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Highlights: Impact and implications:
� Unbiased genome-first approaches permit deeper meta-
bolic phenotyping of select genes.

� Protein-altering variants in TM6SF2 are drivers of hepatic
steatosis and advanced fibrosis.

� Risk of liver disease in TM6SF2 is independent of common
PNPLA3 I48M allele.

� Loss of protein function potentially causes aberrations in
hepatic secretion of VLDL.
https://doi.org/10.1016/j.jhepr.2024.101243
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The genome-first approach expands insights into genetic risk
factors for steatotic liver disease with TM6SF2 being a focal
point due to its known association with plasma lipid traits. Our
findings validated the association of two missense variants
(E167K and L156P) with increased risk of hepatic steatosis on
CT and MRI scans, as well as the risk of clinically diagnosed
hepatocellular carcinoma independent of the common PNPLA3
I48M risk variant. Notably, we also identified a predicted dele-
terious missense variant (P216L) linked to steatotic risk and
demonstrated that an aggregated gene burden of rare putative
loss-of-function variants was associated with the risk of hepatic
steatosis. Combined, this study sets the stage for future
mechanistic investigations into the functional consequences of
TM6SF2 variants in metabolic dysfunction-associated steatotic
liver disease.
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Background & Aim: An unbiased genome-first approach can expand the molecular understanding of specific genes in disease-
agnostic biobanks for deeper phenotyping. TM6SF2 represents a good candidate for this approach due to its known association
with steatotic liver disease (SLD).

Methods: We screened participants with whole-exome sequences in the Penn Medicine Biobank (PMBB, n >40,000) and the UK
Biobank (UKB, n >200,000) for protein-altering variants in TM6SF2 and evaluated their association with liver phenotypes and
clinical outcomes.

Results: Missense variants in TM6SF2 (E167K, L156P, P216L) were associated with an increased risk of clinically diagnosed and
imaging-proven steatosis, independent of the PNPLA3 I48M risk allele and hepatitis B/C (p <0.001). E167K homozygotes had
significantly increased risk of SLD (odds ratio [OR] 5.38, p <0.001), steatohepatitis (OR 5.76, p <0.05) and hepatocellular carcinoma
(OR 11.22, p <0.0001), while heterozygous carriers of L156P and P216L were also at an increased risk of steatohepatitis. In
addition, carriers of E167K are at a 3-fold increased risk of at-risk MASH (OR 2.75, p <0.001). CT-derived liver fat scores were
higher in E167K and L156P in an allele-dose manner (p <0.05). This corresponded with the UKB nuclear magnetic resonance-
derived lipidomic analyses (n = 105,348), revealing all carriers to exhibit lower total cholesterol, triglycerides and total choline.
In silico predictions suggested that these missense variants cause structural disruptions in the EXPERA domain, leading to
reduced protein function. This hypothesis was supported by the association of rare loss-of-function variants in TM6SF2 with an
increased risk of SLD (OR 4.9, p <0.05), primarily driven by a novel rare stop-gain variant (W35X) with the same directionality.

Conclusion: The functional genetic study of protein-altering variants provides insights on the association between loss of
TM6SF2 function and SLD and provides the basis for future mechanistic studies.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Metabolic dysfunction-associated steatotic liver disease
(MASLD) is one of the most common liver conditions, affecting
25% of the population worldwide and strongly linked to features
of metabolic syndrome including insulin resistance and
obesity.1,2 In many cases, MASLD can progress into metabolic
dysfunction-associated steatohepatitis (MASH) and more serious
phenotypes such as fibrotic liver disease, cirrhosis, and hepa-
tocellular carcinoma (HCC).3 The newly revised nomenclature
supports the diagnosis of MASLD in the presence of at least one
of five affirmative cardiometabolic risk factors and encompasses
multiple parameters that are implicated in lipid metabolism.4

Such changes comes with persistent discussions on the delin-
eation and terminology of liver disease classifications for stea-
totic liver disease (SLD).

Genome-wide association studies have greatly contributed
to our understanding of MASLD.5,6 Of the multiple genomic loci
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19104, USA; (D.J. Rader), or Department of Medicine III, Gastroenterology, Metabolic dis
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associated with an increased risk of MASLD, variants in
transmembrane 6 superfamily member 2 (TM6SF2) located on
chromosome 19 have been significantly associated with
MASLD and plasma lipid traits.7 TM6SF2 encodes a protein of
351 amino acids and is mostly expressed in the liver and in-
testine.8 TM6SF2 has been shown to modulate hepatic
secretion of very-low density lipoprotein (VLDL), which is
thought to be a mechanism by which it influences both liver and
plasma lipids.9

Genome-wide association studies are by definition a
‘phenotype-first’ approach. An unbiased ‘genome-first’
approach has the potential to expand the understanding of
gene-phenotype associations by starting with individuals who
carry protein-altering variants in specific genes and investi-
gating a diverse range of phenotypes.10–12 Utilizing this
approach, we investigated selected protein-altering variants in
TM6SF2, leveraging the Penn Medicine Biobank (PMBB), a
s, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA
eases and Intensive Care, University Hospital RWTH Aachen, 52074 Aachen,
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Deep metabolic phenotyping of TM6SF2 variants
large medical biobank with sequencing data linked to electronic
health record data, and the UK Biobank (UKB), a large
population-based biobank with whole-exome sequencing
(WES) and extensive phenotype data.

Patients and methods

TM6SF2 variant selection

All available non-synonymous missense and putative loss-of-
function (pLOF) TM6SF2 variants were extracted from the
Genome Aggregation Database (gnomAD) and annotated using
ANNOVAR. For non-synonymous missense variants, individual
regression models were applied to those with carriers over >40
in the PMBB pLOF variants were defined as stop-gain codons,
frame-shift substitutions, and disruption of canonical splice site
dinucleotides. pLOF carriers were first aggregated into a gene
burden, followed by regression studies of individual variants.

Penn Medicine Biobank

Study population (discovery cohort)

The PMBB comprises data from clinical practice sites of the
University of Pennsylvania Health System from over 60,000
participants. Participants in the PMBB consented for access to
all available electronic health record data and genetic
sequencing. This study was approved by the Institutional Re-
view Board and complies with the principles set out by the
Declaration of Helsinki. The PMBB was utilized as the discovery
cohort of non-synonymous missense variants and pLOFs
associated with steatosis.

Genotyping

WES data for participants in the PMBB were generated from
DNA extracted from stored buffy coats by the Regeneron Ge-
netics Center. Sequences were mapped to the Genome
Reference Consortium Build 38 (GRCh38). Samples with low
exome sequencing coverage and other quality metrics were
removed from the PMBB as previously described.12 After
quality control measures, the TM6SF2 gene was analyzed in a
total of 41,759 participants with WES data.

Clinical data collection

Between the baseline assessment and July 2022, ongoing
hospital and outpatient records were analyzed to determine
diagnoses using International Classification of Diseases Tenth
Revision (ICD-10) codes. The presence of the following primary
ICD10 codes was evaluated: Liver disease (K71), hepatic failure
(K72), chronic hepatitis (K73), fibrosis and cirrhosis (K74), in-
flammatory liver diseases (K75), steatohepatitis (K75.81), SLD
(K76.0), and malignant neoplasm of the liver and/or bile ducts
(C22). For the discovery of steatosis-associated variants, K76.0
and K75.81 were used as baseline variables. As well as ICD-10
codes, baseline characteristics (age, sex, BMI) procedural
billing codes, medication, and laboratory measurements were
extracted from the electronic health record database in PMBB.
Serum parameters were extracted for participants from the time
of enrolment in the PMBB until April 28, 2022. Because data on
alcohol intake was not available in the PMBB, participants with
alcoholic liver disease (571.0, K70.0), alcoholic hepatitis (571.1,
JHEP Reports, --- 2
K70.1), alcoholic fibrosis and sclerosis of the liver (571.2,
K70.3), alcoholic cirrhosis of liver and/or ascites (571.2, K70.2),
alcoholic hepatic failure, coma, and unspecified alcoholic liver
disease (571.3, K70.4, K70.40, K70.41, K70.9) were excluded
(n = 439). Participants with a history of chronic viral hepatitis B
and C were also excluded (n = 1,006).

CT-derived hepatic fat quantification

PMBB participants who had both CT-derived hepatic fat
quantitation and WES available, were analyzed (n = 10,979).
Liver fat was analyzed using a neuronal network and the
techniques used are described elsewhere (Maclean et al.
2022).13 Hepatic fat was quantitated in PMBB by subtracting
the mean attenuation of all voxels contained within the liver
from the mean attenuation of all voxels contained in the spleen,
which are quantified by the spleen-liver Hounsfield Unit (spleen
HU – liver HU). Values were identified by CT density determi-
nation to create a measure that is directly proportional to
intrahepatic fat. Median, and maximum measurements of he-
patic fat were recorded per individual given the multiple inde-
pendent CT scans available per patient.

NLP-derived imaging- and biopsy-proven steatosis cohorts

In a study described elsewhere, natural language processing
(NLP; Linguamatics) was used to interrogate 2.17 million radi-
ology reports involving the liver in PMBB participants for pos-
itive mention of ‘steatosis’.14 Among PMBB participants with
WES data, 2,865 cases of imaging-proven steatosis were
identified and used for analyses. NLP was also used to inter-
rogate 2.15 million pathology reports in PMBB participants for
positive identification of hepatic steatosis biopsy results.14 A
total of 430 cases of biopsy-proven hepatic steatosis were
identified, including steatotic liver disease (n = 224) and stea-
tohepatitis (n = 119), which were used for analyses.

United Kingdom Biobank

Study population (replication cohort)

The UKB is a large population scale study, which recruited
502,511 participants aged 37 to 73 at enrolment in 22
assessment centres across the United Kingdom. The study
was conducted under UK Biobank access number 71300.

Clinical data collection

After enrolment during 2006 and 2010, participants underwent
an initial examination, which was followed by a long-term follow
up until January 2023. The baseline examination included blood
sampling and physical examination, as well as socio-
demographical and lifestyle data collection. As part of the
enrolment all participants who were included in the biobank
gave electronic signed consent for genotyping and data linkage
to medical reports. Diagnoses were classified using the ICD-10
codes and inpatient hospital records from 1996 onward.

Genotype data

Genome-wide genetic data and analyses were available for
488,000 participants. For the genotype data the Haplotype
Reference Consortium and UK10K were used.
025. vol. 7 j 101243 2
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Metabolomics data in the UKB

In a subgroup of UKB participants, metabolomic profiling was
performed with 168 normalized lipidomic parameters that were
measured via nuclear magnetic resonance and normalized (n =
105,348). Logistic regression analyses were performed with
Bonferroni-correction to account for multiple testing of major
metabolic categories, using allele number as explanatory vari-
able and metabolite levels as dependent variable (p <0.05/168).
Results (regression estimate, standard error and p value) were
graphically illustrated in a circle plot.

Hepatic fat quantification and cohort selection of steatotic
liver disease phenotypes

Liver MRI scans were performed according to a standardized
protocol in the UKB imaging subgroup. The presence of stea-
tosis was assessed based on MRI-derived proton density fat
fraction (PDFF) measurements (data field 40061), which have
been shown to be reliable and accurate for quantifying liver fat
content.15 Steatosis was defined as a PDFF >5% in accor-
dance with established cut-off values for the presence of he-
patic steatosis.16 Fat accumulation on MRI was reported as a
categorical outcome, with “1” indicating that a participant had
PDFF >5% on MRI.

Amognst UKB participants with steatosis as defined by
MRI-PDFF values, additional criterions utiziling alcohol con-
sumption cut-offs were placed to identify MASLD and com-
bined metabolic alcoholic liver disease (MetALD) utilizing
AASLD guidelines.17 In addition, we also leveraged “at-risk
MASH” phenotypes construted in the UKB based on PDFF
>−5% and cT1 >−875 ms.18 Specific criterions for MASLD, Met-
ALD and at-risk MASH are detailed in a previously pusbliehd
study in the UKB population19 and in the supplemental files.

Analysis of additional phenotypes

A phenome-wide association study (PheWAS) in the PMBB and
UKB was used to determine multiple phenotypes associated
with selected variants in TM6SF2 carried by participants.
Phenotypes for each individual genotype were determined by
mapping ICD-10 codes to distinct disease entities with
methods described elsewhere.13 Each disease phenotype was
tested for association with TM6SF2 variants using a logistic
regression model adjusted for confounding factors: age,
gender, and the first ten principal components of genetic
ancestry. Bonferroni correction was used to adjust for multi-
ple testing.

In addition, we evaluated cardiovascular ICD-10 codes of
the identified TM6SF2 variants in the PMBB given its known
associations with lipids. The following ICD-10 codes were
evaluated: Hypertensive heart disease (I11), acute myocardial
infarction (I21), subsequent ST elevation (STEMI) and non-ST
elevation (NSTEMI) myocardial infarction (I22), other acute
ischemic heart disease (I24), chronic ischemic heart disease
(I25) and atherosclerosis (I70). Logistic regression models were
fitted to evaluate these associations, adjusted for age, gender,
BMI and principal components of ancestry.

In silico prediction of TM6SF2 structure

In silico prediction of the structure of TM6SF2 was generated
using ColabFold Alphfold2 notebook with MMseqs2.20–23 The
JHEP Reports, --- 2
amino acid sequence of wild-type (WT) TM6SF2 were obtained
from Uniprot24 (accession number Q9BZW4). Visualization and
analysis were performed using UCSF ChimeraX 1.4 (add ref
PMID 32881101). Steatosis-associated non-synonymous
missense variants were mapped on the structure for visuali-
zation based on their amino acid positions.

Statistical analysis

Continuous variables are reported as mean ± standard devia-
tion, while categorical variables were presented as relative
frequencies (%). For age and BMI, a univariate unpaired two-
tailed T-test was applied to test for differences. Other contin-
uous variables such as serum parameters and CT-derived he-
patic fat were fitted with a multivariate linear regression model.
For sex and ethnicity, a univariate chi-square test was used
while other categorical variables such as ICD-10 codes and
imaging/biopsy reports were fitted with a multivariate binomial
logistics regression model. Multivariate analyses were adjusted
for age, sex, BMI, and principal components of ancestry 1-10
(PC1-10). Significant p values from the binomial logistic
regression are presented with corresponding odds ratios (ORs)
and 95% CIs. A cut-off of p <0.05 was deemed statistically
significant for all analyses except for the PheWAS and
metabolomics analysis, where Bonferroni correction thresholds
were applied to adjust for multiple testing for PheCodes in the
PheWAS and metabolites for the UKB metabolomics analysis.
The following statistical programs were used to analyze our
collected data: R version 4.0.2 (R Foundation for Statistical
Computing; Vienna, Austria) and Prism version 8 (GraphPad,
LaJolla, CA, USA). To create the graphical abstract and flow
charts in Fig. 1, BioRender was used.

Results

TM6SF2 missense variant selection

In PMBB participants, we filtered 121 non-synonymous
missense variants in TM6SF2 and selected variants that had
over 40 carriers for variant-specific analyses (Table S1). Of the
nine eligible variants, rs58542926 (E167K; minor allele fre-
quency [MAF] 0.0126) and rs187429064 (L156P; MAF 0.0657)
were significantly associated with increased risk of both ICD-
diagnosed SLD and steatohepatitis in the PMBB (p <0.001,
Table 1). We also identified a rare variant rs186811910 (P216L;
MAF 5.0e-04) in the PMBB to be associated with a significantly
increased risk of MASH (Table 1). However, there were no
significant associations with SLD or liver enzymes in P216L
carriers (Tables S2–S3).

Liver phenotypes of missense variants

The univariate PheWAS of TM6SF2 E167K in PMBB identified
Bonferroni-significant associations with the PheCodes of
“chronic non-alcoholic liver disease” and “chronic liver disease
and cirrhosis” (Bonferroni significance p <0.0001, Fig. 2A). The
L156P variant was nominally associated with “chronic non-
alcoholic liver disease” (p <0.001, Fig. 2B). The P216L variant
was only associated with secondary thrombocytopenia (Bon-
ferroni significance p <0.0001, Fig. S1A).

Next, we interrogated ICD-10 codes and liver enzymes after
multivariable adjustments. Amongst homozygote carriers of
E167K, there was a significant increase in the risk of SLD,
025. vol. 7 j 101243 3
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steatohepatitis, and HCC (p <0.001, Table 2). E167K hetero-
zygous carriers also had a significantly increased risk of SLD,
fibrosis/cirrhosis and HCC (p <0.05). After multivariable
adjustment, individuals who were heterozygous for L156P were
at significantly increased risk of SLD and steatohepatitis
(Table 3). Though the sample size of L156P homozygotes was
relatively small, there was a trend towards increased risk of
HCC and fibrosis while the increased risks for SLD and stea-
tohepatitis were nominal. Interestingly, the effect sizes were
strongest in L156P homozygotes regarding liver diagnoses,
suggesting that there is an apparent allele-dose trend in the risk
of SLD and advanced fibrosis. When interrogating the liver bi-
opsy cohort, we found that E167K heterozygotes had signifi-
cantly increased risk of biopsy-proven steatohepatitis (p = 0.03,
Table 2). However, there were no associations with biopsy-
proven SLD or steatohepatitis in L156P carriers, likely due to
a low number of participants with biopsy results. In addition,
E167K heterozygotes had higher serum ALT levels compared
to non-carriers (Table 4).

Additional metabolic risk factors and cardiovascular
outcomes

We assessed the contribution of known genetic and metabolic
risk factors on the observed clinical outcomes. To this end, we
stratified carriers of E167K, L156P and non-carriers based on
clinical SLD, steatohepatitis and HCC diagnoses, and we
evaluated the frequency of obesity (BMI >−30 kg/m2), and homo
and heterozygosity for the PNPLA3 I148M risk allele in each
subgroup (Fig. S3). The frequency of obesity (BMI >−30 kg/m2)
was higher in homozygous E167K carriers who were diagnosed
with clinical SLD, steatohepatitis and HCC, and in L156P het-
erozygotes carriers who were diagnosed with SLD and stea-
tohepatitis (Fig. S3). Additionally, the frequency of
homozygosity for the PNPLA3 I148M risk allele was higher in
E167K homozygotes diagnosed with SLD and steatohepatitis
and in L156P heterozygotes diagnosed with HCC. These ob-
servations suggest that the PNPLA3 I148M risk allele may have
also contributed to the clinical outcomes. To determine the
independent effects of E167K and L156P, we additionally
adjusted for PNPLA3 I148M as well as age, sex, BMI and PC1-
10 in our regression analyses shown in Table S4 which
demonstrated significant associations with liver disease inde-
pendent of PNPLA3 and obesity.

Associations with imaging steatosis

We interrogated CT-derived hepatic fat quantification data of
participants where available. Here, we found further evidence of
increased risk of hepatic steatosis for both E167K and L156P
variants. Homozygous and heterozygous E167K carriers
showed significantly higher liver fat accumulation in an allele-
dose manner compared to non-carriers (Table 2). The same
trend was found in L156P heterozygotes, confirming that car-
riers of these variants exhibited higher hepatic fat content. This
was further validated in the PMBB NLP imaging steatosis
cohort amongst TM6SF2 E167K and L156P carriers (Tables 2
and 3). There was an increased risk of NLP imaging-proven
steatosis amongst all carriers of E167K and L156P heterozy-
gotes compared with non-carriers. We also found that P216L
heterozygotes were at an increased risk of imaging-proven
steatosis (OR 2.52, p <0.05, Table S2).
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Fig. 2. Univariate phenome-wide association studies of TM6SF2missense variants in PMBB and UKB. The blue line represents a p value of 0.05, and the red line
represents the Bonferroni corrected significance threshold to adjust for multiple testing (p z 0.05/1,800). Level of significance = p <0.05 (blue line), p z 0.05/1,800 (red
line) using binomial logistic regression models. PMBB, Penn Medicine Biobank; UKB, UK Biobank.

Deep metabolic phenotyping of TM6SF2 variants
Identifying rare predicted loss of function variants in
discovery cohort

Next, we screened the PMBB WES data for pLOF variants and
identified 12 pLOF variants carried by 18 heterozygotes in the
PMBB; two were stop-gain codons, four disrupted canonical
splice site dinucleotides, and six were frame-shift mutations
(Table S5). One participant in the PMBB carried two separate
pLOF variants. A gene burden-association analysis revealed
that pLOF variants were associated with a 5x higher risk of SLD
(p <0.01, OR 5.34, 95% CI 1.63-17.48) and imaging-proven
steatosis compared to non-carriers (Table 5). A PheWAS
analysis of pLOF carriers revealed nominal associations with
liver abscess and sequelae of chronic liver disease and liver
replaced by transplant phenotypes ( p <0.01, Fig. S4). There
were no significant findings in relation to liver enzymes and
JHEP Reports, --- 2
lipids (Table S6). We identified that one very rare stop-gain
variant W35X carried by four PMBB participants was the pri-
mary driver of associations with SLD amongst the pLOF gene
burden (Table S7). A separate analysis in those four PMBB
participants carrying W35X revealed an increased risk of ICD-
diagnosed SLD, steatohepatitis, type 2 diabetes and fibrosis/
cirrhosis compared to non-carriers ( p <0.05, Table S8). Addi-
tionally, W35X heterozygotes exhibited elevated hepatic fat
scores and additional phenotypes in the PheWAS anal-
ysis related to sulphur-bearing amino-acid metabolism
( p <0.001, Fig. S5).

Replication of hepatic steatosis phenotypes in the UKB

In the univariate and multivariable PheWAS, we noted that both
E167K and L156P were associated with malignant neoplasms
025. vol. 7 j 101243 6



Table 2. Baseline characteristics and liver phenotypes of TM6SF2 E167K homozygous/heterozygous carriers compared with non-carriers in the PMBB.

E167K Carriers Homozygotes
(T/T)

n = 113

Heterozygotes
(C/T)

n = 4,427

Non-carriers
(C/C)

n = 35,774

p value
T/T vs. C/C

p value
C/T vs. C/C

Odds ratio
T/T vs. C/C

Odds ratio
C/T vs. C/C

Baseline characteristics Univariate
Age (years) 56.66 ± 16.08 55.37 ± 16.69 55.10 ± 16.71 0.32 0.32 - -
Men (n, %) 60 (53.1) 2,272 (51.3) 17,710 (49.5) 0.42 0.009 - -
White ethnicity (n, %) 96 (85.0) 3,363 (76.1) 24,067 (67.4) <2.2e-16 <2.2e-16 - -
Black ethnicity (n, %) 4 (3.5) 594 (13.4) 8,708 (24.4) <2.2e-16 <2.2e-16 - -
BMI (kg/m2) 27.73 ± 5.27 28.91 ± 6.87 29.46 ± 7.23 0.015 3.5e-06 - -
PNPLA3 rs738409:G (n, %)* 0.57 (0.68) 0.44 (0.59) 0.43 (0.59) 0.038 0.31 - -

ICD-10 diagnoses (n, %) Multivariate
Type 2 diabetes (E11.00) 0 (0.0) 27 (0.6) 283 (0.8) 0.97 0.89 0.01 0.98
Toxic liver disease (K71) 0 (0.0) 35 (0.8) 164 (0.5) 0.97 0.009 0.01 1.62 [1.13-2.32]
Hepatic failure (K72) 1 (0.9) 49 (1.1) 420 (1.2) 0.53 0.86 0.53 0.98
Chronic hepatitis (K73) 0 (0.0) 2 (0.0) 17 (0.0) 0.99 0.59 9.49E-06 1.3
Fibrosis and cirrhosis (K74) 5 (4.4) 58 (1.3) 344 (1.0) 0.02 0.02 2.99 [1.21-7.39] 1.3 [1.04-1.64]
Inflammatory liver disease (K75) 0 (0.0) 7 (0.2) 64 (0.2) 0.01 0.02 3.42 [1.82-6.44] 1.22 [1.04-1.43]
Steatohepatitis (K75.81) 10 (8.8) 116 (2.6) 743 (2.1) 2.68E-07 0.03 5.76 [2.96-11.21] 1.26 [1.03-1.55]
SLD (K76.0) 13 (10.8) 179 (4.0) 1,113 (3.1) 2.99E-08 3.5E-04 5.38 [2.97-9.74] 1.37 [1.15-1.62]
HCC (C22.0) 2 (1.8) 13 (0.3) 64 (0.2) 9.7E-04 0.06 11.22 [2.67-47.16] 1.79

Clinical imaging and biopsy data (n, %) Multivariate
CT-proven steatosis 17 (15.0) 361 (8.2) 2,298 (6.4) 6.28E-05 8.39E-07 3.04 [1.77-5.22] 1.36 [1.21-1.54]
Biopsy-proven MASLD 0 (0.0) 17 (0.4) 24.58 (43.49) 0.97 0.67 8.09E-06 1.13
Biopsy-proven MASH 1 (0.9) 21 (0.5) 90 (0.3) 0.17 0.02 4.00 1.8 [1.09-2.98]

Biomarkers of liver injury (n,%) Multivariate
Upper limits of AST 7 (7.1) 201 (5.6) 1,445 (4.9) 0.51 0.19 1.33 1.12
Upper limits of ALT 10 (10.2) 294 (8.1) 1,864 (6.3) 0.15 0.001 1.69 1.26 [1.1-1.44]

ALT, alanine aminotransferase; AST, aspartate aminotransferase; HCC, hepatocellular carcinoma; PMBB, Penn Medicine Biobank; SLD, steatotic liver disease.
A univariate t-test was applied on age and BMI, whereas Chi-square test was used for gender, race and PNPLA3 rs738409:G carriage. Categorical/quantitative measures are
expressed as number of participants (n) and relative frequencies (%), and fitted with a multivariable logistics regression model adjusted for age, sex, BMI, PC1-10. Significant p
values in multivariate analyses were reported with its corresponding odds ratios and confidence intervals of 95%. *2 = G/G Homozygotes, 1 = G/A heterozygotes for PNPLA3. Level
of significance: p <0.05 (Chi square test for gender, race and PNPLA3 rs738409:G carriage, univariate t-test for age and BMI, binomial multivariate logistics regression model for
categorical outcomes). Values below the level of significance are bolded.

Table 3. Baseline characteristics and liver phenotypes of L156P homozygous/heterozygous carriers compared with non-carriers in the PMBB.

L156P carriers Homozygotes
(G/G)
n = 2

Heterozygotes
(A/G)

n = 611

Non-carriers
(A/A)

n = 39,701

p value
G/G vs. A/A

p value
A/G vs. A/A

Adjusted odds
ratio

T/T vs. C/C

Adjusted odds
ratio

C/T vs. C/C

Baseline characteristics Univariate
Age (years) 54.52 ± 17.78 56.74 ± 15.72 55.04 ± 16.57 0.96 0.017 - -
Men (n, %) 1 (50.0) 313 (51.2) 20,698 (50.3) 0.99 0.31 - -
White ethnicity (n, %) 2 (100.0) 539 (88.4) 27,699 (67.5) <2.2e-16 <2.2e-16 - -
Black ethnicity (n, %) 0 (0.0) 37 (6.1) 9,867 (24.0) <2.2e-16 <2.2e-16 - -
BMI (kg/m2) 38.50 ± 2.12 28.57 ± 6.53 29.40 ± 7.17 0.073 0.0068 - -
PNPLA3 rs738409:G (n, %)* 0.50 (0.50) 0.46 (0.63) 0.43 (0.59) 0.98 0.47 - -

ICD-10 diagnoses (n, %) Multivariate
Type 2 diabetes (E11.00) 0 (0.0) 2 (0.3) 308 (0.8) 0.98 0.65 0.01 0.73
Toxic liver disease (K71) 0 (0.0) 5 (0.8) 194 (0.5) 0.98 0.3 0.01 1.62
Hepatic failure (K72) 0 (0.0) 6 (1.0) 464 (1.2) 0.98 0.81 0.01 0.93
Chronic hepatitis (K73) 0 (0.0) 0 (0.0) 19 (0.0) 1 0.99 0.01 0.01
Fibrosis and cirrhosis (K74) 1 (50.0) 7 (1.1) 399 (1.0) 0.01 0.2 52.36 [3.22-853.38] 1.43
Inflammatory liver disease (K75) 0 (0.0) 3 (0.5) 68 (0.2) 0.04 0.01 18.41 [1.12-302.94] 1.89 [1.35-2.66]
Steatohepatitis (K75.81) 1 (50.0) 26 (4.3) 842 (2.1) 0.03 8.86E-05 29.1 [1.71-497.84] 2.26 [1.51-3.39]
SLD (K76.0) 1 (50.0) 36 (5.9) 1,268 (3.2) 0.04 2.69E-05 19.01 [1.15-315.49] 2.14 [1.51-3.06]
HCC (C22.0) 1 (50.0) 2 (0.3) 76 (0.2) 0.01 0.39 480.57 [20.35-11,348.59] 1.88

Clinical imaging and biopsy data from EHR Multivariate
CT-proven steatosis 0 (0.0) 63 (10.3) 2,613 (6.6) 0.95 3.46E-04 0.01 1.68 [1.27-2.23]
Biopsy-proven MASLD 0 (0.0) 2 (0.3) 148 (0.4) 0.99 0.94 0.01 1.07
Biopsy-proven MASH 0 (0.0) 0 (0.0) 112 (0.3) 1.00 0.98 0.01 0.01

Biomarkers of liver injury Multivariate
Upper limits of AST 1 (50.0) 30 (6.0) 1,622 (5.0) 0.04 0.94 21.18 [1.32-341.45] 1.17
Upper limits of ALT 1 (50.0) 44 (8.8) 2,123 (6.5) 0.07 0.98 13.34 1.33

ALT, alanine aminotransferase; AST, aspartate aminotransferase; HCC, hepatocellular carcinoma; MASLD, metabolic dysfunction-associated steatotic liver disease; PMBB, Penn
Medicine Biobank; SLD, steatotic liver disease.
A univariate t-test was applied on age and BMI, whereas Chi-square test was used for gender. Categorical/quantitative measures are expressed as number of participants (n) and
relative frequencies (%), and fitted with a multivariable logistics regression model adjusted for age, sex, BMI, PC1-10. Significant p-values were reported with its corresponding odds
ratios and confidence intervals of 95%. *2 = G/G [Homozygotes, 1 = G/A heterozygotes for PNPLA3. Level of significance: p <0.05 (Chi square test for gender, race and PNPLA3
rs738409:G carriage, univariate t-test for age and BMI, binomial multivariate logistics regression model for categorical outcomes). Values below the level of significance are bolded.
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Deep metabolic phenotyping of TM6SF2 variants
of the liver and cancer of the liver/intrahepatic bile ducts
(Bonferroni significance p <0.0001, Fig. 2). Specific to E167K
carriers, PheWAS analyses in both cohorts revealed significant
associations with SLD, liver abscess and sequelae of chronic
liver disease, portal hypertension, and alcohol-related liver
damage (Bonferroni significance p <0.0001, Fig. S6). E167K
and L156P carriers also exhibited higher levels of liver enzymes
(Table S9). The significant association with an increased risk of
ICD-diagnosed SLD, steatohepatitis and fibrosis/cirrhosis was
only replicated in E167K carriers while increased HCC risk was
seen for carriers of both E167K and L156P (Table S10).

We also investigated 266 carriers of the P216L variant in
the UKB and did not find a significant association with SLD
identified through ICD-10 codes and imaging reports (Fig. S6;
Table S11). To characterize loss-of-function variants in the
UKB, we interrogated a gene burden association with SLD
(K76.0) using Genebass, an online platform which uses
SAIGE-GENE to perform gene-burden tests and SKAT-O25

(Table S12). Here, we confirmed associations with an
elevated risk of liver disease. However, the rare stop-gain
variant W35X was found in only seven UKB participants,
and was associated with additional phenotypes such as
dysthymic disorder reported in Fig. S7. None of the UKB
participants carrying W35X were ICD-diagnosed with liver-
related phenotypes or exhibited elevated levels
of aminotransferases.

Alcohol-related and metabolic-associated liver
disease spectrum

Based on the newly revised nomenclature defining the spec-
trum of conditions under SLD, we leveraged UKB-specific data
on MRI reports with PDFF values and utilized different diag-
nostic cut-offs to capture novel phenotypes in the European
population. Here, we reported carriers of E167K and L156P to
exhibit a higher risk of hepatic steatosis quantified as >5%
accumulation of fat on MRI (Table S13). After stratifying carriers
by alcohol consumption, we demonstrated an almost 2-fold
elevated risk of MASLD and MetALD in carriers vs. non-car-
riers. In addition, we identified that E167K carriers have a 3-fold
increased risk of at-risk MASH compared to non-carriers. In
previous studies, the prevalence of at-risk MASH in the general
UK population was less than 2%.19

Plasma lipids and glucose parameters amongst TM6SF2
variant carriers

In PMBB, heterozygotes of E167K and L156P had significantly
lower circulating triglycerides and total cholesterol compared to
non-carriers (Table 4). As such UKB E167K carriers were
significantly less likely to have ICD-10 diagnoses of hyperlip-
idemia or hypercholesterolemia (p <0.0001, Fig. 2). Both E167K
and L156P carriers exhibited reduced circulating LDL-
cholesterol, triglycerides, and total cholesterol consistent with
PMBB carriers (Table S9). In addition, there were significant
associations with decreased apolipoprotein B levels compared
to non-carriers in both variants. E167K carriers exhibited evi-
dence of insulin resistance due to significantly higher random
and fasting glucose levels compared to non-carriers in an
allele-dose manner (p <0.05, Table 4). However, the frequencies
of ICD-diagnosed type 2 diabetes mellitus and in the levels of
HbA1c were not significantly higher in E167K carriers. Amongst
025. vol. 7 j 101243 8



Table 5. Gene-burden association analysis of TM6SF2 pLOF variants with demographics characteristics and liver disease diagnoses (PMBB).

Carriers TM6SF2-/- carrier of
two pLOF variants

(n = 1)

TM6SF2+/- carriers of
one pLOF variant

(n = 18)

TM6SF2+/+ non-carriers
of pLOF

(n = 40,289)

p values TM6SF2 pLOF
carriers vs. non-carriers

Baseline characteristics Univariate
Age (years) 67.14 [67.14, 67.14] 53.56 [36.31, 58.79] 57.45 [42.46, 67.71] 0.352
Men (n, %) 0 (0.0) 2 (11.1) 20,036 (49.7) 0.003
White ethnicity (n, %) 1 (100.0) 12 (66.7) 27,512 (68.4) 1.000
BMI (kg/m2) 29.00 [29.00, 29.00] 28.00 [24.00, 35.00] 28.00 [24.00, 33.00] 0.943

ICD-10 diagnoses (n, %) Univariate
(Chi-square)

Multivariate
(logistic regression model)

Type 2 diabetes (E11.00) 0 (0.0) 1 (5.6) 309 (0.8) 0.067 0.07
Toxic liver disease (K71) 0 (0.0) 0 (0.0) 199 (0.5) 0.954 0.98
Hepatic failure (K72) 0 (0.0) 0 (0.0) 470 (1.2) 0.894 0.96
Chronic hepatitis (K73) 0 (0.0) 0 (0.0) 19 (0.0) 0.996 0.99
Fibrosis and cirrhosis (K74) 0 (0.0) 1 (5.6) 406 (1.0) 0.155 0.23
Inflammatory liver disease (K75) 0 (0.0) 0 (0.0) 71 (0.2) 0.983 0.67
Steatohepatitis (K75.81) 0 (0.0) 1 (5.6) 868 (2.2) 0.604 0.35
SLD (K76.0) 1 (100.0) 1 (5.6) 1,303 (3.2) <0.001 0.01

OR:4.9, 95%CI [1.51-15.91]
HCC (C22.0) 0 (0.0) 0 (0.0) 79 (0.2) 0.982 0.99

Clinical imaging and biopsy data from EHR
CT-proven steatosis 1 (100.0) 1 (5.6) 2,674 (6.6) 0.001 0.11
Biopsy-proven SLD 0 (0.0) 0 (0.0) 150 (0.4) 0.965 0.98
Biopsy-proven steatohepatitis 0 (0.0) 0 (0.0) 112 (0.3) 0.974 0.98

Biomarkers of liver injury (n,%)
Upper limits of AST 0 (0.0) 1 (7.1) 1,652 (5.0) 0.911 0.95
Upper limits of ALT 1 (100.0) 2 (14.3) 2,164 (6.5) <0.001 0.02

OR 3.76, 95% CI 1.28-11.04

ALP, alkaline phosphatase; ALT, alanine aminotransferases; AST, aspartate aminotransferase; EHR, electronic health record; GGT, gamma-glutamyl transferase; HbA1C, glycated
hemoglobin; HCC, hepatocellular carcinoma; HDL, high-density lipoprotein; LDL, low-density lipoprotein; pLOF, putative loss-of-function; PMBB, Penn Medicine Biobank; SLD,
steatotic liver disease; TC, total cholesterol; TG, triglycerides.
Continuous data is represented as median and interquartile range due to skewed distribution of data points, whereas categorical/quantitative measures are expressed as number of
participants (n) and relative frequencies (%). A corresponding p value with univariate tests were done using a Chi-square test for categorical variables and a Kruskal-Wallis H test
was performed for continuous variables. A robust logistics/linear model was fitted for multivariate p values adjusted for age, sex, BMI, and PC 1-10. Significant p values for
categorical outcomes were reported with its corresponding odds ratios and confidence intervals of 95%. Level of significance: p <0.05 (Chi square test for gender, age and
univariate categorical outcomes, univariate t-test for age and BMI, binomial multivariate logistics regression model for categorical outcomes). Values below the level of significance
are bolded.
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rarer variants, such as P216L and W35X, we observed lower
mean LDL and total cholesterol but these differences were not
statistically significant (Tables S3 and S8).

We further interrogated data on 168 serum metabolites
measured by nuclear magnetic resonance in a subset of pa-
tients from the UKB (n = 105,348). Of the patients with
available metabolomics data, there were 1,118 homozygotes
and 27,677 heterozygotes carrying the E167K variant, while
35 homozygotes and 5,136 heterozygotes carried L156P.
E167K carriers exhibited a significantly lower number of LDL
and VLDL particles, and lower levels of cholesterol, and
phospholipids while the number of large-sized HDL particles
was higher compared to non-carriers (all Bonferroni
corrected p <0.001, Fig. 3A). The majority of fatty acids (i.e.
polyunsaturated, omega-3) and total choline’s were also
significantly lower. For the L156P variant, carriers had signif-
icantly lower polyunsaturated fatty acid, glycine, saturated
fatty acid, and free cholesterol in small VLDL, compared to
non-carriers (all Bonferroni corrected p <0.001, Fig. 3B). The
metabolomics analysis for P216L and W35X did not yield
significant associations due to low power (Figs. S8–S9).
However, the trends were consistent with the plasma lipid
profile observed in carriers of E167K and L156P.

Associations with cardiovascular disease

Cardiovascular ICD-10 codes were interrogated to determine if
CVD risk was associated with E167K, L156P, P216L and pLOF
JHEP Reports, --- 2
carriers in the PMBB (Tables S14–S15). Intriguingly, ICD-
diagnosed atherosclerosis was significantly associated with
E167K and L156P heterozygosity, but the risk was increased
compared to non-carriers (C/T vs. C/C: p = 0.017, OR 1.18,
95% CI 1.03-1.35; A/G vs. G/G: p <0.002, OR 1.60, 95% CI
1.18-2.17). Additionally, E167K homozygotes were at a higher
risk of hypertensive heart disease (p = 0.005, OR 3.07, 95% CI
1.41-6.67). Individuals carrying at least one copy of a rare
TM6SF2 pLOF variant exhibited an increased risk for chronic
ischemic heart disease though underpowered (p = 0.03, OR
19.02, 95% CI 1.3-279.7).

In silico predictions of steatosis-associated TM6SF2
variants induce loss of function

We used AlphaFold-generated in silico prediction models to
explore the structure of WT TM6SF2 and to determine the
potential structural consequences of the E167K and L156P
substitutions. Consistent with previous reports,26 the Alpha-
Fold structure shows that TM6SF2 has a helix-loop-helix
structure, with 10 transmembrane segments (Fig. 4A and
Fig. S10). The loops facing the luminal side of the endoplasmic
reticulum (ER), collectively form the highly conserved
EXPanded EBP superfamily (EXPERA) domain, characterized
by a series of negatively charged amino acids.26 L156P in-
troduces a proline residue into the amino acid sequence of the
5th transmembrane a-helix (Fig. 4B). In the WT protein, the
amide hydrogen of L156 hydrogen bonds to the carbonyl group
025. vol. 7 j 101243 9
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Fig. 3. Circo plot of -log10 (p value) metabolomics analysis in the UKB for E167K (rs58542926_T) and L156P (rs187429064). 168 normalized lipidomic parameters
(outer circle) were measured via NMR with Bonferroni-correction to account for multiple testing of major metabolic categofries (p <0.05/168). Box and whisker plots
were shown for each metabolite. Red boxes demonstrate increased levels (>1), while blue boxes demonstrate decreased levels (<1) per TM6SF2 allele. Bars were
bolded in color if the p value for the association met Bonferroni-significance (p <0.05/168 tests). Level of significance: p <0.05/168 (binomial logistics regression model).
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of Ile152. Due to its lack of an amide hydrogen, P156 cannot
create such a hydrogen bond and likely introduces a �20o kink
in the a-helix at V154 with the proline sidechain on the outside
of the kink.27 This structural change is expected to alter the
position of the C-terminal residue in helix 5 (L161) and ulti-
mately alter the topology of the residues G162-R169 that form
the extracellular loop containing E167. Thus, both E167K and
L156P likely impact the structural architecture of TM6SF2 and
disrupt the EXPERA domain (Fig. 4C,D).

For the rarer missense variants, we identified that P216L is
located at the beginning of helix 7 (Fig. 4A,B). Prolines occur
frequently at the first N-terminus turn of a helix, especially in
168 normalized lipidomic parameters (outer circle) were measured via NMR with Bon
<0.05/168). Box and whisker plots were shown for each metabolite. Red boxes dem
per TM6SF2 allele. Bars were bolded in color if the p value for the association m
(binomial logistics regression model). ApoA-I, apolipoprotein A-I; ApoB, apolipoprot
LA, linoleic acid; LDL, low-density lipoprotein; L, large; M, medium; MUFA, monoun
fatty acids; S, small; SFA, saturated fatty acids; UKB, UK Biobank; VLDL, very-low-d
code was provided by by Diego J Aguilar-Ramirez and adjusted by Jan Clusmann.
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transmembrane proteins.28 In such positions, proline-mediated
kinks often mark the intersection between loop sequences and
transmembrane helical segments, thus promoting the proper
protein packing. Therefore, we hypothesized that a lack of
proline could potentially explain the LOF effects for P216L
given its similar directionality with common missense variants
in relation to steatosis.
Discussion
Our findings represent one of the first genome-first analyses of
TM6SF2 variants and characterize metabolic risk factors in
ferroni-correction to account for multiple testing of major metabolic categories (p
onstrate increased levels (>1), while blue boxes demonstrate decreased levels (<1)
et Bonferroni-significance (p <0.05/168 tests). Level of significance: p <0.05/168
ein B; DHA, docosahexaenoic acid; FA, fatty acids; HDL, high-density lipoprotein;
saturated fatty acids; NMR, nuclear magnetic resonance; PUFA, polyunsaturated
ensity lipoprotein; XL, very large; XS, extra small; XXL, extremely large. The original
74
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protein-altering variants, such as non-synonymous missense
single nucleotide polymorphisms (SNPs) and pLOFs. Our
findings present a holistic understanding of how TM6SF2
works biologically and the clinical implications of variants
across multiple phenotypic traits.

As previously reported, E167K is the most commonly
described coding variant in TM6SF2 associated with SLD and
steatohepatitis in exome-wide clinical studies and hepatoma
cell lines.29 The variant is consistent with a loss of protein
function, as the mutation E167K substitutes negatively charged
glutamic acid at residue 167 with positively charged lysine,
thereby disrupting the electrostatic properties of the EXPERA
domain.26 The associations with fibrosis/cirrhosis were most
prominent in E167K carriers, consistent with one of the first
studies reporting its influence in hepatic fibrosis progression
amongst patients with SLD.30–32 Subsequently, TM6SF2
E167K T/C polymorphisms were previously observed to in-
crease the risk of HCC as well as alcohol-related cirrhosis.33–36

This is likely due to fat accumulation in the liver from TM6SF2
deletion in combination with environmental stressors such as
alcohol, which would increase oxidative stress and inflamma-
tion in hepatocytes leading to much more progressive pheno-
types.37 With the newly revised nomenclature defining SLD, we
observe that the E167K variant of TM6SF2 increased the risk of
at-risk MASH by 3-fold compared to in non-carriers. The
prevalence of this demographic is estimated to be approxi-
mately 0.6% in the population while MASLD is present in nearly
90% of those with hepatic steatosis.19 Despite this, patients
with at-risk MASH seemingly exhibit more prominent inflam-
matory and metabolic phenotypes that likely explain the pro-
pensity to exhibit higher fibrosis stages (F <2) and therefore are
at a higher risk of morbidity.38 Future studies may benefit from
understanding the extent to which genetic risk would influence
liver-related mortality in those with at-risk MASH to understand
how therapeutic targets from recently approved clinical trials
would benefit those with concurrent risk variants of TM6SF2.39

Although the development of SLD-HCC attributed to
TM6SF2 E167K remains disputed, in large part due to differ-
ences in studies reporting on alcohol-related and viral cirrhosis,
our results support previous reports demonstrating its inde-
pendent effects on HCC development.40,41 In addition, our
study strongly suggests that the L156P substitution exhibits
similar directionality in increasing the risk of SLD-associated
phenotypes, independent of hepatitis B/C and PNPLA3
I148M, as demonstrated by imaging and clinical diagnoses. As
well, the effect size of HCC was the highest in L156P mutation
carriers (TM6SF2) compared to carriers of other common var-
iants, such as TM6SF2 E167K and MARC1 rs2642438:A.42 As
such, one would expect to find strongly replicated HCC phe-
notypes across two biobanks in L156P carriers. However, we
suggest that perhaps both E167K and L156P are associated
with SLD-HCC progression in the absence of other causes of
cirrhosis, as confirmed across two academic biobanks. Com-
bined, this suggests that carriers may need to be followed-up
for carcinogenic progression as well as investigating the
impact of these variants on liver-related mortality.

Insights on plasma lipid phenotypes associated with
TM6SF2 E167K and L156P provide further clarification on the
physiological mechanisms that cause steatosis.43,44 TM6SF2 is
located on chromosome 19 and stimulates the biosynthesis of
cholesterol for subsequent assembly into VLDL.26,45,46 The
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gene contains a conserved catalytic site for 3-b-hydroxyste-
roid-8,7-isomerase, an enzyme which converts the double
bond at the 8 position to 7 in sterols, which is necessary for the
synthesis of cholesterol.20 The consequence of liver damage
due to TM6SF2 knock-out may be explained by two mecha-
nisms: abnormal triglyceride synthesis in the liver or a lack of
VLDL secretion.30,47 Early murine models found that loss of
TM6SF2 did not affect sterol responsive element binding pro-
teins, decreasing the plausibility of increased synthesis of tri-
glycerides as an underlying mechanism.48 Rather, previous
studies support the hypothesis that TM6SF2 knock-out ame-
liorates circulating plasma cholesterol and triglycerides in mu-
rine models due to the inhibition of the VLDL secretion pathway
by destabilizing apolipoprotein B100.49 A novel study in a
Finnish population additionally suggested that the TM6SF2
SNP rs58542926 is associated with dose-dependent re-
ductions in cholesterol and triglyceride content for VLDL par-
ticles.50 Evidence of lower circulating lipids coupled with
increased fat retention in the liver on imaging further supports
the finding that hepatic retention is directly correlated with the
inability to synthesize lipid particles due to protein LOF.51,52

Such findings would suggest that TM6SF2 LOF variants para-
doxically reduce the risk of atherosclerotic cardiovascular dis-
ease though we could not independently confirm these
associations with our study.47,53–55 As individuals with SLD are
often at an increased risk of atherosclerosis due to metabolic
syndrome, it is likely that these factors limit the interpretation of
any independent association of TM6SF2 variants with cardio-
vascular disease risk, as demonstrated in our study.56

Alternatively, the relationship between intracellular stores of
triglycerides and the secretion rate of VLDL disrupted by
TM6SF2 could be attributed to the availability of phospholipids.
Kinetic studies have postulated that TM6SF2 is located in the
ER region adjacent to lipoprotein particle assembly and medi-
ates the fusion of VLDL-sized precursor particles.57,58 The
availability of phospholipids such as phosphatidylcholine (PC)
is crucial to facilitate the expansion in size of lipid droplets while
passing through the smooth ER and is regulated by the rate-
limiting enzyme CTP (phosphocholine cytidylyl-
transferases).59,60 Earlier studies suggest this mechanism un-
derpins the effect of TM6SF2 E167K, wherein a deficiency in
PC results from impaired synthesis of polyunsaturated fatty
acids.61 Our metabolomics data is in line with this mechanism,
and further confirms that TM6SF2 L156P carriers have lower
polyunsaturated fatty acid and choline levels, which may be
observed due to a similar functional mechanism described
for E167K.

Based on our in silico models, we predict that the E167K
and L156P substitutions alter the conformation and properties
of the EXPERA domain, particularly the surface loop spanning
G162-R169. This may, in turn, impair the ability of TM6SF2 to
interact with stabilizing protein partners, such as ERLIN1.62

Previous studies suggested that TM6SF2 interacts with
ERLIN1 to generate functional complexes49,63 and that such
complexes may stabilize the presence of TM6SF2 within the ER
membrane.63 These predictions are consistent with previous
experimental data, which indicate that expression of E167K
and L156P in cells is associated with markedly reduced
TM6SF2 protein levels and increasing cellular instability, ulti-
mately disrupting the biological function of the TM6SF2 protein
involved in VLDL secretion.63,64 This decrease was not
25. vol. 7 j 101243 12
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explained by reduced gene expression,63,64 but rather by
accelerated protein degradation.63 Therefore it is plausible that
the E167K and L156P amino acid substitutions may impair the
stability of TM6SF2-complexes and promote premature post-
translational degradation which results in a LOF phenotype.

In tandem with a deeper phenotyping of these well-
established variants is the discovery of rarer variants that
were associated with a low MAF across all ancestries with
specific predominance in European lineages (Table S16).
P216L is a rare non-synonymous missense variant (P216L) in
TM6SF2 with a REVEL (rare exome variant ensemble learner)
score of over 0.5, thereby predicted to be deleterious.65 Our in
silico findings strengthen this hypothesis, wherein P216L sub-
stitution leads to protein misfolding potentially explained by the
biological loss of proline-mediated kinks between helices and
loop sequences. These effects are similar to E167K and L156P,
whereby both SNPs cause structural disruptions in the folding
of these segments and therefore disrupt the luminal domains to
result in LOF. Though the sample size is relative underpowered,
the effect size of P216L is the most striking, as the risk of
imaging-proven steatosis and clinically diagnosed SLD and
steatohepatitis is similar to that of an individual carrying two
copies of the E167K variant. Serum parameters were consis-
tent with E167K and L156P, whereby P216L variant carriers
exhibited lower serum cholesterol and triglycerides though
these findings were not significant. Our PheWAS additionally
suggested that carriers were at a higher risk of secondary
thrombocytopenia, a clinical presentation that is present in a
quarter of patients with SLD.50 It is thought that the degree of
thrombocytopenia is related to the degree of fatty infiltration of
hepatic tissue, likely to involve hypersplenism, thrombopoietin
deficiency, or reduced peripheral blood cell survival in the
setting of liver damage.66,67

To strengthen our hypothesis on the effects of protein-
altering variants, we performed a gene-burden analysis of
pLOF variants to demonstrate phenotypes associated with
complete LOF. In other relevant studies, statistical aggregation
of rare LOF variants for their cumulative effects have revealed
associations with various subclinical pathologies.11,68,69 Here,
a liver-focused association test confirmed that pLOF variants in
TM6SF2 were associated with a higher risk of SLD in the same
directionality as E167K, L156P, and P216L. A PheWAS-
informed association with disruptions in amino acid meta-
bolism phenotypes suggests that pLOF variant carriers may
additionally exhibit secondary manifestations of liver dysfunc-
tion. In line with in vitro studies, sulphur-amino acid metabolism
may be disrupted in hepatic steatosis which may explain
marked deficiencies in S-adenosyl-L-methionine metabolism in
cirrhotic samples.70,71 The association with SLD in the gene
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burden test was largely driven by a premature stop-gain variant
on exon 2, featuring a G-to-A substitution at nucleotide 105
(c.105G>A) which introduces a premature stop of translation at
amino acid 35 (W35X), which is located within the second helix
(Fig. S11). Therefore, this variant is associated with loss of over
90% of the protein sequence and can be confidently consid-
ered LOF. W35X carriage is associated with an increased risk of
MASLD-MASH and fibrosis/cirrhosis, alongside evidence of
insulin resistance. Elevated ALP amongst carriers could
potentially signal liver damage but are not frequently used as a
proxy for liver injury,72,73 which suggests that the stop-gain
codon exerts a separate functional role from E167K and
L156P. This is further corroborated by the increase in circu-
lating triglycerides in W35X carriers despite retention of hepatic
fat on imaging. Due to its small sample size, these findings did
not reach significance in the UKB but the metabolomics anal-
ysis suggests that the directionality of lipoproteins and
cholesterol are similar to E167K and L156P. This is the first
report of a new stop-gain codon in TM6SF2 and confirms the
utilty of a gene burden for rare pLOFs of unknown significance
in a known disease-causing gene.

The identification of SLD relied on ICD-codes, which could
suffer from a degree of underdiagnosis and lead to an under-
estimation of TM6SF2 effects in SLD, steatohepatitis, or HCC.
With the recent change in the classification of SLD, ICD-10
codes may not fully capture the actual prevalence of MASLD
in carriers. However, we showed robust associations of hepatic
steatosis in two independent cohorts and confirmed potentially
missed diagnoses using imaging-based methods of quantifying
SLD in both biobanks and additional biopsy data from the
PMBB. Addressing confounding factors, including the common
PNPLA3 I148M risk allele, in addition to adjustments with
multiple testing for our metabolomics data and PheWAS
strengthened these associations.

Our study shows value in utilizing a genome-first approach
to variants in TM6SF2. With the support of metabolomics/lipid
analyses and in silico structural predictions, we conduct
deeper phenotyping of E167K and L156P substitutions in the
TM6SF2 exon and clarify its loss-of-function effects. We also
identified a novel non-synonymous missense variant P216L,
predicted to be deleterious, to be associated with an
increased risk of MASH and NLP-derived imaging steatosis
with a similar effect size as E167K homozygotes. Finally, we
aggregated rare pLOF variants into a gene burden to
demonstrate that complete loss of function SNPs in TM6SF2
are associated with an increased risk of liver damage. We
confirm that genetically reduced TM6SF2 activity results in
increased steatosis, MASLD, MASH, and HCC and reduced
plasma lipids.
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