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Background/Aims: Metabolic dysfunction-associated steatotic liver disease (MASLD) may progress to liver 
inflammation, fibrosis, cirrhosis and hepatocellular carcinoma. So far, genome-wide association studies explain a 
small fraction of MASLD heritability.

Methods: We sought to identify novel genetic determinants of MASLD by exploring interactions between genetic 
variants and body mass index (BMI). First, we examined genome-wide interactions with BMI for circulating alanine 
aminotransferase (ALT) levels using UK Biobank data. For identified loci, we next examined associations with hepatic 
proton density fat fraction (PDFF) in 35,146 independent UK Biobank participants. Associations with PDFF were 
replicated in four independent European cohorts, followed by a phenome-wide association study. Finally, we used 
human liver epigenomic maps and CRISPR/Cas9 experiments in vitro and in vivo to functionally characterize the 
CYP7A1 locus.

Results: Thirteen loci interact with BMI for ALT (P<5E-8), including eight well-known genetic modulators of MASLD. 
Two loci—UBXN2B/CYP7A1 and GIPR—are additionally associated with PDFF. For the intronic rs34783010 in 
GIPR, the minor T allele is associated with lower BMI and higher HbA1c and liver triglyceride content in humans. 
The UBXN2B/CYP7A1 locus is associated with PDFF in four additional European cohorts. Epigenomic data and 
in vitro experiments in human liver cells prioritise rs10504255 and CYP7A1 as the functional effectors in this locus. 
Perturbation of CYP7A1 orthologues using CRISPR/Cas9 results in less liver fat in 10-day-old, metabolically 
challenged zebrafish larvae.

Conclusions: A genome-wide single nucleotide polymorphism×BMI design fuelled identification of two MASLD 
genes: CYP7A1 and GIPR. (Clin Mol Hepatol 2025;31:1252-1268)
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Study Highlights 
•	 We identified 13 BMI-ALT interaction loci in UK Biobank participants, including a novel locus, GIPR.
•	 GIPR rs34783010-T associates with lower BMI, higher HbA1c, and higher liver lipid content.
•	 The UBXN2B/CYP7A1 locus associates with liver fat in UK Biobank and four European cohorts.
•	 Epigenomic, genetic, and clinical evidence implicates CYP7A1 as the causal gene.
•	 CRISPR/Cas9 perturbation of zebrafish CYP7A1 orthologues reduces liver fat in metabolically challenged larvae.
•	 Adiposity modifies the genetic susceptibility to MASLD; weight loss effects on liver fat may depend on GIPR and 

CYP7A1 genotypes.
•	 Our data support GIPR agonists as therapy for type 2 diabetes and MASLD.
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INTRODUCTION

Following the obesity and type 2 diabetes epidemics, the 

prevalence of metabolic dysfunction-associated steatotic 

liver disease (MASLD), previously known as non-alcoholic 

fatty liver disease, is 32% and rising worldwide. Despite its 

high prevalence, only one FDA-approved drug has shown 

efficacy in treating fibrotic steatohepatitis (metabolic-dys-

function associated steatohepatitis, MASH) or preventing its 

progression.1 Weight loss is typically prescribed to reduce 

liver fat content and progression of liver disease.2 However, 

not all patients with SLD are overweight or obese.

MASLD encompasses a spectrum of conditions defined 

by liver triglyceride accumulation greater than 5%. MASLD 

is a complex trait deriving from the interaction between ge-

netic and environmental factors. Among the environmental 

factors, excess adiposity, quantified by elevated body mass 

index (BMI) is the major MASLD risk factor. When adipose 

tissue fails to expand, ectopic triglycerides accumulate in 

the liver, which can progress to inflammation, fibrosis and 

hepatocellular carcinoma.3

Genetic predisposition also contributes to MASLD sus-

ceptibility. Genome-wide association and candidate gene 

studies have identified common genetic variants associat-

ed with MASLD.4-6 However, few loci have been identified 

compared with other cardiometabolic diseases, and a large 

fraction of MASLD heritability remains unexplained. This in 

part reflects the invasive nature of MASLD’s diagnosis, and 

concomitant small number of cases in genome-wide asso-

ciation studies (GWAS) for MASLD. Alternative approaches 

are required to improve our understanding of MASLD 

pathophysiology. We and others have already shown the 

merit of using proxy measures of MASLD,6,7 but interac-

tions between genetic and environmental factors should be 

explored further.

Environmental factors may modify the effect of a genetic 

factor on a trait. In 2017, Stender et al.8 provided the first 

robust, formal evidence of such a gene-environment inter-

action for MASLD. By using a candidate gene approach, 

they showed a robust interaction between excess body 

mass and common genetic variants in PNPLA3, TM6SF2, 

and GCKR for liver fat content.8 This interaction is consis-

tent with the previous observation that excess adiposity 

amplifies the effect of the PNPLA3 rs738409 variant in in-

ducing liver damage, as measured by circulating levels of 

alanine aminotransferase (ALT), a clinical marker of 

MASLD.9

In this study, we sought to exploit gene-environment in-

teractions between genetic variants and BMI for ALT levels 

in UK Biobank participants. We identified 13 loci interacting 

with BMI for ALT. One of these—in GIPR—is associated 

with lower BMI, yet worse glycaemic control, higher odds of 

diabetes, and higher liver fat content. Another—between 

UBX domain protein 2B (UBXN2B) and cytochrome P450 

family 7 subfamily A member 1 (CYP7A1)—is likely associ-

ated with liver fat through hepatocyte cholesterol and bile 

acid metabolism. Activation of the transcriptional enhancer 

harbouring the putative causal variant of this locus upregu-

lates CYP7A1 in a human hepatic cell line. Furthermore, 

using zebrafish larvae, we show that perturbation of cyp7a1 

results in a lower liver fat content under metabolically chal-

lenging conditions, providing functional evidence of its role 

in MASLD pathogenesis.

MATERIALS AND METHODS

This research complies with the principles outlined in the 

Declaration of Helsinki. The UK Biobank received ethical 

approval from the National Research Ethics Service Com-

mittee North West Multi-Centre Haydock (reference 16/

NW/0274). Data used in this study were obtained under ap-

plication number 37142. The NEO study was approved by 

the medical ethical committee of the Leiden University 

Medical Center. The Liver BIBLE study was approved by 

the ethical committee of the Fondazione IRCCS Ca’ Gran-

da (ID 1650, revision 23 June 2020). The MAFALDA study 

was approved by the Local Research Ethics Committee 

(no. 16/20). The Helsinki cohort protocols were approved 

by the ethics committee of the Hospital District of Helsinki 

and Uusimaa (Helsinki, Finland).

Materials and methods are available online.

RESULTS

Genome-wide interactions with BMI for alanine 
aminotransferase

We first examine genome-wide interactions with BMI for 
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circulating ALT levels, a commonly used clinical biomarker 

for MASLD. To this end, we include data from 378,264 indi-

viduals of European ancestry in UK Biobank in whom ALT 

levels, but not liver fat based on proton density fat fraction 

(PDFF), are available. We examined interactions for 

9,356,431 genetic variants with minor allele frequency 

(MAF)>0.01. Variants at 13 loci interact with BMI for ALT 

(P<5E-8, Fig. 1). Four of these were not previously reported 

to interact with BMI for ALT (GIPR, HLA, COBLL1, DPM3).10 

Of the 13 loci, seven show significant associations with 

ALT in all three BMI groups (lean and normal weight, over-

weight, and obese individuals), with larger effect sizes in 

individuals with a higher BMI (Fig. 1). This suggests elevat-

ed adiposity exacerbates the genetic predisposition for 

MASLD at these loci. While earlier results in a subset 

(n=319,882) of UK Biobank participants suggest the 

UBXN2B/CYP7A1 locus is only associated with ALT in 

obese individuals,10 our results show this locus shows sig-

nificant but oppositely directed associations with ALT in 

overweight and obese individuals on the one hand, and 

lean and normal-weight individuals on the other hand. In 

line with this interaction, the lead single nucleotide poly-

morphism (SNP) between UBXN2B  and CYP7A1 

(rs7826120) does not show a main effect on ALT (P=0.11). 

Ten of the other 12 loci—all except HLA-B and GIPR—

also show main effects on ALT (Table 1).

Interactions with BMI and main effects on 
proton density fat fraction

Of the 13 loci interacting with BMI for ALT, 6 loci 

(PNPLA3, GPAM, UBXN2B/CYP7A1, HLA, APOE, TRIB1) 

show directionally consistent trends for interactions with 

BMI for liver fat content assessed using PDFF in 35,146 in-

dependent UK Biobank participants (Fig. 1). Consistent 

with the interaction for ALT, the association between PDFF 

and rs7826120 (UBXN2B/CYP7A1) is stronger in individu-

als with a higher BMI (Fig. 1). Data from all 35,146 individu-

als with PDFF-assessed liver fat content reveal previously 

unanticipated associations with PDFF for the GIPR and 

UBXN2B/CYP7A1 loci (Fig. 2).

We next used data from 3,931 individuals of four inde-

pendent European cohorts to replicate the genetic associa-

tion of liver fat content with the UBXN2B/CYP7A1 locus. Of 

these, the Netherlands Epidemiology of Obesity Study 

(NEO) (n=1,822) and Helsinki (n=497) studies have hepatic 

fat measurements from proton magnetic resonance spec-

troscopy, while the MAFALDA (n=468) and Liver-BIBLE 

(n=1,144) studies have data on controlled attenuation pa-

rameter values. After meta-analysis, the rs7826120 T allele 

is also associated with higher liver fat content in these in-

dependent cohorts (Fig. 3, P=8.8E-3 for both fixed- and 

random-effects models).

Fine mapping of independent loci

After excluding the HLA-B locus on chromosome 6, we 

performed functionally informed fine-mapping of the 12 re-

maining loci using summary statistics of the genotype-BMI 

interactions for ALT. The size of the first 95% credible set 

ranged from 1 to 65 variants per locus, with one variant at 

the TRIB1 (rs2954021) and TOR1B (rs7029757) loci at a 

posterior inclusion probability (PIP) >0.94, suggesting 

these are the causal variants at these two loci. SuSiE iden-

tified two 95% credible sets for the APOE and GIPR loci, 

suggesting the presence of multiple causal variants  

(Supplementary Table 1).11 We did not identify credible sets 

at the DPM3 and COBLL1 loci, possibly reflecting a high 

purity filter (r2<0.25). The COBLL1 locus has been function-

ally implicated in increased risk of type 2 diabetes while 

decreasing adiposity, a presentation reminiscent of lipo-

dystrophy.12,13 Among previously identified genetic variants 

associated with MASLD, TM6SF2 rs187429064 and 

PNPLA3 rs738409—both missense variants—are likely 

causal. Of note, when comparing the joint main and inter-

action term (2-df) P-values at the TM6SF2 locus, the lead 

variant is the well-known E167K-encoding variant 

rs58542926, with a P2DF of 1.20E-110, compared with 

1.06E-106 for rs73001065. Moreover, the lead variants in 

APOE, MARC1, TRIB1, and TOR1B—recently reported in 

association with ALT and MASLD7,14-19—have the highest 

PIP at their respective locus. In the DPM3 locus, 

rs9330264 shows a higher PIP than the lead variant. Nota-

bly, when repeating the genome-wide-environment interac-

tion study (GEWIS) using all available ALT data, rs9330264 

is the lead variant. This SNP is in moderate linkage dis-

equilibrium (LD) (D’ 0.96, r2 0.31) with the previously identi-

fied ALT lead SNP rs12904 in the 3’ UTR of EFNA1. While 

DPM3 is ubiquitously expressed, EFNA1 expression is 

highest in the liver.20,21 Taken together, among the 12 loci 
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identified in the GEWIS, eight fine-mapped variants in 

PNPLA3, TM6SF2, MARC1, GPAM, APOE, TRIB1, CO-

BLL1, TOR1B have previously been robustly associated 

with ALT and liver fat content.7,14-19

To examine whether putative causal variants at the 

UBXN2B/CYP7A1, DPM3/EFNA1, and GIPR loci influence 

the expression of nearby genes, we performed a Bayesian 

colocalization analysis between the novel GEWIS loci and 

expression quantitative trait locus (eQTL) summary statis-

tics of liver and adipose tissue from the genotype-tissue 
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Figure 1. 13 loci interact with BMI for ALT. Top: Manhattan plot of genome-wide interaction analysis with BMI for ALT in European ances-
try participants (UK Biobank). P-values were calculated by using a whole-genome regression model in REGENIE. Red dashed line repre-
sents the genome-wide significance level, 5E-8. Bottom: association of ALT (left) and PDFF (right) with 13 loci that interact with BMI for 
ALT stratified by BMI. Associations were examined using linear regression analysis adjusted for BMI, age, sex, age×sex, age2 and 
age2×sex, first 10 genomic principal components and array batch. For ALT, the association analyses have been performed after exclud-
ing individuals with PDFF data. The x-axis represents beta coefficients, with error bars showing 95% confidence intervals. Greyed-out 
circles represent associations with a nominal P-value>0.05. The SNP-BMI interaction P-values are displayed as a secondary y-axis on 
the right-hand side of each panel. ALT, alanine aminotransferase; BMI, body mass index; PDFF, proton density fat fraction; SNP, single 
nucleotide polymorphism.
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expression (GTEx) project (v.8) uniformly processed by 

eQTL Catalogue (Supplementary Table 2).22-24 We do not 

observe evidence of shared causal variants between eQTL 

summary statistics and GEWIS signals at the GIPR locus. 

At the UBXN2B/CYP7A1 locus, we observe colocalization 

between interaction effects and eQTL signals in liver for 

UBXN2B (H4.PP=0.975), but not CYP7A1. In addition, we 

observe colocalization with the nearby THBS3 (H4.

PP=0.98) and MUC1 (H4.PP=0.89) for the DPM3/EFNA1 

locus.

Figure 2. Regional plots for association of 3 new loci with PDFF. For each locus, a window of ±200 kb around lead variants from GEWIS 
on ALT was considered. The lead variants from the GEWIS for ALT and GWAS on PDFF are marked with a square and black diamond, 
respectively. Credible set indicates putative causal variants from the GEWIS for ALT. Red dashed line represents the FDR threshold us-
ing the Benjamini-Hochberg method. Data from a total of 337,000 unrelated White-British participants from UK Biobank were used for in-
sample LD structure. ALT, alanine aminotransferase; GEWIS, genome-wide-environment interaction study; GWAS, genome-wide associ-
ation study; PDFF, proton density fat fraction; FDR, false discovery rate; LD, linkage disequilibrium.
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At the UBXN2B/CYP7A1 locus, the lead variant of the 

PDFF GWAS is in complete LD with the GEWIS lead vari-

ant (r2=1 in Europeans), and within the same credible set. 

In contrast, both lead variants at the COBLL1 and GIPR 

loci are in weak LD (r2=0.16 and 0.25 in Europeans), and 

belong to different credible sets, suggesting that the mech-

anisms for main and interaction effects may be different at 

these loci. The regional plots for other previously estab-

lished MASLD-associated loci show a consistent pattern 

between putative causal variants of GEWIS and GWAS for 

PDFF (Supplementary Fig. 1).

GIPR locus

We show that the T allele of the intronic rs34783010 in 

GIPR is associated with higher PDFF. Tirzepatide, a dual 

GLP1R and GIPR agonist, was recently approved by the 

Food and Drug Administration and European Medical 

Agency to treat type 2 diabetes with obesity. Therefore, we 

performed a phenome-wide association analysis (214 

traits, Supplementary Tables 3, 4) for rs34783010 in GIPR. 

In addition to being associated with higher PDFF, HbA1c 

and odds of diabetes, the GIPR rs34783010 T allele is also 

associated with lower BMI and with lower non-fasting glu-

cose concentrations (Fig. 4). Carriers of the GIPR 

rs34783010 T allele also have higher odds of Alzheimer’s 

disease (P-FDR<0.05, Fig. 4 and Supplementary Table 4). 

The GIPR rs34783010 T allele has been previously associ-

ated with lower levels of gastric inhibitory polypeptide (GIP) 

protein in plasma (beta=–0.079, P=5.0E-6).25 A recent 

phase two study showed that tirzepatide effectively re-

Figure 2. Continued.
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regression analysis under an additive genetic model adjusted for 
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study heterogeneity. BMI, body mass index; CI, confidence inter-
val; MAFALDA, Molecular Architecture of FAtty Liver Disease in 
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solves MASH and reduces liver fibrosis.26 We do not ob-

serve associations of GIPR rs34783010 with chronic liver 

disease or liver cirrhosis (Supplementary Table 5).

UBXN2B/CYP7A1 locus

Each minor T allele at rs7826120 is associated with high-

er PDFF and higher odds of chronic liver disease, but not 

with cirrhosis (Supplementary Table 5). Further, the T allele 

is associated with higher circulating triglyceride and low-

density lipoprotein (LDL) cholesterol levels and higher odds 

of dyslipidaemia, gallstone, and cardiovascular diseases27 

and lower odds of inflammatory bowel disease (Fig. 5A and 

Supplementary Table 6). Moreover, T allele carriers have 

higher cholesteryl ester in LDL and higher levels of very 

low-density lipoproteins (VLDL) particles (Fig. 5A and Sup-

plementary Table 6). Using genome-wide summary statis-

tics of the human plasma metabolome,28 we show the 

rs7826120 T allele is associated with levels of nine metabo-

lites (P<5E-8): six annotated metabolites (five lower, one 

higher) and three unnamed compounds. Interestingly, all 

annotated metabolites are involved in primary and second-

ary bile acid metabolism (Supplementary Table 7). The 

trigger for these associations can be seen as an interaction 

with metabolic burden that requires further study to unravel 

the complex interplay between rs7826120/CYP7A1 and bile 

acid synthesis, demand, composition and metabolism; di-

etary fat intake; cholesterol levels; inflammation; and oxida-

tive stress.

To gain further insights into the molecular mechanism 

underlying the association observed at this locus, we inte-

grated the credible set with human liver epigenomic datas-

ets. This revealed a single variant overlapping a liver cis-

regulatory element (CRE), rs10504255 (Fig. 5B). The 

rs10504255 G allele—which co-segregates with the PDFF-

increasing rs7826120-T allele—has also been associated 

with higher risk of intrahepatic cholestasis of pregnancy29 

and acute coronary syndrome.30 None of the other variants 

in the credible set, including the index lead variant 

rs7826120, overlap a liver CRE. rs10504255 resides in a 

liver enhancer, showing accessible chromatin—detected 

by assay for transposase-accessible chromatin using se-

quencing (ATAC-seq) and enrichment in the active CRE his-

tone mark H3K27ac across a series of samples (Supplemen-

tary Fig. 2A, Supplementary Table 8). In the liver, this enhancer 

is specifically and reproducibly accessible in adult and foetal 

hepatocytes, but not other cell lineages (Fig. 5B, Supplementa-

ry Fig. 2A).

To further interpret the functional impact of rs10504255, 

we carried out transcription factor (TF) motif analysis us-

ing MotifBreakR to compare the binding affinity profiles of 

the two predominant rs10504255 alleles. Motifs were fil-

tered for strong allele effects and a minimal expression in 

liver and hepatocytes of at least one transcript per million 

(Supplementary Table 9). The presence of the minor G al-

lele—associated with higher PDFF—increases the affinity for 

several TFs with repressive activity, including REST (P=5.0E-4) 

and FOXA1 (P=6.3E-4) (Fig. 5C, Supplementary Fig. 2B,  

Supplementary Table 9). On the other hand, the A allele is 

predicted to preferentially bind TFs with an established role 

in MASLD-associated phenotypes like aberrant lipid me-

tabolism and inflammation, including HNF1A (P=8.1E-4) 

and PPARG (P=7.0E-4) (Fig. 5C, Supplementary Fig. 2B, 

Supplementary Table 9).31 Inspection of publicly available 

Chromatin ImmunoPrecipitation (ChIP)-seq datasets for 

human liver confirms the binding of several of the predicted 

TFs, including FOXA1 and PPARG. The G allele may 

therefore be associated with decreased activity of the en-

hancer leading to CYP7A1 deficiency.

As mentioned, the index variant rs7826120 only colocalizes 

Figure 4. The association of a set of metabolic biomarkers and 
relevant diseases with the GIPR rs34783010 T allele in the UK 
Biobank. The association was examined by a linear or logistic re-
gression analysis under an additive genetic model adjusted for 
BMI, age, sex, age×sex, age2 and age2×sex, the first 10 genomic 
principal components, and array batch. For binary traits, log odds 
of effects are shown. The colour represents the –log10-trans-
formed P-values. BMI, body mass index; LDL, low-density lipopro-
tein.
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Figure 5. The association of relevant traits with the rs7826120 T allele (UK Biobank). (A) Associations were examined by additive linear 
or logistic regression analyses adjusted for BMI, age, sex, age×sex, age2 and age2×sex, first 10 genomic principal components and array 
batch. For binary traits, log odds of effects are shown. The colour represents the –log10-transformed P-values. (B) Overview of the meta-
bolic-dysfunction associated steatotic liver disease (MASLD) locus UBXN2B/CYP7A1. Of all MASLD variants in the fine-mapped credible 
set at this locus, only rs10504255 (red circle) resides within an active liver cis-regulatory element (CRE). The lead variant (purple dia-
mond) resides adjacent to an open chromatin region not enriched for the active CRE histone mark H3K27ac. Tracks show pooled nor-
malised signal for H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq) and chromatin accessibility detected by ATAC-seq 
across 4–6 independent samples. (C) MotifbreakR results showing position weight matrices (PWMs) of transcription factor (TF) motifs 
predicted to be affected by the variant rs10504255. PWMs matching the G allele, associated with higher proton density fat fraction, are 
shown at the top, and those matching the A allele are shown at the bottom. TFs with P<1E-3 were prioritised as likely hits if they were ex-
pressed in both liver tissue and hepatocytes and are shown ranked top to bottom for each allele by significance. *Indicates TFs for which 
there is ChIP-seq evidence of binding at the enhancer element. (D) Schematic (left) of CRISPRa complex targeting the enhancer at the 
UBXN2B/CYP7A1 locus. Bar plot (right) of relative expression detected by RT-qPCR of CYP7A1 and UBXN2B upon CRISPRa targeting 
of the enhancer vs. negative control guides. Data are presented as the mean±standard deviation of biological replicates (n=3 indepen-
dent transductions) and statistically analysed by Student’s t-test.
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with an eQTL signal for UBXN2B (Supplementary Table 7). 

The same was observed for rs10504255 (GTEx: Liver - 

UBXN2B P=2.4E-7, Liver - CYP7A1 P=0.14). Importantly, the 

degree of concordance between GWAS and cis-eQTLs is in-

herently limited.32 Therefore, we used CRISPR-mediated ac-

tivation (CRISPRa) to identify the most likely target of the liver 

enhancer hosting rs10504255 (Supplementary Table 10). 

CRISPRa leverages CRISPR/Cas9 technology to achieve 

nuclease-free targeting of specific sites in the genome, re-

cruiting transcriptional activators to induce activation of tar-

get CREs or genes. We found that activation of the en-

hancer in Hep3B cells upregulates CYP7A1 (P=9.91E-7 for 

Figure 5. Continued.
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gRNA 2) and does not affect UBXN2B expression (P=0.66 

across all 3 gRNAs, Fig. 5D, Supplementary Table 11). 

These results indicate that CYP7A1 is the likely target gene 

of the enhancer harbouring rs10504255.

CYP7A1 encodes cytochrome P450 family 7 subfamily A 

member 1, which catalyses the first step of hepatic choles-

terol catabolism and bile acid synthesis. In line with the as-

sociations described here and the known biological func-

tion of CYP7A1, three individuals homozygous for loss-of-

function mutations in CYP7A1 have been described to have 

70% higher cholesterol levels in liver without fibrosis or in-

flammation, reduced bile acid secretion, elevated circulat-

ing LDL cholesterol levels that are resistant to statins, hy-

pertriglyceridemia, and premature gallstone disease. One 

of three individuals had premature coronary and peripheral 

artery disease.33 Together, these observations strongly 

point to CYP7A1 as the causal gene in the locus. We hy-

pothesize that the opposite direction of rs7826120’s associ-

ation with ALT in overweight and obese versus lean and 

normal-weight individuals reflects an interaction between 

CYP7A1-driven bile acid synthesis and the metabolic and/

or inflammatory state of the liver. In lean individuals, in-

creased CYP7A1 activity may be neutral or beneficial, pro-

moting cholesterol clearance and metabolic flexibility, sup-

porting liver health, and resulting in lower ALT. In obesity 

on the other hand, it may exacerbate liver stress, inflamma-

tion, or injury and elevate ALT due to altered bile acid han-

dling and increased hepatic vulnerability.

Functional experiments in zebrafish larvae

To further explore the role of CYP7A1 in MASLD, we used 

CRISPR/Cas9-based gene editing, automated fluores-

cence imaging, and deep learning-based image analysis in 

zebrafish larvae. Both zebrafish orthologues of CYP7A1 

(cyp7a1 and CR354540.1) were targeted simultaneously 

(Supplementary Table 12) and larvae with/without such 

mutations were fed on one of four diets from day 5 to 10 

(feeding 3x more yes/no ×4% extra dietary cholesterol yes/

no). At day 10, we imaged 100 larvae across the four di-

etary conditions, with 23 to 28 larvae per condition. Of 

these, 57 larvae carried fragment length-confirmed CRIS-

PR/Cas9-induced mutations in both CYP7A1 orthologues, 

and 43 were sibling controls free from such mutations. The 

proportion of mutated larvae was similar across all four di-

etary conditions, ranging from 39% to 46%.

On average, larvae with CRISPR/Cas9-induced muta-

tions in cyp7a1 and CR354540.1 are 5% shorter and have 

a 16% smaller liver with 19% less liver fat than their sibling 

controls. A linear regression analysis shows that when ad-

justing for time of day at imaging and whether or not larvae 

had been metabolically challenged, larvae with CRISPR/

Cas9-induced mutations in cyp7a1 and CR354540.1 are 

0.54±0.18 standard deviation (SD) units shorter (P=3.6E-3), 

with a 0.63±0.16 SD unit smaller liver (P=1.8E-4) than their 

sibling controls (Supplementary Table 13). For liver fat area, 

we observe a trend for an interaction of mutations in cy-

p7a1 and CR354540.1 with the presence/absence of a 

metabolic challenge (–0.62±0.38 SD units, P=0.10,  

Figure 6. The effect of CRISPR/Cas9-induced mutations in both 
orthologues of CYP7A1 on liver area and liver fat area in 10-day-
old zebrafish larvae stratified by dietary condition. 4%EC, diet en-
riched with 4% extra cholesterol; CD, control diet; OF, overfeeding 
(3× more); SD, standard deviation. Orange, larvae carrying CRIS-
PR/Cas9-induced mutations in both CYP7A1 orthologues; grey, 
sibling controls free from such mutations.

Liver area 

S
D

 u
ni

ts

	 CD	 OF	 CD+4%EC	 OF+4%EC 

3

2

1

0 

-1 

-2

-3

Liver fat

S
D

 u
ni

ts

	 CD	 OF	 CD+4%EC	 OF+4%EC 

3

2

1

0 

-1 

-2

-3



https://doi.org/10.3350/cmh.2025.01591264

Clinical and Molecular Hepatology
Volume_31 Number_4 October 2025

http://www.e-cmh.org

Supplementary Table 14) that is not observed for liver or 

body size (P>0.2). In metabolically challenged larvae, those 

with mutations in cyp7a1 and CR354540.1 have 0.55±0.20 

SD units less liver fat than their sibling controls (P=8.1E-3). 

This effect is not observed in unchallenged larvae (0.15±0.32 

SD units, P=0.66, Fig. 6, Supplementary Table 14). Given 

CYP7A1’s role as a critical regulatory enzyme of bile acid 

biosynthesis and cholesterol homeostasis in humans33 and 

zebrafish,34 it seems likely that mutations in the gene di-

rectly affect hepatic lipid accumulation, and that effects on 

liver and body size are secondary.

DISCUSSION

Here we performed a GEWIS with BMI for circulating ALT 

levels. Thirteen loci show evidence of such interactions. By 

excluding individuals in whom PDFF measurements are 

available from the primary GEWIS, we were able to subse-

quently examine the association of hits with liver fat content 

in a set of independent individuals. Two previously unantic-

ipated loci, GIPR, and CYP7A1, show such associations 

with liver triglyceride content, complemented by the previ-

ously described COBLL1 locus.6 Additionally, while a BMI-

SNP interaction for ALT has been reported earlier for the 

CYP7A1 locus,10 our larger sample size sheds new light on 

the nature of this interaction and expands it by showing 

that the locus is also associated with PDFF. In vitro and in 

vivo experiments pinpoint CYP7A1 and the conversion of 

cholesterol into bile acid as relevant for MASLD.

An important finding of this study is the identification of a 

genetic variant at the GIPR locus, encoding the receptor of 

the incretin GIP. The rs34783010 T allele is associated with 

lower BMI, and with worse glycaemic control, higher odds 

of diabetes, and higher liver fat content, reminiscent of lipo-

dystrophy. Murine models show inconsistent results after 

manipulation of GIPR. Mice treated with a long acting GIPR 

agonist have lower food intake, resulting in lower BMI and 

improved insulin sensitivity. This is consistent with the no-

tion of GIPR agonism being favourable against diabetes.35 

Counterintuitively, Gipr knockout mice have a lower body 

mass, reminiscing receptor agonism.35 However, a different 

mouse strain, susceptible to cardiovascular disease, does 

not show change in body mass and glucose metabolism 

when treated with a GIPR agonist.36 Taken together, it is 

difficult to reconcile the human genetics and in vivo experi-

ments in mice.

Circulating levels of GIP were lower in carriers of the 

GIPR rs34783010 T allele. This suggests an effect on the 

function of the receptor or on hormone clearance from the 

circulation, even if the specific impact of the variant on 

GIPR expression and activity in specific tissues—including 

the gut, adipose tissue and the central nervous system—

may be different. Hence, our results are consistent with an 

overall positive effect of the GIPR rs34783010 G allele, 

protecting against diabetes and MASLD despite higher 

BMI. This resembles the effect of pioglitazone, a peroxi-

some proliferator-activated receptor gamma agonist.

Interestingly, the CYP7A1 locus would not have been dis-

covered in a GWAS focusing on main effects on ALT. The 

credible set in this locus is intergenic, and hence it is not 

immediately obvious which gene encodes the effector tran-

script. However, epigenomic analyses and experiments, 

common variant associations of the lead SNP, and clinical 

presentation in three individuals homozygous for loss-of-

function mutations all point to CYP7A1. This gene encodes 

an enzyme that catalyses the rate limiting step in bile acid 

synthesis, by converting cholesterol to 7-alpha-hydroxy-

cholesterol. Fine mapping shows that a variant ~14 kb 

downstream of the CYP7A1 transcription star t site 

(rs10504255) has the highest posterior probability of being 

causal. Moreover, integration of a series of epigenomic da-

tasets revealed that rs10504255 resides within a liver CRE, 

likely an enhancer element, given its location and enrich-

ment in the classic enhancer mark H3K27ac. In humans, 

we observe associations of the rs7826120 T allele with 

higher PDFF—especially in individuals with BMI ≥30 kg/m2—

higher cholesteryl ester content, lower levels of primary 

and secondary bile acid metabolites, and higher risk of 

gallstone and cardiovascular disease, suggesting a shift in 

cholesterol metabolism from bile acid synthesis to hepatic 

lipid accumulation and VLDL secretion. These associations 

are reminiscent of an underlying loss of CYP7A1 function,33 

or reduced expression, concordant with the prediction that 

the rs10504255 G allele—co-segregating with the 

rs7826120 T allele—increases the binding affinity of the 

bona fide transcriptional repressor REST and of TFs that 

are context-dependent repressors, like BCL3, FOXA1 and 

RORA. In the liver, RORA controls lipid homeostasis via 

negative regulation of PPARG;37 while FOXA1 acts as a re-
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pressor through competition for binding targets with 

FOXA2.38 Moreover, the rs10504255 G allele is predicted 

to disrupt the binding of PPARG and HNF1A, two transcrip-

tional activators that are key regulators of hepatic lipid ho-

meostasis, including the regulation of cholesterol and bile 

acid metabolism.39-41 The G allele also disrupts binding of 

BATF, which has been shown to ameliorate hepatic steato-

sis in mice challenged with high-fat diet.42 Based on our re-

sults, namely the CRISPRa of CRE hosting rs10504255 

and the in silico motif disruption analyses, we postulate 

that the rs10504255 G allele promotes the repression of a 

transcriptional enhancer, leading to decreased expression 

of CYP7A1.

At odds with the direction of associations in humans but 

consistent with results in C57BL/6J mice,43 CRISPR/Cas9-

induced mutations in CYP7A1 orthologues result in less liv-

er fat in metabolically challenged zebrafish larvae. Several 

factors may contribute to these differences between spe-

cies. First, mutations present from conception inherently 

induce compensatory adaptations from early embryonic 

development onwards. In line with this, human probands 

have twice higher CYP27A1 activity than controls.33 In hu-

mans, this upregulation does not compensate for loss of 

CYP7A1.33 Zebrafish, however, have four CYP27A1 ortho-

logues, so overcompensation in response to loss of func-

tional cyp7a1 by upregulation of CYP27A1 orthologues—

and possibly other CYPs—seems plausible. Secondly, 

differences in adiposity between adult humans and zebraf-

ish larvae may play a role. Adipocyte differentiation starts 

around day 8 in zebrafish larvae, resulting in very small lip-

id depots in only 24% of overfed and 8% of control fed lar-

vae by day 10.44 Hepatic bile acids are key metabolic hor-

mones with the ability to modulate glucose and fatty acid 

metabolism in adipose tissues and anti-obesogenic poten-

tial.45 On the other hand, adipokines secreted by white adi-

pose tissue, such as Retnla, regulate hepatic cholesterol 

metabolism, inducing Cyp7a1.46 Hence, the sparsity of adi-

pose tissue in 10-day-old zebrafish larvae may influence 

the net effect of perturbations affecting bile acid synthesis 

on hepatic steatosis. Finally, it remains challenging to satis-

factorily appreciate the nuances between association and 

perturbation, across outcomes, and across species. What 

humans and zebrafish share is that CYP7A1 influences 

MASLD-related traits under metabolically challenging con-

ditions.

Our findings have clinically important implications. In-

deed, the presence of an interaction between these loci 

and BMI for ALT levels suggests that weight loss may dif-

ferentially affect liver fat content depending on genetic 

background. In line with this, carriers of the PNPLA3 

rs738409 G allele have a larger reduction of liver fat con-

tent after bariatric surgery compared with non-carriers.47 In 

conclusion, by exploiting genotype-BMI interactions for 

ALT levels, we have identified two loci associated with liver 

fat content, namely in GIPR and near CYP7A1. Through 

downstream functional perturbation experiments in zebraf-

ish, we demonstrate that CYP7A1 plays a role in MASLD. 

Our data provide genetic validation that affecting the con-

version of cholesterol into bile acids influences the burden 

of MASLD and support the use of GIPR agonism as a ther-

apeutic strategy against diabetes and MASLD.
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