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Intrahepatic cholestasis of pregnancy, which affects 0.2-2% of pregnancies, is
characterized by pruritus, increased aminotransferase activity and elevated
serum bile acids. Previous studies have implicated liver-enriched genes in
intrahepatic cholestasis of pregnancy. We conducted a meta-analysis of
intrahepatic cholestasis of pregnancy genome-wide association studies in the
FinnGen study, deCODE, Estonian Biobank, the Danish Blood Donor Study and
Copenhagen Hospital Biobank with 4,738 women with prior ICP and 436,834
female controls. The analysis found 26 genome-wide significant associations of
which 10 were novel. Genes in the associated loci were prioritized using lead
SNP expression quantitative trait loci associations and colocalization analysis
to assess potential causality. The associated loci implicate bile acid synthesis,
LDL cholesterol, and lipid metabolism. Additionally, comorbidity, genetic
correlation and polygenic risk score analyses further indicated a link between
intrahepatic cholestasis of pregnancy and pancreatitis, suggesting shared
genetic underpinnings.

Intrahepatic cholestasis of pregnancy (ICP) is a poorly understood liver
disease with resolution after delivery and high recurrence risk in sub-
sequent pregnancies'. ICP is characterized by pruritus, increased ami-
notransferase activity and elevated serum bile acids. It is linked to
increased risk of fetal complications including preterm labor, fetal
asphyxia, meconium-stained amniotic fluid, and stillbirth’> and asso-
ciated with gestational diabetes and preeclampsia’. Familial predis-
position with over tenfold risk increase to ICP observed in sibling

studies*” suggests a genetic underpinning, as further demonstrated by
the development of promising polygenic risk score for ICP°. Repro-
ductive hormones are suggested to trigger the genetic susceptibility
resulting in cholestasis and elevated serum bile acids’. Previously
implicated candidate loci harbor genes regulating bile acid synthesis,
transport and cholesterol homeostasis®* . Here, we performed a meta-
analysis of genome-wide association studies (GWAS) of 4738 women
with ICP and 436,834 parous female controls without a history of ICP to
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further enhance our understanding of the biological pathways con-
tributing to this condition and examine its associated comorbidities.

Results

GWAS meta-analysis uncovers 10 novel ICP-associated loci

We set out to dissect the genetic susceptibility to ICP by conducting a
meta-analysis (Fig. 1) of ICP GWASs conducted in FinnGen, deCODE,
Estonian Biobank (EstBB) and The Danish Blood Donor Study (DBDS) &
Copenhagen Hospital Biobank (CHB), with a total of 4738 ICP cases
and 436,834 women without a history of ICP as controls. Details of the
study cohorts are presented in Supplementary Note 1.

Figure 2 shows the genetic associations of ICP in a meta-analysis of
all four studies. Meta-analysis results did not show evidence of geno-
mic inflation (A\GC =1.043) or evidence of heterogeneity. In total, our
fine-mapping and missense variant identification approach identified
27 index variants (Table 1, Supplementary Data 1) at genome-wide
significance (p <5 x107®) residing in 26 loci, 10 of which had not been

associated with ICP in earlier GWASs®*™°, Fine-mapping results sug-
gested a single signal in 25 loci, with one locus in chromosome 7 at
7921 having two separate signals with lead variants rs58238559 and
1s59934297 (Supplementary Figs. 2-6). Most genome-wide significant
variants associated with ICP were intronic, although the proportion of
intergenic and ncRNA intronic variants was higher than expected by
chance (Fig. 2d).

We used the online platform FUMA" to add annotation to GWAS
results and perform gene-based association and enrichment tests (Sup-
plementary Fig. 7). We further tested the association signals in each locus
for gene expression colocalization (eQTL) in the most relevant tissues
identified in ICP pathophysiology: the liver, whole blood and pancreas
(Supplementary Data 2-3) in GTEx v8 dataset. eQTL colocalization
identified 24 significant genes across 11 loci in liver tissue, 20 genes
across 7 loci in whole blood, and 21 genes across 9 loci in the pancreas.

Furthermore, we identified splicing quantitative trait loci (sQTL,
Supplementary Data 4) and protein quantitative loci (pQTL) using

-

FinnGen
(2,784 cases / 143,267 controls)

DBDS
(870 cases / 61,330 controls)

ICP GWAS data sets

~

DeCODE
(197 cases / 142,720 controls)

EGCUT
(887 cases / 89,517 controls)

METAL

ICP meta-analysis: 4,738 cases / 436,834 controls

FUMA

Functional mapping and annotation

SuSiE

Fine mapping of statistically significant loci

Colocalization analyses

A 4

Literature review of QTL
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and proximal genes
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Fig. 1| Flow chart visualizing the analysis steps. GWAS data from four cohorts
(FinnGen, deCODE, DBDS and EGCUT) were combined using METAL. Associated
loci were annotated with FUMA and fine-mapped using SuSiE. Downstream

1

Phenotype summary

analyses included QTL colocalization (eQTL, pQTL, sQTL), PheWAS, gene ontology,
genetic correlation and polygenic risk score (PRS) analyses, together with FinnGen
comorbidity analyses. These approaches were integrated for gene prioritization.
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Fig. 2 | Variant summary and gene-set enrichment analysis of ICP GWAS meta-
analysis results. a Manhattan plot of ICP meta-analysis results. Novel loci are

bolded. b Gene Ontology pathway enrichment analysis using MAGMA gene-based
association analysis. ¢ Tissue-specific expression enrichment analysis results using

MAGMA gene-property analysis in FUMA. d Functional annotation of variants in LD
with the lead variants. Enrichment was tested using a two-sided Fisher’s exact test as
implemented in FUMA, with Bonferroni correction for multiple comparisons.
Source data are provided in Supplementary Data 1, 7 and 8.
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Table 1| Lead variants within each credible set in the meta-analysis

1p36 chr1:3084718  rs2788095 C/A  0.23 6.7E-15 0.82 (0.77-0.86) PRDM16

2p23 chr2:27508073  rs1260326 T/C  0.65 4.1E-28 1.28 (1.23-1.34) GCKR L
2p21 chr2:43844604  rs4148211 A/G  0.43 5.8E-113 0.61 (0.59-0.64) ABCG5/8 L
2g31 chr2:169001056 rs6733156  C/T  0.07 7.6E-36 0.57 (0.53-0.63) ABCB11

3p22 chr3:42872353  rs12494055 T/C  0.49 1.2E-14 0.85 (0.81-0.88) CYP8B1

5p13 chr5:35989887  rs73076175 A/G  0.14 2.3E-15 1.27 (1.20-1.34) UGT3A1 LD
5q13 chr5:73623753  rs1981810 A/G  0.76 3.2E-19 0.80 (0.77-0.84) ARHGEF28

6p22 chr6:17705013  rs9396793 T/C  0.40 1.1E-28 0.78 (0.75-0.82) NUP153

7p14 chr7:41788929 rs10234444 G/A  0.13 8.1E-09 1.22(1.14-1.30) INHBA

7q11 chr7:73507279 rs79862839 T/C  0.12 7.7E-17 1.33 (1.24-1.42) MLXIPL LD
7921 chr7:87452957  rs58238559 T/C  0.03 1.1E-17 0.49 (0.42-0.58) ABCB1/4 L
7921 chr7:87487153  rs59934297 T/G  0.13 1.7E-49 0.60 (0.56-0.64) ABCB1/4 LD
8q12 chr8:58485902  rs10504255 G/A  0.65 5.5E-61 0.70 (0.67-0.73) CYP7A1

9p22 chr9:15304784 rs686030 C/A  0.87 1.2E-08 1.21(1.13-1.29) TTC39B

9p21 chr9:21128732  rs12553010 G/C  0.28 8.7E-09 1.15 (1.09-1.20) IFNW1

10921  chr10:63338981 rs6479894 T/C  0.86 1.1E-10 1.26 (1.17-1.35) NRBF2

10g22  |chr10:69225511 rs2394529 G/C  0.73 1.9E-19 1.25(1.19-1.31) HKDC1

10q24  chr10:99765280 rs143176769 C/T  0.05 1.7E-08 1.31 (1.19-1.44) ABCC2

12924  chr12:122164766 rs10773287 A/G  0.17 1.6E-13 | Clear All Formatting scHcg

14932.13 chr14:94378610 rs28929474 C/T  0.02 2.8E-67 2.83 (2.52-3.18) SERPINA1

14932.2 | chr14:99571781 rs2021095 T/C  0.57 1.2E-10 1.15(1.10-1.20) CCDC85C

15922  |chr15:60640638 rs11071547 C/T  0.42 8.8E-09 1.13 (1.09-1.18) RORA

17921  chr17:47658340 rs8078686 T/C  0.48 4.3E-09 0.88 (0.85-0.92) TBKBP1 LD
17q25  |chr17:79732281 rs34491636 A/G  0.23 5.1E-17 1.23(1.17-1.30) ENPP7

19913.12 (chr19:35528620 rs4805129 T/C  0.64 1.2E-30 0.78 (0.74-0.81) TMEM147

19q13.33 chr19:47873738 rs212100 T/C  0.85 3.7E-50 1.61(1.52-1.72) SULT2A1

20q13  chr20:44413724 rs1800961 C/T  0.04 2.4E-40 1.88 (1.71-2.06) HNF4A

Chr:Pos: Chromosome and position of the lead variant of the locus (according to SuSie fine-mapping); EA/OA: Effect allele / Other allele; EAF: Effect allele frequency; OR (95 % Cl): Odds Ratio of the
effect allele and it's 95% confidence interval; Nearest gene: Gene nearest to the lead variant; Candidate gene: The gene assumed driving the association signal based on functional evidence and
earlier literature. Nearest gene: Candidate gene is nearest gene; Missense: missense or linked variant is missense in the candidiate gene (Supplementary Data 2); eQTL: Candidate gene implicated
by eQTL analysis; MAGMA: Candidate gene implicated by MAGMA; Lit. rev.: candidate gene supported by literature review.

Loci not reported in earlier studies are bolded.

deCode SomaScan platform (Supplementary Data 5) and UKBB Olink
platform (Supplementary Data 6). We additionally conducted a lit-
erature search to aid prioritization of genes within each locus and to
provide biological context.

Gene enrichment analysis using MAGMA" (Supplementary Fig. 7
Supplementary Data 7-8) confirmed the over-representation of genes
expressed in the liver and, notably, in the pancreas (Fig. 2C), a finding
not reported in earlier studies.

Several associations are driven by genes related to bile acid
metabolism

Several novel loci (7pl4, 7ql1, 10q24) and previously associated
loci (1p36, 3p22, 5pl13) harbor genes implicated in bile acid
metabolism. The chromosome 1 locus at 1p36 (rs2788095) har-
bors PRDM16, implicated by our eQTL. This gene has been asso-
ciated with the response to high bile acid concentrations and
shown to contribute to fat loss and hypothermia, features often
linked to cholestasis®. The locus also contains PRKCZ, previously
associated with bile acid transport**". Similarly, the nearest gene
to lead variant rs12494055 at 3p22, CYP8BI, is a well-known reg-
ulator of biliary balance that contributes to maintaining the
equilibrium of bile acids®.

At locus 5p13, the lead variant rs73076175 is most proximal to
UGT3A1, an enzyme that catalyzes reactions where lipophilic sub-
strates are conjugated with N-acetylglucosamine to increase water
solubility and enhance excretion. UGT3AI plays a role in the metabo-
lism of estradiol and bile acids”. This locus also contains a closely
linked (r> = 0.96) missense variant, rs3756669 (OR=126, 95 %
Cl=119-133, p=6.43*10"), also known as CI21G, which renders
UGT3AI catalytically inactive”. The ICP risk allele C has also been
associated with increased estradiol levels in a previous GWAS'™,

The locus at 7pl4 (rs10234444) harbors multiple genes, with
INHBA being the most proximal. INHBA encodes a subunit of TGF-beta,
which has a central role in liver functioning and has been suggested to
affect bile acid metabolism'°, Additionally, INHBA is involved in the
regulation of follicle-stimulating hormone, which has been proposed
to play a role in cholangiocyte development”. The lead variant
rs79862839 at 7qll is in linkage disequilibrium with two missense
variants (rs35332062, r’=0.87, p=4.5 * 105, rs3812316, r*=0.85,
p=2.44*107") in MLXIPL, also known as ChREBP. This gene regulates
carbohydrate metabolism in the liver, affects bile acid synthesis, and
plays a role in the pathophysiology of non-alcoholic fatty liver
disease”. MLXIPL is also located within the critical region associated
with Williams syndrome, a rare microdeletion syndrome that impacts
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the endocrine system, suggesting a possible shared genetic
mechanism?.

The locus at 10q24 (rs143176769) is associated with the bilirubin
transporter ABCC2, which has previously been implicated in ICP through
candidate gene studies* but had not reached genome-wide significance
in earlier GWASs. The variant rs11071547 on chromosome 15 at 15q22 is
anintron and eQTL for RORA. This gene modulates the expression of bile
acid synthesis enzymes CYP7BI and another well-known ICP associated
gene SULT2A1, and contributes more broadly to lipid metabolism> 2,

Overall, our results are consistent with earlier studies of ICP, most
notably the study by Dixon et al.%, which identified 11 risk loci in genes
central to bile acid synthesis and transport (Table 1). In contrast, a
recent large GWAS in Chinese women by Liu et al.'° reported a strong
East Asian-specific association at 14q24.1, harboring ERH and SLC10A1,
a locus not observed in our analysis and absent from European
populations, highlighting possible population-specific genetic con-
tributions to ICP.

Other notable loci

Various other loci have been identified with roles in different
biological processes or conditions related to ICP. The locus at
9p22 (rs686030) is near the gene TTC39B, which is implicated in
cholesterol homeostasis and cholelithiasis®. The association at
10q21 (rs6479894) is exonic to JM/DIC and is in LD (r*= 0.63) with
missense variant rs10761725 (p = 8.78*107) in NRBF2 - a gene also
identified in the sQTL analysis (Supplementary Data 4). JM/DIC is
linked to cholelithiasis?®, while NRBF2 is a liver-specific tran-
scription factor involved in lipid metabolism®*?'. The chromo-
some 17 locus 17921 (rs8078686) has a tightly linked missense
variant (rs4794057, r*=0.70, p=4.8*10"%) in TBKBPI, known to
play an important role in immunological responses, hepatic lipid
metabolism and non-alcoholic fatty liver disease®’. This locus
appears to have highly pleiotropic effects, as expression coloca-
lization, sQTL, and pQTL analyses implicated several potential
targets, notably a trans effect on ENPP7, which has been sug-
gested as a candidate gene for ICP in previous studies®. These
findings support a broader regulatory influence of this locus
beyond local effects.

The lead SNPs associate with several blood biomarkers in UKBB
To further explore the functional implications of ICP-associated var-
iants, we examined their effects on blood biomarkers in UKBB. Across
35 biomarkers, we identified 149 significant associations (Bonferroni-
adjusted p=7.1 * 107%), highlighting pleiotropic links between ICP
genetic risk and metabolic traits (Fig. 3, Supplementary Data 9).

ICP associated variants have been shown to have different effects
in the UKBB data to the levels of several blood biomarkers® implicated
in ICP (Fig. 3). For example rs1260326 at 2p23 in GCKR and rs79862839
at 7q1l in MLXIPL both increasing risk for ICP have opposite effects on
triglycerides, sex hormone binding globulin, gamma glutamyl trans-
peptidase, C-reactive protein and alkaline phosphatase®. Majority of
ATP-binding cassette variants are in the same cluster, consistent with
their shared functional role.

ICP associates with several clinical comorbidities in FinnGen

For each lead SNP (Table 1) we performed a phenome-wide associa-
tion study (PheWAS) lookup in FinnGen (Fig. 4, Supplementary
Data 10), including both men and women. FinnGen PheWAS and
GWAS catalog findings for the lead variants indicated strong chole-
lithiasis and cholecystectomy associations. GWAS Catalog PheWAS
analysis suggested that ten of the fine-mapped lead variants were
also associated with cholelithiasis, nine with cholecystectomy, and
several with weight, height, type 2 diabetes. Interestingly, eight var-
iants were specific to ICP: rs10234444, rs10773287, rs12494055,

rs12553010, rs2021095, rs34491636, rs58238559, rs73076175. Phe-
WAS conducted in UKBB did show associations for the variants,
albeit only rs73076175 related with liver and bile acid related func-
tions (Supplementary Data 11).

We conducted clinical comorbidity analysis adjusted for age in the
FinnGen study by looking at a selection of incident traits (standard
FinnGen endpoint definitions) which occurred during or after the
index pregnancy (first pregnancy with ICP in cases and first pregnancy
in parous controls, Fig. 5, Supplementary Data 12). The association of
ICP with two other common pregnancy complications, preeclampsia
(HR [95% CI] = 2.10 [1.81-2.43], P = 3.08x107*) and gestational diabetes
(HR [95% CI] = 4.00 [3.64-4.41], P=1.10x10""°), is in agreement with
the results of the Swedish Medical Birth Register study?, which was our
main basis for selecting the incident traits. Women with a history of ICP
had an increased risk for developing cholelithiasis, cholecystitis, cho-
langitis and other biliary diseases®. ICP was also associated with
polycystic ovary syndrome, thyroid disorders, type 2 diabetes, Crohn’s
disease (but not ulcerative colitis), polyarthropathies, systemic con-
nective tissue disease and autoimmune diseases in general as reported
in previous studies®”.

To further examine the genetic pleiotropy, we constructed a
polygenic risk score (PRS) for ICP, regression coefficients from a
meta-analysis excluding FinnGen from the cohorts (Fig. 6, Sup-
plementary Data 13). The PRS was strongly associated with ICP
(OR=1.54 per SD, p<107'). The PRS was also associated with
cholelithiasis (OR=1.11 per SD, p=4.52x10"") in women, and
OR=1.06 per SD, p=3.46x10" in men-only analysis. Pancreatic
diseases were significantly (OR=1.06 per SD, p=0.0003) asso-
ciated with ICP PRS indicating possible shared genetic under-
pinnings of the diseases. These results were also reflected by
genetic correlations (rg) calculated using LDSC in between similar
FinnGen endpoints as PRS, showing ry of 0.31 (95 % CI 0.13-0.50,
p=0.01, Supplementary Data 14, Supplementary Fig. 8).

Potential genetic links between ICP and pancreatitis

As the comorbidity, polygenic risk associations, genetic correlations
and FUMA Gene Ontology (GO) enrichment analysis pointed towards
the possible importance of pancreatitis, we further reviewed the
nearby genes in all associated loci considering evidence pointing to
their potential contribution to this inflammation. The locus at 1p36 had
significant trans-pQTL hits with PRSS3 and CTRC (Supplementary
Data 5-6). PRSS3 has little previous evidence supporting a role in ICP,
but association with pancreatitis has been suspected®. CTRC has also
been shown to harbor variants contributing to pancreatitis®”. Fur-
thermore, at 2p21 the candidate gene ABCGS8 has been associated with
pancreatitis®**. PheWAS analyses conducted in FinnGen or UKBB did
not indicate significant association of ICP-associated variants and
pancreatitis.

Strengths and limitations

Our study has a large sample size compared to previous studies
examining the genetic basis of ICP, allowing us to discover several
novel associated loci. The integration of fine-mapping, colocalization,
and biomarker analyses, and careful literature review of the proposed
causal genes strengthen the biological relevance of the findings.
However, the focus on European ancestry populations limits general-
izability, and functional validation is needed to confirm causal
mechanisms. Future studies in diverse populations and experimental
models are required to refine these insights and explore their clinical
applications.

Discussion
In summary, this study identifies 26 genetic loci associated with ICP, of
which 10 are novel, expanding our understanding of the disease’s
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Fig. 3 | Analysis of 27 ICP-associated variants (or their proxies) subset from
GWAS summary statistics of 35 biomarkers in Sinnott-Armstrong et al.> for
both sexes. Effects are expressed per ICP risk allele (Table 1), and for comparison,
the variants’ associations with ICP (beta/5, from Fig. 4) are also shown. Variants and
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traits have been ordered by hierarchical clustering to show common patterns. We
used a stringent p-value cutoff: 0.05 / (27 SNPs * 35 biomarkers) = 5.29x1075. In total
we found 149 significant associations. Source data are provided in Supplemen-
tary Data 9.

genetic architecture. These findings highlight the crucial roles of bile
acid, cholesterol, and lipid metabolism in the pathophysiology of ICP
and suggest potential genetic links to pancreatitis. Comorbidity ana-
lyses revealed that ICP frequently co-occurs with inflammatory con-
ditions of the liver and pancreas, autoimmune diseases, pregnancy
complications, and polycystic ovary syndrome. Genetic analyses also
implicated several liver- and gallbladder-related diseases, including
cholelithiasis, cholecystitis, acute pancreatitis, and nonalcoholic fatty
liver disease.

Notably, comorbidity analysis indicated association with
pancreatitis. Gallstone disease is a shared risk factor in intrahe-
patic cholestasis and pancreatitis. Pre-pregnancy gallstone dis-

ease is associated with increased odds of subsequent ICP*°, and
gallstone migration into the common bile duct is a frequent cause
of acute pancreatitis*’. Here, the association between pancreatitis
and ICP was further supported by PRS associations and enrich-
ment of ICP-associated gene expression in the pancreas. Several
associated loci, including ABCGS8, CTRC, and PRSS3, have also
been implicated in pancreatitis. To our knowledge, this genetic
overlap has not been reported in previous genetic studies of ICP.
Nonetheless, the specific genetic link remains inconclusive and
requires further validation.

Taken together, our findings lay a strong foundation for future
research into the pathophysiology of ICP and its related comorbidities.
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Fig. 4 | PheWAS of the ICP meta-analysis lead SNPs in the FinnGen release 11. In
this release, PheWAS analyses have been done for 2440 FinnGen endpoints, leading
to Bonferroni-corrected p-value cutoff 0.05/2440 =2.05x107.Variants and traits
have been ordered by hierarchical clustering to show common patterns. Many

additional associations that were specific only to GCKR or SERPINAI were omitted in
this figure for clarity and are given in the Supplementary Data 10. Depending on the
phenotype, the range of cases is 1470-155745 and range of controls is
159020-448864. PheWAS data is available at https://r1l.finngen.fi.

Methods

Study cohorts and association analyses

All research was conducted in accordance with relevant ethical reg-
ulations. Study protocols for each cohort were approved by the
appropriate national and institutional ethics committees and data
protection authorities, and all participants provided informed con-
sent. Detailed cohort descriptions including within cohort association
analysis workflows are described in Supplementary Note. In brief, ICP
cases were identified using International Classification of Diseases
(ICD) codes 026.6 (ICD-10), 6467 (ICD-9) and 639.0 (ICD-8). Controls
were restricted to parous women without a diagnosis of ICP to ensure
phenotypic comparability with cases and to avoid potential bias rela-
ted to pregnancy exposure. Association analysis was then performed
in each cohort using either SAIGE*> or REGENIE” software while

adjusting for age and at least 10 principal components, and any cohort
specific variables.

Meta-analyses and fine-mapping
Summary statistics obtained from these analyses in each cohort
were then used to perform inverse variance-weighted meta-
analysis with the METAL software**. Genome-wide significance
was set to P<5*10%. To further characterize the loci we per-
formed fine-mapping using SuSie*’. We obtained the 99 % credible
sets from the workflow and examined these results in our
downstream analyses.

Gene-based and gene-set enrichment analyses were performed
using MAGMA as implemented in FUMA platform". Gene-level asso-
ciation statistics were computed using the SNP-wise mean model,
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Endpoint N cases N cases P-value
(No ICP) (With ICP)
MALIGNANCIES 27036 285 - 0.010
PANCREATIC CANCER 977 6 . 0.94
LUNG CANCER 2081 10 . 0.25
COLON CANCER 2459 23 . 0.23
BREAST CANCER 20644 230 . 0.059
OVARIAN CANCER 1372 17 . 0.18
AUTOIMMUNE 67089 862 > 4.2x107%
SARCOIDOSIS 2476 35 . 0.1
THYROID DISORDERS 9136 149 . 8x10°°
DIABETES TYPE2 35010 362 . 6.4x107°
CROHN'S DISEASE 888 25 . 5.9x107°
ULCERATIVE COLITIS 2409 36 - 0.14
COELIAC DISEASE 2413 37 . 0.042
PSORIASIS 5395 20 - 4x10°°
POLYARTHROPATHY 18556 266 - 5.3x107°
SCTD 9446 154 . 4.7x107"
CARDIOVASCULAR 85434 848 > 0.73
HYPERTENSION 68146 660 - 0.79
ISCHEMIC HEART DISEASE 27654 211 . 0.83
PULMONARY EMBOLIA 5911 51 . 0.46
CEREBROVASCULAR DISEASES 18083 130 . 0.94
ARTERIAL DISEASE 11526 88 . 0.94
PREGNANCY COMPLICATIONS 29297 734 > <2.2x10°%
PREECLAMPSIA 9358 230 . 7.9x10 *°
GESTATIONAL DIABETES 21977 588 . <2.2x107%%®
POLYCYSTIC OVARY SYNDROME 796 21 - 3.9x10~*
PANCREATIC DISEASES 4718 78 i 2.3x107°
ACUTE PANCREATITIS 2905 54 - 3.7x10 '°
CHRONIC PANCREATITIS 1387 15 . 0.14
PANCREAS OTHER 1289 15 - 0.018
LIVERDISEASES 33316 791 > 1.3x10°!%
NAFLD 1887 50 . 8.6x107'2
CHOLELITHIASIS 29678 731 . 1.1x10'%°
CHOLECYSTITIS 2412 33 . 3.9x10~*
GALLBLADDER OTHER 894 20 - 1.6x107*
CHOLANGITIS 953 29 - 2.2x10"'°
BILIARY OTHER 1611 32 [ 1.1x107°
[ [ [ [ [ [ [ |
0.33 0.50 1.0 2.0 3.00 4.0 5.006.0
HR

Fig. 5 | Incident comorbidity analysis in FinnGen. Cox regression was used to
model the effect of ICP on incident comorbidities, with ICP preceding the
comorbity. Age was used as the time scale. For ICP cases, baseline age was defined
as 6 months prior to first ICP diagnosis (approximating pregnancy onset), and for

controls as 9 months prior to first delivery. Follow-up continued until the first
occurrence of the comorbidity, death, or end of follow-up. Age at a comorbitity was
taken from the first recorded event of the comorbidity in question. Source data are
provided in Supplementary Data 12.

incorporating linkage disequilibrium estimated from a population-
matched reference panel. Competitive gene-set enrichment analysis
was then conducted using 4728 curated gene sets and 6166 Gene
Ontology terms from MSigDB*, testing whether genes within each set
were more strongly associated with ICP than genes outside the set.
This approach tests enrichment relative to the genome-wide back-
ground while accounting for gene size, SNP density, and LD structure.

To further prioritize genes we utilized functional annotations
from GenBank* and UniProt*. To supplement these database
resources, we conducted a comprehensive literature review to identify
prior studies relevant to the genes of interest within 2 Mbp window
around the lead variants.

PheWAS analyses

The 27 ICP-associated variants were tested for associations with 2440
endpoints in the FinnGen release 11. Thus we used Bonferroni-
corrected p-value threshold 0.05/2440=2.05x107. Selected end-
points having associations with multiple variants are shown in Fig. 5.
Hierarchical clustering of traits and SNPs were based on euclidean
distances of the regression coefficients (betas), using R function
“hclust”, and plotted as dendrograms. R version 4.4.3 was used for
plotting. Similarly, we conducted pheWAS in UKBB, using a suggestive
p-value threshold of 1.0 x 107,

Furthermore, the 27 ICP-associated variants were tested for asso-
ciation with 33 biomarkers and sex hormones in up to 392,091 unrelated
individuals of non-Finnish European ancestry in UKBB in sex-combined
strata using PLINK2. The biomarkers tested were all log-transformed and
adjusted according to the protocol in Sinnott-Armstrong et al.”>. No
statin adjustment was made for cholesterol. Bonferroni corrected p-
value threshold of 5.29 x 10~ was used (0.05 / (27 * 35)). Hierarchical
clustering of traits and SNPs were based on euclidean distances of the

regression coefficients (betas), using R-function “hclust”, and plotted as
dendrograms. R version 4.4.3 was used for plotting.

Polygenic risk score association analyses

Based on meta-analysis regression coefficients obtained after re-
running the GWAS while omitting FinnGen, we constructed a polygenic
risk score (PRS) for ICP using the PRS-CS pipeline*” implemented in
FinnGen. The analysis was based on FinnGen Data Freeze 13 with
218277 men and 281909 women. Logistic regression, adjusted for the
FinnGen baseline age, was used to model the odds ratio of one SD of
PRS to the ICP comorbidities. The ICP PRS was first adjusted for the
first 5 PCs, FinnGen study cohort, and genotyping batch effects by
linear regression. The standardized regression residuals were used in
the analyses as the PRS. To gain statistical power and reduce multiple
testing burden, we restricted the analyses to those endpoints having at
least 250 cases. For each endpoint, controls were those non-cases
which were not excluded from controls according to the FinnGen
control exclusion rules.

Clinical comorbidity analyses

The analysis was done using FinnGen release 13. Cox regression was
used to model comorbidity-free survival starting from pregnancy
index-age in ICD-cases (N=672) and parous female controls
(N=39765). The index age was extrapolated to the assumed beginning
of pregnancy as 6 months prior to first ICP diagnosis in cases, or
9 months prior to first delivery in controls. Age was used as the time
scale, so the follow-up ended at comorbidity event or in case of no
event, to death or end of follow-up, if the person was still alive at that
point. For each incident comorbidity endpoint analysis, the respective
prevalent comorbidity cases were excluded, as well as any non-cases
which were excluded from controls according to the FinnGen control
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Endpoint N cases N cases P-value P-value
(women) (men) (women) (men)
MALIGNANCIES 31744 12512 T 0.016 0.45
LIVER CANCER 232 838 = - 0.45
PANCREATIC CANCER 1130 1587 - - 0.86 0.13
LUNG CANCER 2391 6451 ——a— 0.30 0.78
COLON CANCER 2893 3461 ———a— 0.067 0.28
RECTAL CANCER 212 358 - - 0.98
BREAST CANCER 24228 - —— 0.075 -
OVARIAN CANCER 1752 - —— — 0.64 -
AUTOIMMUNE 85902 74982 - 0.37 0.21
SARCOIDOSIS 3123 2443 —_— 0.97 0.87
THYROID DISORDERS 11504 2906 —— 0.15 0.37
DIABETES TYPE2 41157 48328 —.— 0.25 0.60
CROHN'S DISEASE 1523 1122 L = 0.50 0.16
ULCERATIVE COLITIS 3899 3822 —a— 0.71 0.98
COELIAC DISEASE 3573 1730 —a— 0.30 0.34
PSORIASIS 7072 6228 —a— 0.54 0.21
POLYARTHROPATHY 24358 21334 —a— 0.83 0.47
SCTD 11963 4875 ——u 0.41 0.22
CARDIOVASCULAR 99901 116612 - 0.18 0.26
HYPERTENSION 78512 83675 - 0.24 0.38
ISCHEMIC HEART DISEASE 30903 57163 —»— 0.90 0.44
PULMONARY EMBOLIA 7075 6663 —a— 0.37 0.50
CEREBROVASCULAR DISEASES 21034 28628 —— 0.66 0.27
ARTERIAL DISEASE 13803 25769 —a— 0.27 0.16
PREGNANCY COMPLICATIONS 28158 - —— 0.26 -
PREECLAMPSIA 9147 - —— 0.66 -
GESTATIONAL DIABETES 20984 - —— 0.42 -
POLYCYSTIC OVARY SYNDROME 2348 - e — — 0.28 -
PANCREATIC DISEASES 5793 7853 ———— 2.1x10 0.058
ACUTE PANCREATITIS 3640 5319 ———— 2.1x10 0.050
CHRONIC PANCREATITIS 1716 3438 —_—————— 0.012 0.21
PANCREAS OTHER 1522 1718 | ® 1.5x10°° 0.53
LIVERDISEASES 39953 21130 — - 5.2x10 1.7x107"
NAFLD 2265 1676 ——a— 0.2 0.5
CHOLELITHIASIS 35268 16636 —a— —— 1.2x10772 1x10~"*
CHOLECYSTITIS 2940 3363 —a——— 1.3x107° 0.16
GALLBLADDER OTHER 1093 651 » 0.52 0.67
CHOLANGITIS 1194 1324 — 0.69 0.82
BILIARY OTHER 1985 1565 ———— 0.12 0.047
I I I I I I I ]
085 0.9 0.9 1 105 11 115 12 1.25
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Fig. 6 | Associations of the meta-analysis-based ICP polygenic risk score (PRS) with ICP comorbidities, shown separately for women (red) and men (blue). Logistic
regression models were adjusted for FinnGen baseline age. Source data are provided in Supplementary Data 13.

exclusion rules. The analyses were restricted to those endpoints which
had at least 5 cases among the women who had ICP.

QTL colocalization and annotation

We performed cis eQTL colocalization in GTEx v8 dataset for our
fine-mapped loci using coloc®® and focused on signals where
posterior probability for a single causal variant [PP4] was >0.8.
We also tested whether the variant itself and variants in high LD
(r* > 0.8) could affect the coding sequence of genes or their
splicing based on the Variant Effect Predictor tool”, as described
previously”. Furthermore, we tested whether the variant itself
and variants in high LD (r? > 0.8) affected levels of 4,907 proteins
measured by SomaScan in deCODE genetics data and levels of
2,931 proteins measured by Olink in the UKBB*. Finally, we tested
whether the variant itself and variants in high LD (r> > 0.8) was a
top (most significantly associated) variant per Mb bin and per
experimental factor ontology (EFO) term reported in the NHGRI-
EBI GWAS Catalog (downloaded 18 August 2022).

Furthermore, using the fine-mapped variants we identified and
protein quantitative loci (pQTL) using deCode SomaScan platform and
UKBB Olink platform. Splice site QTLs were searched for lead using
Gtex v8 data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The summary statistics from the ICP meta-are available via GWAS
Catalog using accession number GCST90832988. Individual-level
genotype and phenotype data are available under controlled access

due to legal, ethical and data protection restrictions, as they contain
potentially identifiable health and genetic information. Formal
approval is required to access these data; details are available at
https://www.finngen.fi/en/access_results. Access to data from deCODE
genetics, the Estonian Biobank, and the Danish Blood Donor Study/
Copenhagen Hospital Biobank is subject to approval by the respective
biobank governance bodies and national regulatory authorities in
accordance with local legislation. Genome-wide summary statistics
used for genetic correlation analyses are available from the MRC-IEU
GWAS database (https://gwas.mrcieu.ac.uk/). GTEx v8 data are avail-
able from the GTEx Portal (https:/gtexportal.org/). Source data
underlying figures are provided with this paper.

Code availability
No custom software central to the study was developed. All analyses
were performed using publicly available, open-source software.
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