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Abstract A role of genetics in primary sclerosing cholangitis
(PSC) development is now firmly established. A total of 16
risk genes have been reported at highly robust (“genome-
wide”) significance levels, and ongoing efforts suggest that
the list will ultimately be considerably longer. Importantly,
this genetic risk pool so far accounts for less than 10 % of an
estimated overall PSC susceptibility. The relative importance
of genetic versus environmental factors (including gene-gene
and gene-environment interactions) in remaining aspects of
PSC pathogenesis is unknown, and other study designs than
genome-wide association studies are needed to explore these
aspects. For some of the loci, e.g. HLA and FUT2, distinct
interacting environmental factors may exist, and working
from the genetic associations may prove one valid path for

determining the specific nature of environmental triggers. So
far the biological implications for PSC risk genes are typically
merely hypothesized based on previously published literature,
and there is therefore a strong need for dedicated translational
studies to determine their roles within the specific disease
context of PSC. Apparently, most risk loci seem to involve
in a subset of biological pathways for which genetic associa-
tions exist in a multitude of immune-mediated diseases, ac-
counting for both inflammatory bowel disease as well as
prototypical autoimmunity. In the present article, we will
survey the current knowledge on PSC genetics with a partic-
ular emphasis on the pathophysiological insight potentially
gained from genetic risk loci involving in this profound im-
munogenetic pleiotropy.

Keywords Primary sclerosing cholangitis . Genome-wide
association study

Introduction

In clinical terms, primary sclerosing cholangitis (PSC) is
represented by widespread fibrotic strictures of the intra- and
the extra-hepatic biliary tree. The diagnosis is made by imag-
ing, either magnetic resonance or endoscopic retrograde chol-
angiography [1]. In most patients, the disease is intrinsically
progressive, and a lack of effective medical treatment ulti-
mately leads to liver cirrhosis and the need for liver transplan-
tation. Almost identical biliary affections can be observed
under the influence of a wide range of toxic and infectious
etiologies [2], meaning the stage at which diagnosis is pres-
ently being made is the representative of a “final common
pathway” for a multitude of etiologies. Little is known of the
pre-fibrotic biliary phenotype in PSC, but early biopsy fea-
tures are often that of subtle lymphocytic infiltration and
cholangiocellular reaction. Co-morbidities are common, most
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often in the form of inflammatory bowel disease (IBD; 80 %)
and autoimmune diseases (25 %), but a considerable fraction
of the patients are also at risk of developing biliary cancer (10–
15 %).

The aetiology of PSC is unknown. The present molecular
understanding of what is principally a radiological phenotype
derives from the concepts of bile toxicity in monogenic cho-
lestatic liver diseases as well as those of the associated immu-
nological co-morbidities, IBD in particular (Fig. 1) [3, 4]. The
concepts are not mutually exclusive, and both the bile-related
and immune-related research avenues are presently effectively
translating into novel therapeutic opportunities already enter-
ing trials (e.g. nor-ursodeoxycholic acid and vedolizumab).
Based on the recent discoveries of molecular subentities (i.e.
adult ABCB4 cholangiopathy [5] and IgG4-associated
cholangitis [6]), it has been debated whether PSC is a mixed
bag of diseases for which not a simple explanatory factor
should be sought. However, in Western countries, these are
likely marginal phenocopies of what is otherwise predomi-
nantly represented by sclerosing cholangitis in the context of
IBD (i.e. IBD-associated sclerosing cholangitis).

Risk of PSC in first-degree family members is increased at
least 10 times that of the overall population [7, 8], still ac-
counting for a relatively low absolute risk of disease given the
generally low incidence (approximately 1–2/100,000 per year
[9]). The heritable risk has nevertheless motivated a series of
genetic studies [10–15], predominantly along the design of
case-control association analysis of genetic markers [16].
Deriving from these studies, a total of 16 statistically robust
PSC associations have been identified. In addition, several
suggestive PSC associations have been discovered by nominal
significant replication of variants of intermediate significance
from previous studies [10–12]. In the following, broad themes
as to what these findings may teach us about PSC pathogen-
esis will be outlined.

What Do the Shared Genetics Teach Us?

The majority of the hitherto identified genome-wide signifi-
cant (P<10−8) associations in PSC are also implicated in other
immune-mediated diseases (Table 1). This sharing of risk
genes across seemingly distinct disease entities is called plei-
otropy and, in the case of PSC, likely affects core aspects of
immune function. Only 3 (2q13, 11q23 and 18q21) out of a
total of 16 established PSC risk loci demonstrate no overlap to
other prototypical immune-mediated diseases based on cur-
rent reports. The comparisons are confounded by the differing
powers of the various studies in other immune-mediated dis-
eases, but apparently, PSC shares the highest number of
associated loci with ulcerative colitis (8 out of 16 PSC asso-
ciated loci), Crohn’s disease (8/16), type 1 diabetes (8/16),
celiac disease (6/16) and rheumatoid arthritis (6/16), but

overlap implicating more than 2 loci is also observed for
ankylosing spondylitis, multiple sclerosis, primary biliary cir-
rhosis, alopecia areata and vitiligo. By assessing the statistics
from the genetic analysis of PSC in light of that of genetic
studies in seven of these related conditions, the genetic sharing
becomes even more apparent, the analysis suggesting the
presence of at least 33 additional pleiotropic loci [13].

Inflammatory Bowel Disease

Given a frequency of IBD in PSC of up to 80 %, one would
anticipate that a large fraction of the 163 IBD susceptibility
loci identified to date would show in the PSC analysis as well.
Comparing ulcerative colitis with Crohn’s disease, at least 110
of these 163 genes are shared between these two major forms
of IBD [17]. However, only half of the 16 established risk loci
in PSC can be found among these 163 IBD loci (Table 1).
Given the number of cases in the latest IBD analyses is much
greater (approximately 10 times) than that in the equivalent
PSC study, this number is surprisingly low [13, 17].
Altogether, it may indicate that PSC is more genetically dis-
tinct from ulcerative colitis and Crohn’s disease, than these
two disease entities are from each other, even though ulcera-
tive colitis and Crohn’s disease rarely co-occur in the same
patient [17]. One recurring theme of dispute is whether PSC

Fig. 1 Primary sclerosing cholangitis (PSC) is a complex phenotype
where additive and/or interacting effects from multiple genetic and envi-
ronmental risk factors are needed for disease development. PSC occurs
predominantly in males (70 % of the patients), meaning gender likely
modifies disease pathogenesis. An etiologic model of PSC needs to
explain the extensive occurrence of co-morbidities, inflammatory bowel
disease, cancer and autoimmunity in particular. While similar mecha-
nisms are likely involved in the final presentation of fibrotic bile duct
strictures in PSC and secondary sclerosing cholangitis, primary events
should by definition be considered distinct. Modified with permission
from reference [3]
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should be considered a complication to IBD or a distinct
disease entity involving IBD-like features. The moderate ge-
netic overlap between PSC and IBD delineated by the com-
parisons of genetic findings from well-powered studies in
each phenotype may favour a scenario where PSC should be
considered a disease distinct from regular IBD. Ultimately,
this possibility also relates to the concept of “disease” and by
what means “diseases” should be defined and discriminated.
Indeed, the present scenario drawn by genetics shows us that
present means of disease phenotyping only partially correlate
with genotypic and molecular phenotype strata.

The genetic dissimilarities between PSC and IBD are com-
patible with the clinical observations that IBD in PSC shows
features distinct from IBD without PSC, e.g. right-sided dom-
inance, mild inflammation and rectal sparing [18–20]. At the
molecular level, there are multiple scenarios in which the
genetic differences may align with these observations: (1)
PSC and IBD show co-occurrence because they have some
genetic risk factors in common, i.e. the moderate observed
overlap includes key genetic risk factors still sufficient to
cause conventional IBD, yet with some aberrant features (2)
PSC and IBD co-occur because the genetic risk factors present
in PSC give rise to a distinct disease involving both a biliary
and a colonic phenotype, in which the latter is distinct from
conventional IBD in the forms of ulcerative colitis or Crohn’s
disease, and that the degree of genetic risk sharing is of less

importance in comparison to an undetermined, shared envi-
ronmental impact. The presence of cholestatic liver disease in
patients with IBD might serve as clinical modifiers for the
bowel affection (e.g. by means of an impact from cholestasis
on the gut microbiota) and thus bias our ability to appropri-
ately phenotype the IBD in PSC under any of these scenarios.

Autoimmune Diseases

The presence and pattern of sharing of PSC-associated loci
with multiple immune-mediated diseases other than IBD ex-
plains the clinical and epidemiological observations that a
subset of PSC patients tend to suffer from different immune-
mediated diseases [21]. The presence and pattern of sharing
also underlines that genetic susceptibility in PSC extends
beyond the genetic risk factors involved in IBD and into
broader autoimmune pathophysiology. Derived from the per-
vasive sharing of genetic associations between PSC and pro-
totypical autoimmunity, initiating events in PSC pathogenesis
are likely to share characteristics with those known to be
involved in these genetically related diseases. Thus,
concerning the two main hypotheses as to whether a primary
immune disturbance or a toxic bile duct insult serves as the
initiating event in PSC, the actual pleiotropic findings are in
favour of the autoimmune hypothesis on PSC pathogenesis.
Interaction between these bile acid-related aspects and

Table 1 Heat map showing non-HLA genetic susceptibility loci shared by primary sclerosing cholangitis and other immune-mediated diseases

Locus Candidate 
gene PSC UC CD T1D CeD RA AS MS VIT AA PBC AITD SLE

1p36 MMEL1 1 1 0 0 1 1 0 1 0 0 1 0 0

2q13 BCL2L11 1 0 0 0 0 0 0 0 0 0 0 0 0

2q33 CD28 1 0 0 1 1 1 0 0 0 1 0 1 0

2q37 GPR35 1 1 1 0 0 0 1 0 0 0 0 0 0

3p21 MST1  1 1 1 0 0 0 0 0 0 0 0 0 0

4q27 IL2, IL21 1 1 1 1 1 1 0 0 0 1 0 0 0

6q15 BACH2 1 0 1 1 1 0 0 1 1 0 0 0 0

10p15 IL2RA 1 0 1 1 1 1 0 1 1 1 0 0 0

11q23 SIK2  1 0 0 0 0 0 0 0 0 0 0 0 0

12q13  HDAC7 1 1 0 0 0 0 0 0 0 0 0 0 0

12q24 SH2B3  1 0 0 1 1 0 1 0 1 1 0 0

18q21 TCF4  1 0 0 1 0 0 0 0 0 0 0 0 0

18q22  CD226 1 1 1 1 0 0 0 0 0 0 0 0 0

19q13  PRKD2 1 0 0 1 0 0 0 0 0 0 0 0 0

21q22 PSMG1 1 1 1 1 0 0 1 0 0 0 0 0 0
No. of loci overlapping 
with PSC (incl HLA) NA 8 8 8 6 6 4 4 4 4 3 1 1

Shared loci are defined according to genome-wide (GW) significance thresholds (P<5×10−8 ). Data were obtained from the Immunobase (http://www.
immunobase.org/), the Catalog of Published Genome-Wide Association Studies (http://www.genome.gov/26525384) and supplementing literature
searches in PubMed (http://www.ncbi.nlm.nih.gov/pubmed). Green colour denotes that shared association occurs for the same genetic variant in primary
sclerosing cholangitis (PSC) and the other respective disease. Yellow colour denotes that shared association occurs for the same locus, but for different
genetic variants than in PSC

AA alopecia areata, AITD autoimmune thyroid disease, AS ankylosing spondylitis, CD Crohn's disease, CeD celiac disease,MSmultiple sclerosis, PBC
primary biliary cirrhosis, RA rheumatoid arthritis, SLE systemic lupus erythematosus, T1D type 1 diabetes, VIT vitiligo
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immune-regulatory mechanisms nevertheless exist [22, 23]
and likely involve throughout the disease process.

Some PSC loci are highly pleiotropic, e.g. the 4q27 locus
including IL2/IL21 is associated with PSC, ulcerative colitis,
Crohn’s disease, type 1 diabetes, celiac disease, rheumatoid
arthritis and alopecia areata; and the 6p15 locus including
BACH2 is associated with PSC, Crohn’s disease, type 1 dia-
betes, celiac disease, vitiligo and multiple sclerosis. The high-
ly pleiotropic nature of these loci may point to an essential role
for these loci in pathogenic mechanisms common across the
majority of immune-mediated diseases [24]. Other PSC-
associated loci show more moderate overlap with other
immune-mediated diseases, e.g. the 3p21 locus including
MST1 is associated to PSC, ulcerative colitis and Crohn’s
disease, and the 18q22 locus harbouring CD226 is associated
to PSC, ulcerative colitis and celiac disease. These patterns of
associations to different disease groups may be interpreted in
the direction that there in addition to more common mecha-
nisms also are distinct mechanistic subsets guiding the devel-
opment of specific immune-mediated phenotypes in hitherto
poorly understood manners [24, 25]. Furthermore, as likely to
be shown more clearly by enhanced statistical power in future
genetics studies, there is also certainly heterogeneity of effect
across the different diseases even when a particular locus is
genome-wide significant.

The major histocompatibility complex (MHC) on chromo-
some 6p21, representing the strongest genetic risk factor in
PSC, is of particular interest. The causative risk genes within
the MHC in PSC are unknown. The region spans 7.6 million
base-pairs (Mb) and a total of 252 expressed genes of which
approximately one third relate to immunological functions
[26]. The high density of genes under strong selective pressure
in the extended MHC has resulted in a complex pattern of
linkage disequilibrium (LD) [27], and disease-associated hap-
lotypes extending all of the 7.6 Mb exist [28–30]. For this
reason, the mapping of the MHC-associated susceptibility in
most multifactorial diseases has not resulted in the unambig-
uous detection of causative risk genes [31]. The definition of a
primary disease locus has been possible for only a few of the
MHC-associated phenotypes, and for the autoimmune dis-
eases where this has succeeded the HLA class II (e.g. celiac
disease, type I diabetes, multiple sclerosis) and class I (e.g.
ankylosing spondylitis, psoriasis), genes are invariably impli-
cated. These loci are also likely to determine PSC susceptibil-
ity [32–34]. The application of dense single nucleotide poly-
morphism (SNP) maps has only minimally refined the MHC
association signal [35], but has helped establish a paradigm
where variable additional loci in the MHC may add to the
predominating associations with HLA class I and class II
variants. On the basis of this complexity, the MHC could be
considered an “immunologic mini-genome” well worth ex-
ploring in depth for a conceptual understanding of autoim-
mune pleiotropy.

The observed sharing of the PSC-associated risk loci across
multiple immune-mediated diseases could imply that the
pleiotropic associations will not necessarily be capable to
explain the bile duct-specific manifestations in PSC. The
PSC associations identified at 11q23 (SIK2) and 18q21
(TCF4) and the previous identified association at 2q13
(BCL2L11) that at time of writing are not reported associated
to any other prototypical autoimmune diseases, still hold the
potential of representing pathophysiological mechanisms that
are specific for PSC, but functional data supporting such a role
for these loci are lacking. Importantly, a shared locus associ-
ation does not preclude disease-specific genetic and biological
effects. Disease-specific roles could be exerted by tissue (i.e.
bile ducts) and cell (i.e. cholangiocytes) specific effects of
otherwise pleiotropic genes. Furthermore, as evident from
Table 1, a shared locus association may not necessarily mean
a shared variant association [36]. As an example, the top-
associated variant at the 16q15 (BACH2) locus in PSC have
not been robustly associated to any other immune-mediated
disease, and other variants in the region account for the
BACH2 associations with other phenotypes. The pervasive
sharing of risk genes across PSC and several other traits,
together with the clinical occurrence of other traits (IBD,
autoimmunity, cancer) in the majority of patients, also raises
the hypothesis that exogenous factors rather than a combina-
tion of genetic factors have the decisive role in determining
the bile duct-specific manifestations in a host genetically
susceptible to develop any immune-mediated disease [24].
This hypothesis radically could imply that no PSC-specific
risk gene or genetic effect exists.

What Do the Risk Genes Teach Us?

As reviewed elsewhere [37, 38], the exact gene and genetic
variant causing the statistical association in case-control ge-
netic association studies is often not possible to determine. I.e.
in most cases, there are many plausible candidates (e.g. GPX1
and MST1 at 3p21) at the susceptibility locus. If there is only
one candidate susceptibility gene, the causative genetic vari-
ant is in turn often not known, and inmost cases, does not alter
protein structure. Furthermore, upon speculating biological
implications of risk genes, there is also the inherent risk of
“literature bias” [39]; the published experimental works per-
formed prior to the knowledge of an association with PSC (or
other immune-mediated diseases) may provide misleading
information about gene functions in a disease-specific context.
Finally, and importantly, risk genes in PSC cannot be under-
stood in the context of Mendelian genetics. Rather than rep-
resentatives of disease, they should be considered representa-
tives of biological mechanisms exerting a so far small, yet
likely important, role in a complex orchestra also populated by
environmental risks (Fig. 2). Within these restraints, a brief

Clinic Rev Allerg Immunol



description of annotated functions of what could be consid-
ered the main candidate risk genes at the robustly PSC-
associated non-MHC loci identified in the current studies is
given in Table 2.

T Cells and IL2 Signalling

The large majority of PSC-associated loci involve genes
encoding molecules that serve essential functions in
immune-related pathways. Loci that harbour genes providing
well-established and fundamental functions in the immune-
system include 1p36 (TNFRSF14), 2q33 (CD28, CTLA4),
4q27 (IL2/IL21), 6p16 (BACH2), 10p15 (IL2RA), 11q23
(SIK32), 12q24 (SH2B3), 12q13 (HDAC7), 18q22 (CD226)
and 19q13 (PRKD2) (Table 2). Across these loci, there is a

convergence of candidate genes whose products directly or
indirectly regulate T cell biology, either through regulating T
cell proliferation, differentiation and/or activity (TNFRSF14,
CD28, IL2/IL21, IL2RA, SIK2, HCDAC7, CD226 and poten-
tially also TCF4) or apoptosis of T cells (PRKD2).

The enrichment of T cell-related associations, together
with the strong associations to the MHC in PSC, places
adaptive immune mechanisms into the limelight of the
likely causal basis of PSC. Broadly, adaptive immune
responses depend on HLA-dependent antigen activation
of B and T cells resulting in the generation of plasma
and T effector cells. Responses are in turn limited in part
by suppressive T regulatory cells (Tregs). In addition,
regulation of Tregs represents a major constitutive mecha-
nism to keep potential responses to autoantigens from

Fig. 2 The overall liability to primary sclerosing cholangitis (PSC) is
caused by environmental (upper part of triangle) and genetic (lower part
of triangle) factors. On most instances, the susceptibility factors are non-
pathogenic and representatives of common biological affections that also
occur in healthy individuals (left; green part of triangle). In the context of
an unfortunate high additive load of genetic and/or environmental factors,
gene-gene, gene-environment and environment-environment interactions
(bottom interaction panel) [89], clinical disease may emerge (right; red
part of triangle). The vertical line demarcates clinical emergence of the
phenotype. Modifier effects (“exacerbation factors”), e.g. variable degree

of bile acid induced bile duct injury, influence severity of the affection
(i.e. severity running from left to right as the overall height of the
diagram). A clear demarcation between susceptibility factors and exac-
erbation factors is difficult to make. At present, a total of 16 genome-wide
significant (P<10−8) and 33 additional pleiotropic PSC risk genes have
been identified (known genetic factors), and ongoing efforts will likely
make this list considerably longer (unknown genetic factors), potentially
explaining an even larger proportion of the overall contribution from
genetic heritability to PSC susceptibility (heritability)
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autoreactive T cells in check. In this context, the indepen-
dent associations found at 4q27 (IL2/IL21), 10p15
(IL2RA), 11q23 (SIK32), 12q13 (HDAC7) and 19q13
(PRKD2) are worth a special mention.

The associations at the 4q27 region harbouring IL2/IL21 in
PSC largely overlap with that observed in other PSC-related
immune-mediated diseases (Table 1). Despite extensive fine-
mapping and re-sequencing of this region inmultiple diseases,

Table 2 Annotated function of notable candidate genes within non-HLA, genome-wide significant (P<5×10−8) primary sclerosing cholangitis
susceptibility (PSC) risk loci (n=15) as determined by available literature

Risk gene Functional annotation

MMEL1, TNFRSF14
(1p36)

MMEL1 is a member of the membrane metallo-endopeptidase family. Little is known about its function. The TNFRSF14
protein is expressed on CD4 and CD8 T lymphocytes, B cells, monocytes, neutrophils, dendritic cells and mucosal
epithelium. It acts as a molecular switch modulating T cell activation via binding to its ligand LIGHT [73], but can also
propagate inhibitory signals through the immunoglobulin superfamily member BTLA (B and T lymphocyte attenuator).
This dual role of TNFRSF14 is thought to regulate immune tolerance [74]

CD28 (2q33) CD28 is expressed on T lymphocytes and upon binding to B7 target ligands provides co-stimulatory signals that are essential
for T cell activation, survival and proliferation [75]

GPR35 (2q37) Expressed in epithelial cells in the intestine and in multiple types of immune cells. Specific activation of GPR35 has been
demonstrated to significantly reduce IL-4 release from natural killer T cells [56]. Associated with early onset IBD [57]

MST1 (3p21) The MST1 encoded protein MSP has an inhibitory function towards macrophages during inflammation [76]

IL2, IL21 (4q27) IL-2 is a cytokine essential for proliferation of T cells following activation of naïve T cells. Upon antigen binding to the T cell
receptor, IL-2 production stimulates differentiation and proliferation of antigen-selected T cells. Liver-derived T cells from
PSC patients have been demonstrated to produce significantly lower levels of IL-2 compared to patients with primary biliary
cirrhosis, autoimmune hepatitis and healthy controls [77]. IL-21 plays a role in both the innate and adaptive immune
responses by inducing the differentiation, proliferation and activity of multiple target cells including macrophages, natural
killer cells, B cells and cytotoxic T cells

BACH2 (6q15) BACH2 encodes a transcription factor, which regulates B cell differentiation [78]. Downregulation of BACH2 has been
demonstrated to attenuate activation of genes involved in antiviral innate immune response after nucleic-acid triggering [79]

IL2RA (10p15) IL2RA encodes the alpha chain of the IL-2 receptor (consisted of α, β and γ chains), which is responsible for capturing IL-2
cytokine and mediating its signalling effects. PSC-associated variants within IL2RA [12] lead to reduced expression of
IL2RA, which have implications for induction of immune tolerance [80]. Il2ra−/−mice spontaneously develop intestinal and
biliary inflammation [81]

SIK2 (11q23) SIK2 encodes a Rho-GTPase activating protein, which influences the expression of interleukin-10 in macrophages and Nur77
an important transcription factor in leukocytes [82]

HDAC7 (12q13) HDAC7 encodes a histone deacetylase highly expressed in cytotoxic lymphocytes (CTL). Its phosphorylation favours high IL-
2Rα expression, increased CTL effector function and IFNγ production. HDAC7 regulates cell survival and T cell receptor
(TCR) signalling in CD4/CD8 double positive (DP) thymocytes by upon stimulation altering activity of multiple effectors of
TCR signalling, inducing apoptosis of DP thymocytes, producing defects in both T cell numbers and the T cell repertoire
[83]

SH2B3 (12q24) SH2B3 is a key regulator of cytokine signalling, and genetic variation within SH2B3 has been demonstrated to affect the
production of pro-inflammatory cytokines in response to stimulation with bacterial cell wall peptidoglycans, pointing to a
role for SH2B3 in innate immunity and in the protection against bacterial infection [84]

TCF4 (18q21) TCF4 encodes a transcription factor involved in cell differentiation and growth. Tcf4−/− knockout mice have revealed that TCF4
deficiency leads to a partial block in early B and T cell development [63, 64] and also results in blocked development of
plasmacytoid dendritic cells (PDCs) and impaired type 1 interferon secretion from PDCs upon stimulation with “virus
resembling” un-methylated DNA [65]

CD226 (18q22) The gene CD226 encodes the intracellular adhesion molecule DNAM-1, which is involved in co-stimulation and activation of
effector function of T-helper type 1 cells. DNAM-1 is a member of the immunoglobulin superfamily and is constitutively
expressed on the majority of CD4 and CD8 Tcells, natural killer Tcells, monocytes and platelets and a subset of B cells [85]

PRKD2 (19q13) PRKD2 encodes a serine-threonine protein kinase. When T cell receptors of thymocytes are engaged, PRKD2 phosphorylates
HDAC7 (see above), leading to nuclear exclusion of HDAC7 and loss of its gene regulatory functions, ultimately resulting
in apoptosis and negative selection of immature Tcells [45, 86]. This negative selection takes place due to a loss of HDAC7-
mediated repression of Nur77, which is regulated by SIK2 (see above) [87], linking three PSC loci to this pathway

PSMG1 (21q22) PSMG1 encodes a chaperone protein. Little is known about the function of PSMG1, but the protein has been hypothesized to
be involved in microbial processing in Crohn’s disease [88]

Caution must be made in assessing previously published literature (i.e. “literature bias”), since studies performed have not been designed with the prior
knowledge of genetic associations in PSC. For information on additional non-HLA pleiotropic loci (n=33), please see reference [13]. For gene name
abbreviations, see http://www.ncbi.nlm.nih.gov/gene/

IBD inflammatory bowel disease, IL interleukin

Clinic Rev Allerg Immunol

http://www.ncbi.nlm.nih.gov/gene/


it has not been possible to establish which of the two candidate
genes at 4q27 (IL2 or IL21) is the most important for disease
risk. There is also the possibility that they both involve in
causing the genetic association signal. The association at
10p15 harbouring IL2RA, which encodes IL-2 receptor sub-
unit (IL-2Rα), suggests an important role for IL2 and IL-2-
signalling in PSC, but does not rule out additional effects from
IL21 also being at play. The IL-2Rα (also known as CD25)
chain is one of the three subunits that make up the high affinity
receptor for IL-2 (IL-2R) composed of IL-2Rα, IL-2Rβ and IL-
2Rγ chains. IL-2Rα functions only for IL-2 capturing, whereas
theβ andγ subunits augment ligand binding and induce cellular
signalling. Thus, IL-2 via IL-2Rα induces T effector cell prolif-
eration, differentiation and survival, and increased IL-2Rα/
CD25 expression has been associated with increased T cell
activation. On the other hand, IL-2 can contribute to termination
of inflammatory immune responses, by promoting the develop-
ment, survival and function of regulatory T cells, by enhancing
activation-induced cell death (AICD) and inhibiting the devel-
opment of inflammatory Th17 cells [40]. Therefore, IL-2 and
IL-2Rα are required for mounting and sustaining the adaptive
immune response, but are also critical for downregulating the
immune response via Tregs. Based on these dual effects, the
presence, absence and gradient of the IL-2 and IL-2Rα signal-
ling may have profoundly different and potential paradox out-
comes, as exemplified by IL-2- and IL-2Rα-deficient mice
developing a lethal lymphoproliferative autoimmune syndrome
despite absence of IL-2-dependent immune activation, because
concomitant IL-2-dependent Treg immune regulation fails to
occur, causing uncontrollable autoimmunity [41, 42].

As the exact causal variants within IL2 and IL2RA in PSC
have not yet been determined and characterized, there is
dispute whether there is a loss or gain of IL-2 and IL-2Rα
signalling resulting from the associations in PSC. Most spec-
ulations with regard to the associations to IL2 in immune-
mediated diseases in general argue in favour of reduced IL-2
signalling; moreover, most of the IL2RAvariants associated to
PSC result in reduced IL2RA expression, putatively favouring
loss of or low grade of IL-2 and IL-2Rα signalling [12]. The
dual roles in immune activation and regulation of IL-2 and IL-
2Rα make it difficult to conclude whether exaggerated or
diminished immune responses, or elements of both, play the
main role in disease risk. In summary, the IL2 and IL2RA
associations in PSC harbour the potential to influence both T
cell-mediated primary immune responses, memory recall re-
sponses and further Treg-mediated fine-tuned regulation. A
decrease in the frequency and suppressive capacity of Tregs
from PSC patients has been recently reported. Notably, the
reduced Treg numbers seemed to be associated with
homozygocity for the risk allele of the IL-2Rα gene SNP (rs
10905718) [43]. Additional studies on the effect of this major
allele in the IL-2Rα signalling pathway will be of high
importance.

A potential link between IL-2 and IL-2Rα and the associ-
ation at 12q13 (HDAC7) exists. HDAC7 encodes a histone
deacetylase that is highly expressed in cytotoxic T cells
(CTLs) and also shows expression in double positive thymo-
cytes during negative selection [44, 45]. In a de-
phosphorylated resting state, HDAC7 forms nuclear com-
plexes that inhibit expression of several genes encoding key
cytokines, cytokine receptors and adhesion molecules impor-
tant for the effector function of CTLs. Global transcriptome
analyses in CTLs have revealed that keeping HDAC7 in
resting state in the nucleus represses in particular IL-2Rα.
Conversely, export of HDAC7 from the nucleus via phosphor-
ylation favours high and prolonged expression of IL-2Rα,
increased CTL effector function and production of
interferon-γ after initial T cell antigen receptor stimulation
[44]. Whether HDAC7 represses IL2RA directly or whether
the action is indirect is not known. There is also evidence that
HDAC7 participates in transcriptional repression of Tregs
[46].

Phosphorylation of HDAC7 leads to increased expression
of Nur77, an orphan nuclear receptor involved in T cell
antigen receptor-stimulated apoptosis of thymocytes, which
further stimulates the deletion of autoreactive thymocytes
[45]. Interestingly, the PSC association at 11q23 is located in
SIK2, a salt inducible kinase that is also known to influence
the expression of Nur77 [47]. Furthermore, the independent
association at 19q13 harbours PRKD2, which participates in
the phosphorylation of HDAC7 after T cell antigen receptor
stimulation [48]. Previous studies had shown prkd2-null T
cells do not make IL-2 and IFN-γ in response to T cell
receptor engagement [49]. Later studies revealed that prkd2-
null mice produce and export T cells from the thymus with the
transcriptional program of a normal naïve CD8 Tcell, but they
are unable to respond to antigen and switch their transcrip-
tional program to an effector T cell state in response to T cell
antigen receptor stimulation [50].

Overall, five independent PSC associations on different
chromosomes (4q27, 10p15, 11q23, 12q13 and 19q13) har-
bour genes that fine-tune T cell development in the thymus
and program CTLs via effector cells to perform appropriate
immune responses. The associations harbouring HDAC7,
PRKD2 and SIK2 are of special interest, as they do not overlap
as broadly to other immune-mediated diseases as the other
PSC-associated loci (HDAC7; ulcerative colitis, PRKD2; type
1 diabetes and SIK2; none), potentially pointing to more
specific roles of these loci in governing PSC-specific aspects
of T cell regulation. The question still remains whether the
immune-mediated mechanisms in PSC relate to an inappro-
priate destruction of the bile ducts owing to an immune
reaction towards an autoantigen (autoimmune mechanism)
or a dysregulated immune response to an exogenous antigen
(inflammatory mechanism). The genetic findings do not give a
clear answer, as several of the identified susceptibility loci
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implicate pathogenic effector pathways that operate in both
primary autoimmune and inflammatory mechanisms [51].
The relative importance of adaptive immune-mediated effects
on pathogenesis relative to other potential non-immune relat-
ed mechanisms involving, e.g. bile acid toxicity and fibrosis
development also remains unclarified.

Interpreting Non-IL2 Immunobiology

Additional PSC-associated loci could also disrupt immune-
related pathways, but genetic complexities at these loci and a
lack of knowledge regarding candidate genes function make
deciphering their role in pathogenesis more difficult (e.g. 2q13
(BCL2L11), 2q37 (GPR35), 2p21 (MST1), 18q21 (TCF4) and
21q22 (PSMG1) and 2q33 (CD28)).

At 2q27, GPR35 is the most plausible candidate gene. The
variants identified within this locus demonstrate the strongest
effect sizes (odds ratios 1.38 and 1.39 for the two most
associated SNPs) outside the MHC. GPR35 encodes a G
protein coupled receptor, for which several endogenous and
synthetic ligands have been proposed (e.g. kynurenic acid,
lysophosphatidic acid and zaprinast), but it is debated whether
these ligands are relevant for GPR35 function in vivo [52–55].
Little is known about the biological function of GPR35. The
receptor is expressed in epithelial cells in the intestine and in
multiple immune cell types (monocytes, T cells, dendritic
cells) [52, 56]. The association at GPR35 is interesting in
terms of not being as broadly shared with other immune-
mediated diseases; at time of writing, the locus have only
been robustly associated with ulcerative colitis, Crohn’s
disease and ankylosing spondylitis. The GPR35 associ-
ation in ulcerative colitis is interesting by also being
present in a subgroup of patients with early onset
(childhood) disease [57].

The association at 3p21 is one of the most significant
associations outside the HLA (P=2.45×10−26 in the
Immunochip study) and among the associations with the
strongest effect sizes (odds ratio 1.33). The association signal
in this region spans more than 600 kB and covers more than
10 genes, which complicate the identification of the suscepti-
bility gene in this region. The locus is also implicated in
ulcerative colitis and Crohn’s disease, in which most authors
argue in favour of theMST1 gene being the main candidate in
the region [58, 59]. MST1 encodes a macrophage-stimulating
factor-1 protein (MSP), which is a circulating pre-protein
secreted from the liver [60]. MSP has been shown to inhibit
IL-12 release, as well as iNOS and COX2 induction of acti-
vated macrophages, implicating a negative regulation of mac-
rophage activation exerted by this protein [61]. IL-12, pro-
duced by macrophages and APCs in general, during the
initial stages of an immune response, is essential for
induction of IFNγ by NK and γδ T cells and driving
the differentiation of Th1 cells. Thus, IL-12 provides a

critical link between innate and acquired immunity,
which can be impaired by MSP.

The association at 18q21 harbours TCF4, which encodes a
transcription factor for which genetic associations hitherto have
mainly been reported in neuropsychiatric disorders, such as
schizophrenia and bipolar disorders. This is nevertheless inter-
esting in light of these diseases potentially having an aetiology
influenced by prenatal infections and/or autoimmunity [62].
Analysis of Tcf4−/− knockout mice has revealed that TCF4
deficiency leads to a partial block in early B and T cell develop-
ment and also results in blocked development of plasmacytoid
dendritic cells and impaired type 1 interferon secretion from
these upon stimulation with “virus resembling” unmethylated
DNA [63–65]. In these aspects, TCF4 functions thus align with
the above-mentioned genetic findings in T- and B-cell biology
and in particular T cell development [38]. At 21q22, the
PSMG1- region is potentially also associated with micro-
bial triggers, since PSMG1 have been associated to
pseudomonas infection in children with early onset CD
[66]. Otherwise, little is known about PSMG1 function.

The association at 2q33 harboursCD28, which encodes a T
cell co-stimulatory molecule necessary for T cell activation,
survival and proliferation. Genetic associations forCD28 have
been also reported for celiac disease, type 1 diabetes and
rheumatoid arthritis. Early studies have demonstrated that T
cells lacking CD28 are pathogenic cells that accumulate in
various autoimmune diseases as a result of continuous anti-
genic stimulation [67, 68]. In PSC liver tissue, a significant
proportion of CD4 Tcells have lost CD28 expression, at much
higher levels compared to PBC. Such CD28− T cells localize
close to bile ducts, release pro-inflammatory cytokines, TNFα
and IFNγ, and induce biliary cell activation. Notably, TNFα
is able to induce loss of CD28 and accumulation of
CD28− T cells in vitro, and a TNFα-rich microenviron-
ment is evident in PSC liver tissue (Liaskou et al.,
manuscript submitted). It should be noted that CD28 is
required for IL-2 production, which in turn is required
for both the induction (activation of T effector cells)
and termination of inflammatory immune responses (in-
duction of T regulatory cells).

Interpreting Suggestive Associations

In addition to the 16 genome-wide significant loci, some-
where between 30 and 40 nominally significant findings
have been identified in PSC. The majority of these har-
monize well with the overall susceptibility to PSC, being
pleiotropic (REL, e.g. in Crohn’s disease, celiac disease
and rheumatoid arthritis; FUT2, e.g. in Crohn’s disease
and psoriasis; UBASH3A, e.g. in celiac disease, vitiligo,
type 1 diabetes; ICOSLG, e.g. in Crohn’s disease, ulcera-
tive colitis and celiac disease) and executing important
functions in adaptive immunity and T cell-related functions

Clinic Rev Allerg Immunol



(e.g. REL, UBASH3A and ICOSLG). This is not surpris-
ing, since largely (for 33 of the loci), the detection has
been facilitated by taking associations in PSC-associated
immune-mediated diseases into account.

The association of FUT2 is of special interest, as analysis of
the bacterial community composition in colonized bile of PSC
patients demonstrated that FUT2 genotype in PSC patients was
associated with differences in gut microbial compositions,
shown by increased Firmicutes and diminished
Proteobacteria. This interdependence of host genetics with
disease-associated gut and bile microbiota is interesting in light
of the emerging evidence that alterations of the gut microbiota
may provide an important contribution to the pathogenesis of
inflammatory conditions [69, 70]. The FUT2 locus is also
interesting for another reason, as variants within the locus have
been demonstrated to affect normal variation in serum of alka-
line phosphatase (ALP) levels [71, 72]. The FUT2-related bio-
logical implications contributing to cholestatic ALP elevation
may therefore also be at play in the healthy population (reflected
by ALP variability, but within the normal range and without
presence of disease symptoms). This reflects that within the
general population, there are individuals with “susceptible”
FUT2 variants that have not developed disease, presumably
because other co-factors are not present (genetic and non-
genetic co-factors). This is also the case for all other PSC-
associated variants; they are common (frequencies >10 % in
the general population) and their biological consequences are
common—and mostly not pathogenic.

Conclusions

The combined output of genetic studies in PSC so far explains
7.3 % of the overall PSC susceptibility. More has become
evident on general immunobiology and immunogenetics than
on the specific genetics of biliary disease. This includes a lack
of robust genetic risk factors for the development of cholangio-
carcinoma in PSC, alluding to either their absence or lack of
statistical power in studies hitherto performed. Still, despite the
limited fraction of overall susceptibility so far accounted for,
since methods for surveying and precisely determining envi-
ronmental risk factors are largely lacking, there is a pragmatic
upside for which we should consider the application of the
genetic association study design as a success that will continue
along the models of other diseases (meta-analysis of existing
and new data, search for additional causal variants at identified
loci, etc.). For the first time, we have a large number of robust
biological determinants of PSC pathogenesis. Moreover, as
alluded to by the MHC and FUT2 associations, these genetic
determinants are likely to pinpoint the biological contexts in
which the undetermined environment operates and may even
guide in the detection of environmental factors (e.g. antigenic
triggers, features of the gut microbiota, etc.).

Never before have specific opportunities for working into
primary events in PSC pathogenesis existed; rather, the re-
search has been guided by findings in “similar” diseases
(mostly familial cholestatic syndromes and IBD). These op-
portunities must now be perused and experimentally explored
by the research community. As underscored above, no single
PSC susceptibility gene should be expected to account for the
full phenotype. Rather, the biological manifestations of
disease-associated variants, which also frequently occur in
the healthy population, represent pieces of a puzzle that needs
to be laid taking the specific disease context and environmen-
tal co-factors in consideration (Fig. 2). Along this avenue of
thinking, novel therapeutic opportunities are likely to emerge,
potentially not only slowing PSC progression, but on the
target of the primary disturbances at the gene-environment
interface, may even hope to cure.
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