tissue appears to be more globally hypomethylated than PBC; consequently, it is characterized by a greater number
of hypomethylated promoters and enhancers. Pathway enrichment and network analysis demonstrate common
associations between PSC and PBC, revealing potential candidate genes involved in T cell signaling and signal
transduction. PSC was uniquely enriched in pathways implicated in cancer, macrophage and apoptotic signaling
and cellular cytoskeleton. Nearly all the candidate genes identified in this study have not been associated with PSC
or PBC.
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Figure 5. Descriptive analysis and pathway enrichment of candidate genes (derived from enhancer-associated
differentially methylated regions). (A) Circos plot of enhancer-associated differentially methylated region (DMR).
Virtually all enhancer-associated DMRs were hypomethylated in PSC, relative to PBC and ALD. Hypomethylated DMRs
are represented by lighter colors, while hypermethylated DMRs are represented by darker colors. There was no clear
distribution across the genome. (B) Venn diagram of enhancer-associated genes. (C) Comparative analysis of canonical
pathway enrichment of enhancer-associated genes. Comparative analysis (Ingenuity Pathway Analysis) was used to
identify canonical pathways and their associations with each disease. PSC and PBC were highly enriched in pathways
involved in cancer and T cell signaling. PSC was again associated with apoptosis signaling. (D) Comparative analysis of
toxicity functions. Toxicity functions analysis (Ingenuity Pathway Analysis) was used to identify associations between
experimental data and pathology. PSC was associated with hepatocyte apoptosis and necrosis, while all three diseases
were associated with malignancy.
ALD: Alcoholic liver disease; DMG: Differentially methylated gene; HC: Healthy control; IPA: Ingenuity Pathway
Analysis; PBC: Primary biliary cholangitis; PSC: Primary sclerosing cholangitis; Tox: Toxicity functions.
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Figure 6. Pathway enrichment of candidate genes (derived from enhancer-associated differentially methylated regions). (A) Pathways
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analysis performed using g:Profiler. Bubble size represents proportion of candidate genes in PSC and PBC in each pathway, compared
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DMR: Differentially methylated region; PBC: Primary biliary cholangitis; PSC: Primary sclerosing cholangitis.

Global hypomethylation is a remarkably consistent finding across a range of pathological states [35,36]. Diverse
autoimmune conditions such as systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) and systemic
sclerosis are characterized by hypomethylation of PBMCs, particularly CD4+ T cells [37–39]. The current findings
indicate that overrepresentation of global hypomethylation is more significant in PSC than PBC or ALD. In PSC,
pathway enrichment of DMGs and EAGs was associated with a number of putative pathways involved in immune
signaling and cancer. By contrast, PBC pathway enrichment demonstrated relatively few unique pathways. This
suggests that both aberrant promoter and enhancer hypomethylation may be a key driver of uniquely aberrant
immune responses and malignant risk in PSC.

Like chronic disease, the majority of cancers demonstrate global hypomethylation, with discrete areas of hyper-
methylation often involving TSGs, which leads to gene silencing and subsequent malignant transformation [36].
Hypomethylation, on the other hand, is frequently associated with genomic instability and activation of germline
genes, which can enhance tumor progression [40,41]. Promoter hypermethylation of TSGs such as p16 has been
shown to be fairly common in PSC-associated cholangiocarcinoma [42]. In the current study, the authors demon-
strate that in the absence of malignant transformation, livers from patients with PSC and PBC are not typically
characterized by aberrant methylation of TSGs or cancer-germline genes. It remains to be seen whether altered
methylation is a harbinger of possible liver or bile duct cancer in this population.

The mechanisms that underlie global hypomethylation and focal hypermethylation are unclear. This study did
find that TET3 hypomethylation was consistent across PSC, PBC and ALD, while a number of genes related to
epigenetic control were differentially methylated in PSC and/or PBC. In PSC, it has been shown that hepatic DNA
methyltransferases (DNMTs) are upregulated, particularly DNMT3b, while TET2 and TET3 protein expression
is severely repressed [43]. Interestingly, TET1 and TET3 have been shown to be hypomethylated in patients exposed
to air pollution and aflatoxin β1, which in turn may alter gene expression, suggesting a link with environmental
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exposures and TET enzyme dysfunction [44,45]. Together, these findings suggest that aberrant methylation patterns
in cholestatic liver disease may be secondary to impaired expression of DNMTs and TET.

Known treatments for autoimmune disease and malignancy have been associated with changes in methylation;
thus, inhibitors of methylation are being explored for their potential therapeutic benefit. In experimental animal
models of SLE, DNMT inhibitors can induce autoreactivity and a lupus-like syndrome, while treatment of RA
with methotrexate can reverse hypomethylation of PBMCs [41–43]. It is currently unknown whether treatment with
ursodeoxycholic acid or obeticholic acid may mediate DNA methylation. Intriguing evidence in mouse models
demonstrates that paternal dietary cholic acid exposure can modify DNA methylation in germ cells as well as the
liver, suggesting that changes in bile acid profiles may lead to epigenetic modification [46]. Thus, not only may
changes in differential methylation increase predisposition to cholestatic liver disease, but there may be a feed
forward mechanism whereby these diseases can lead to aberrant bile acid production, which in turn exacerbates
changes in the methylome.

Pathway enrichment of candidate genes for PSC demonstrate several interesting associations. The apoptosis
pathway was highly enriched in PSC DMGs and EAGs. A recent study from the authors’ group has demonstrated
that mice deficient in TRAIL and its receptor are resistant to developing a sclerosing cholangitis phenotype,
suggesting that apoptosis may be a key pathogenic mechanism [47]. Pathways involved in the septin cytoskeleton
and the cell cortex were also enriched in PSC. These pathways share links to cilia development, highlighting a possible
role for differential methylation in aberrant ciliary function. As there is evidence that PSC is a cholangiociliopathy,
with PSC cholangiocytes characterized by abnormally elongated cilia, abnormal methylation may be a key feature
in this physiologic disruption [48].

In PBC, EAGs demonstrated pathway enrichment in TNF-activated receptor activity, with differential methy-
lation involving enhancers for TNFRSF4, TNFSF1A, TNFRSF14 and TNFRSF1B. These genes are involved in
the regulation of T cell immune responses, including CD4+ T cell responses, as well as T cell-dependent B cell
proliferation and differentiation. Furthermore, TNFSF1A and TNFRSF4 are involved in the regulation of TNF-α
and NF-κB, respectively, both of which have been associated with PBC pathogenesis. Increasing levels of TNF-
α have been associated with disease stage, while reduced levels have been associated with ursodeoxycholic acid
treatment [49]. Meanwhile, NF-κB has been implicated in CD40-induced apoptosis of biliary epithelial cells via
Fas/Fas-ligand (FasL) in PBC [50]. TNFRSF1B has also been associated with mediating apoptosis through recruit-
ment of anti-apoptotic proteins, c-IAP1 and c-IAP2, both of which have been found to be relatively downregulated
in PBC as compared with PSC [51]. Differential methylation of enhancers demonstrated far greater unique path-
way enrichment as compared with promoters and involved pathways associated with malignancy and cell-specific
disruptions to hepatocytes. This suggests that these enhancers may have been derived from hepatocytes and might
be implicated in tissue- and disease-specific changes.

Comparison between the different liver diseases demonstrated numerous differences. PSC demonstrated the
greatest DMR hypomethylation, followed by PBC and then ALD. Pathway enrichment comparing the different
liver diseases with each other showed that all three diseases were associated with virtually identical genes in Th1
and Th2 pathways, but PSC and PBC involved differential methylation in IL2RA. GWAS have implicated IL2RA
gene polymorphisms in PSC, which in turn have been associated with a reduction in regulatory T cells in PSC,
possibly implicating specific immune dysregulation in PSC pathogenesis [52,53]. There is likewise evidence that a
reduction in regulatory T cells may induce susceptibility to PBC in patients and their first-degree relatives, while an
IL2RA-/- mouse model has been developed that mimics many of the pathological characteristics of PBC [54]. Both
CXCR4 and CXCR5 signaling pathways were enriched in PSC, while only CXCR5 was enriched in PBC; CXCR4
is expressed by lymphocytes that infiltrate the liver in inflammatory liver diseases and its ligand, stromal cell-derived
factor-1 (SDF-1), has been shown to be highly expressed in biliary epithelial cells in various liver diseases [55]. By
contrast, CXCR5 is expressed on follicular helper T cells and altered levels of these cells have been implicated in
PSC and PBC [56]. There were also a number of distinct pathways enriched only in PSC, including IL-17 and IL-22
pathways. It has recently been shown that biliary T cells from individuals with PSC display a CD103+ CD69+

effector memory phenotype that secretes both IL-17 and IL-22 [57]. Taken together, the authors’ findings suggest
that epigenetic modifications may be partly driving the altered immune landscape in PSC and PBC and could be
potential targets for these orphan diseases, particularly PSC, for which there is currently no effective treatment.

The small sample sizes in the current study reflect the difficulty of selecting relatively homogenous samples
in patients with advanced liver disease. The authors sought to eliminate environmental factors known to alter
the DNA methylation landscape, including factors such as infection, renal failure and malignancy [1–3]. However,
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despite the small sample size, both end-stage PSC and PBC displayed unique methylation profiles, suggesting that
there are disease-specific methylation changes associated with each disease despite the prevailing environment of
cholestasis. In order to confirm the results, a replication cohort and integration with additional omics data would
be ideal; however, there are numerous practical challenges due to the relative rarity of PSC and PBC, the relatively
heterogenous population and the lack of fresh tissue from which to obtain robust complementary data such as
transcriptomics. Another limitation of this study is that RRBS is unable to distinguish 5-methylcysteine (5mC)
from the downstream metabolite of demethylation, 5-hydroxymethylcytosine (5hmC). Whereas 5mC is generally
linked to gene repression at promoter sites, and cell- and tissue-specific expression at other genomic sites, 5hmC is
associated with active enhancers and gene expression outside the promoter region [58]. However, recent data suggest
that gene expression generally correlates regardless of whether 5mC or 5hmC is present [58].

Important future directions would include the prospective collection of concurrent liver and blood at different
disease stages to aid with validation and the potential development of non-invasive biomarkers for diagnosis or
staging. Differentiation of 5hmC and 5mC with newer methods of genome-wide methylation analysis would also
help to further validate RBBS findings. Finally, there is evidence that single nucleotide polymorphisms may impact
DNA methylation (methylation quantitative trait loci); thus, paired genomic and epigenomic studies may provide
additional insights into the functional consequences of previously performed GWAS [59].

Conclusion
In this methylome-wide study in cholestatic liver disease, we demonstrated that PSC and PBC have disease-specific
profiles, even in the setting of advanced liver disease. These differential methylation profiles may provide insights
into disease pathogenesis. Pathway enrichment analysis suggests that aberrant promoter and, in particular, enhancer
methylation may provide a key step in the dysregulation of cell survival/apoptotic signaling and TSGs in PSC and
disrupted immune signaling in both cholestatic liver diseases. Future studies will be needed to help differentiate
hepatocyte- and cholangiocyte-specific epigenetic changes from other relevant cell types in the liver, such as PBMCs
and hepatic stellate cells. By including patients with different stages of cholestatic liver disease and gene expression
profiles, this approach may provide critical data for the development of biomarkers for risk stratification. Further
research into the epigenetics of cholestatic liver disease has the potential to elucidate pathogenic mechanisms and
facilitate new therapeutic discoveries.

Future perspective
Our study suggests that the methylome plays a critical role in the development and possibly the progression of PSC
and PBC. We posit that environmental factors are integral to altering the methylome and that identification of
these risk factors will be key to disease prevention and treatment. Further, novel therapies targeting the methylome
may prove invaluable in the treatment of cholestatic liver disease.

Summary points

• This is a novel, methylome-wide association study performed using liver tissue from individuals with primary
sclerosing cholangitis (PSC) and primary biliary cholangitis (PBC).

• Cholestatic liver disease is characterized by global hypomethylation, with hypomethylation most prominent in
PSC.

• A number of novel candidate genes were identified and have been made publicly available for future study.
• In PSC, pathway enrichment of hypomethylated genes demonstrated unique associations with B cell and

macrophage signaling, cancer, apoptosis and ciliary function.
• This suggests that both aberrant promoter and enhancer hypomethylation may be a key driver of unique

dysfunctional immune responses and malignant risk in PSC liver tissue.
• By contrast, in PBC, pathway enrichment demonstrated relatively few unique pathways. These were associated

with the regulation of T cell immune responses.
• Alterations in the methylome point to distinct functional pathways affected in PSC and PBC.
• As the methylome is likely modifiable, existing investigational therapies targeting DNA methylation may lead to

novel therapeutics in cholestatic liver disease, particularly PSC, for which there is no currently approved therapy.
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