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Liver X receptor-a (LXRa) regulates cellular cholesterol abundance and
potently activates hepatic lipogenesis. Here we show that at least 1in 450

peoplein the UK Biobank carry functionally impaired mutationsin LXRq,
whichis associated with biochemical evidence of hepatic dysfunction. On
awestern diet, male and female mice homozygous for adominant negative
mutationin LXRa have elevated liver cholesterol, diffuse cholesterol
crystal accumulation and develop severe hepatitis and fibrosis, despite
reduced liver triglyceride and no steatosis. This phenotype does not occur
onlow-cholesterol diets and can be prevented by hepatocyte-specific
overexpression of LXRa. LXRa knockout mice exhibit a milder phenotype
withregional variationin cholesterol crystal deposition and inflammation

inversely correlating with steatosis. Insummary, LXRa is necessary for
the maintenance of hepatocyte health, likely due to regulation of cellular
cholesterol content. The inverse association between steatosis and both
inflammation and cholesterol crystallization may represent a protective
action of hepatic lipogenesis in the context of excess hepatic cholesterol.

Liver X receptors (LXRs) are oxysterol-regulated nuclear receptors
critical for cellular and organismal cholesterol homoeostasis' . In
hepatocytes, LXRa is the dominant isoform and its activation results
inatranscriptional programme that normalizes cellular cholesterol via
modulation of cholesterol biosynthesis, uptake and excretion>*”. LXR
agonismalso activates reverse cholesterol transport through induction
of ABCGIand ABCAl inthe periphery resulting in cholesterol efflux to
high-density lipoprotein (HDL) for transport to the liver®'°, An addi-
tional consequence of LXRa activation is upregulation of hepatic
lipogenesis via induction of the lipogenic factors SREBPIc, FASN and
SCD1,among others®. Thus, in mice, synthetic LXR agonists resultin an
increaseinliver and serum triglycerides that seem largely dependent
on hepatocyte LXRa®".

Initial efforts to translate LXR biology to clinical application
focused onusing LXR agonismto enhance reverse cholesterol transport
to prevent atherosclerotic cardiovascular disease®*", However, these
efforts have been frustrated by challenges in dissociating the effects
of agonism on reverse cholesterol transport from the undesirable

effects on hepatic lipogenesis and by species-related effects on lipo-
protein metabolism'>". Recently, interest has grown in adopting the
converse approach: inhibiting hepatic LXR to suppress lipogenesis
and hepatocyte triglyceride accumulationin the context of metabolic
dysfunction-associated steatotic liver disease (MASLD), a condition
characterized by hepatic steatosis and cardiometabolic risk factors
withoutsignificant alcohol consumption®. Ina proportion of individu-
als, neutral lipid can be stored in the liver without significant hepatic
inflammation. In a minority, steatosis is associated with the develop-
ment of inflammation, so-called metabolic dysfunction-associated
steatohepatitis (MASH), which can result in fibrosis, cirrhosis and
end-stage liver disease'®”. While the mechanistic basis of this hetero-
geneity is not clear, excess hepatic triglyceride likely plays a causal role
in MASH development and progression'®2°.

It is therefore reasonable to ask whether suppression of lipo-
genesis via inverse agonism of LXR might be beneficial in MASLD.
Treatment with LXR-inverse agonists reduce steatosis, inflammation
and fibrosis in rodent models™*"** and early-stage clinical trials of
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LXR-inverse agonists for hypertriglyceridaemia and MASLD are in
progress”. However, increased hepatic cholesterol has been observed
in MASLD and is a putative risk factor for MASH* . Moreover, several
mouse models with hepatic cholesterol accumulation due to genetic
perturbation of key regulators of cholesterol homoeostasis (including
LXRa) exhibit evidence of liver injury”~*°. Increasing dietary choles-
terol content increases the hepatic inflammation and fibrosis associ-
ated with high-fat diets in mice®*? and has been shown to stimulate
a fibrogenic pathway in liver via TAZ-dependent activation of the
Indian hedgehog pathway®. Thus, impaired hepatic cholesterol clear-
ance may undermine the therapeutic utility of LXR-inverse agonists
in MASLD.

Itisincreasingly recognized that human genetics can assist drug
discovery by the validation of drug targets and the prediction of
unwanted effects of target engagement®**, Given the translational
interest in LXR in MASLD and other facets of cardiometabolic health
we sought to determine the effects of damaging mutations in LXRa,
the dominant LXR isoform in the liver, on human cardiometabolic
health. We find that carriers of proven damaging mutations in LXR«
are associated with evidence of hepatotoxicity despite evidence of
reduced lipogenesis. We demonstrate that knock-in mice carrying a
damaging, dominant negative mutationin LXRa develop liver inflam-
mation and severe fibrotic liver injury despite marked reduction in
liver triglycerides and steatosis. Together our results highlight the
essentiality of intact LXRa signalling and hepatic cholesterol homoeo-
stasis for liver health.

Results

Identification of damaging mutations in LXRa in UKBB

To identify human carriers of damaging mutations in LXRa, we inter-
rogated exome sequencing data from 454,756 UK Biobank (UKBB)
participants. We focused on the ligand-binding domain as experi-
ence with naturally occurring mutations in other nuclear receptors
(forexample PPARy and TRa/P) indicates a strong enrichment of patho-
logical variants in this region® %, We selected (Methods) a total of 63
rare variants (minor allele fraction (MAF) < 0.1%, 57 predicted deleteri-
ous missense variants and six protein-truncating variants (PTVs) near
the C terminus, all present in heterozygosity) in the ligand-binding
domain of LXRa (Supplementary Table 1) for characterization in two
different assays of nuclear receptor function: (1) a transactivation
assay; and (2) a co-expression assay examining the ability of candi-
date LXRa« variants to impair co-transfected wild-type LXRa as an
index of dominant negative activity. We identified 23 mutations with
evidence of dominant negativity (DN; n(carriers) =162, cumulative
MAF = 0.04%),20 mutations with evidence ofimpaired transactivation
without significant dominant negative activity (loss of function (LOF);
n(carriers) = 642, cumulative MAF = 0.14%) and four gain of function
(GOF) mutations (n(carriers) = 52, cumulative MAF = 0.01%) (Fig.1and
Supplementary Tables 1and 2). DN mutations were less prevalent in
UKBB than LOF, and most dominant negative mutations exhibited only
modest dominant negative activity (Fig. 1 and Extended Data Fig. 1).
We characterized an additional two variants in the Fenland study
(Methods) that were not present in UKBB, both of which were catego-
rized as DN. Our results demonstrate that damaging mutations in LXRa
are prevalent in the general population.

Co-factor association and heterogeneity in variant effect

Nuclear receptors canrepress or activate gene expression, dependent
ontherepertoire of bound co-activators and co-repressors. Disrup-
tionin co-repressor and co-activator association provides an obvious
mechanistic basis for the effects ofimpactful variants on LXRa func-
tion. We used mammalian two-hybrid assays to determine whether
differencesin co-repressor or co-activator association were differen-
tially affected by LOF and DN mutations. Both LOF and DN mutations
exhibited evidence of impaired co-activator (SRC1) association in

response to increasing doses of synthetic LXRa agonist (Fig. 2a).
In contrast, co-repressor association (NCOR1) seemed relatively pre-
served across DN mutations but markedly impaired in all but one
(p.L217P) of the LOF variants studied (Fig. 2b). To formally compare
LOF and DN mutations to wild-type (WT) we fitted mixed-effects
models with mutation class and agonist dose as interacting covari-
ates (Methods). Co-activator association was significantly impaired
in both DN and LOF mutation groups across the majority of agonist
doses tested, whereas only LOF mutations were significantly different
from WT when co-repressor association was analysed (Supplemen-
tary Table 3).In the single GOF mutation tested, M346V, co-activator
association seemed comparable with WT LXRa, whereas co-repressor
association wasreduced. Together, these findings suggest that altera-
tion in co-activator and co-repressor affinity of LXRa may be key
determinants of variant effect.

GOF variants alter protein stability and co-factor affinity

To furtherinvestigate the properties of the GOF receptors we explored
the ability of the receptor ligand bingding domain (LBD) to interact
with co-repressor and co-activator peptidesin vitro. The strongest GOF
mutation p.M346V exhibited twofold reduced affinity for co-repressor
peptide using afluorescence anisotropy assay (Supplementary Fig.1a).
Unexpectedly, the p.M346V mutant also showed a reduced affinity
for co-activators in the presence of agonist. This contrasts with the
cell-based two-hybrid assays, which showed preserved co-activator
association with the mutant receptor (Supplementary Fig. 1b), though
itisnotable thatin cells the GOF was most significantin the absence of
addedligand (Fig. 1a) and thus seems likely to be caused by perturba-
tionin co-repressor interaction.

The p.M346V mutation is distant from the co-repressor/
co-activator recruitment surface. Therefore, we performed thermal
denaturation studies, monitored by circular dichroism, to determine
melting temperatures and assess whether the mutation might affect
LBD stability. Both mutants p.M346V and p.M346T showed anincrease
in the melting temperature compared with WT and these melting
temperatures do not increase in the presence of the agonist (Sup-
plementary Fig. 1c). This indicates that the core of the unliganded
mutant proteins is more stable than the WT. It is not clear how this
leads toreduced co-repressor binding, butitis possible that it results
in helix 12 (H12) of the receptor adopting a position that disfavours
co-repressor interaction.

M346 is far from the co-repressor and co-activator binding site
and there are no significant structural changes predicted by Alpha-
Fold (Supplementary Fig. 2)*°. This suggests that the mutants may
cause allosteric changes in the conformational equilibrium of the
ligand-binding domain (Supplementary Fig. 2a-c), inagreement with
the observed differencesin stability. Methionine 346 is surrounded by
hydrophobic residues and near two aromatic amino acids (phenyla-
lanine 342 and phenylalanine 356) that would interact with the sulfur
group and the methyl of the methionine, respectively (Supplementary
Fig.2a-c). Valineis asmaller hydrophobicresidue that might preserve
some of these interactions. On the other hand, threonine has a polar
side chain that could potentially interact with serine 303, whichinturn
could alsointeract with serine 343. This hydrogen bond network might
explaintheincreasein stability of the p.M346T mutant (Supplementary
Fig.2c). Together, these findings suggest that alteration in stability of
the mutant LXRa can affect co-activator and co-repressor affinity and
may be adeterminant of variant effect.

Cardiometabolic consequences of damaging mutations in LXR«x
To determine the effect of LXRa variants on human health, we compared
carriers of experimentally characterized variants, synonymous and
bioinformatically predicted PTVs to non-carriers in UKBB using gene
burden testing (Extended Data Fig. 2a and Supplementary Table 6).
Carriers of LOF mutations that did not exhibit significant dominant
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Fig.1|Identification of loss of function and dominant negative mutations
intheligand-binding domain of LXRa carried by participants in population
biobanks. We characterized 65 coding variants in the ligand-binding domain

of LXRain two separate assays. a, Stacked bar chart illustrating LXRa mutant
activity. HEK293 cells were transfected with an LXR luciferase reporter construct
and WT or mutant LXRa. At 4 h after transfection, cells were treated with indicated
concentration of the LXRa agonist T0901317 and luminescence was measured as
anindex of LXRa activity 20 hlater. The dashed coloured lines indicate average
activity of WT LXRa at the corresponding concentration of T0901317. Statistical
analysis of mutant versus WT activity was assessed by two-way ANOVA with
Geisser-Greenhouse correction and multiple comparison controlling for false
discovery rate (FDR) at each ligand concentration by two-stage step-up method
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of Benjamini, Krieger and Yekutieli. FDR-corrected Pvalues are presented
inSupplementary Table 1. Each mutant was tested in aminimum of three
independent experiments, resulting in a total of 25 independent experiments
conducted across seven individual batches. The height of bars and error bars
represent mean = s.d. b, Forest plot of mutant LXRa activity in a co-expression
assay. WT and mutant LXRa and an LXR luciferase reporter construct were
transfected into HEK293 cells. At 24 h later luminescence was measured as an
index of LXRat activity. Assuming normal distribution, significant increases and
decreases according to a two-tailed one-sample ¢-test are depicted ingreen and
red, respectively. n = 4-8 independent experiments per variant were performed
ondifferentdaysin the same cell line. Dots and error bars represent mean + 95%
Cls. EV, empty vector; DM, an artificial double mutant that is strongly DN.

negative activity had higher serum HDL cholesterol, apolipoprotein Al
and liver enzymes (Extended Data Fig.2a and Supplementary Table 6).
Ingeneral, directionally consistent findings were observed for both DN
and PTVs (Extended DataFig.2a,b). There was no evidence of agreater

effect of DN mutations across the traits tested, though this may reflect
lack of statistical power and that most variants exhibited only mod-
est dominant negative activity (Extended Data Fig. 1a). When aggre-
gated, rare (MAF < 0.1%) synonymous variants, which were included
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Fig.2| Co-repressor association is akey determinant of heterogeneity

of mutantimpact. a,b, We used mammalian two-hybrid assays to assess the
effect of mutations in the ligand-binding domain of LXRa on co-activator

(a) and co-repressor association (b). HEK293 cells were co-transfected with
plasmids expressing LXRa-VP16, either SRC1-GAL4 (a) or NCOR1-GAL4 (b) fusion
constructs with a UAS-TK luciferase reporter construct. At 4 h after transfection,
cells were treated with the indicated concentration of T0901317 (T09) for 20 h
before luminescence was assayed as an index of VP16 and GAL4-conjugate
association. Mutants were analysed in three batches each consisting of three
independent experiments and are presented as normalized WT luciferase activity
(%) in each batch. The mutations are separated by their classification for clarity
of presentation and, where possible, are presented alongside the corresponding

WT control according to experimental batch. The DN and LOF groups had
mutants presentin two and three batches. Therefore, the WT control values
presented in these panels are the averages of six independent experiments for
the dominant negative group and nine independent experiments for the LOF
group. The curves represent lines of best fit generated in a three-parameter
model conducted in Prism (GraphPad). For the purposes of curve fitting and
plotting on alog axis, the untreated condition is plotted as an order of magnitude
less than the lowest dose of agonist used. Formal hypothesis testing of mutation
class on co-repressor/co-activator association versus WT was conducted using a
mixed-effects model with a post hoc Dunnet’s testimplemented in R (Methods).
Pvalues from these analyses are presented in Supplementary Table 3. Symbols
and error bars represent mean +s.e.m.

asanegative control mask, did not exhibit any significant associations
after adjustment for multiple testing (Extended Data Fig. 2a and Sup-
plementary Table 6).

Given the comparability of effects across all classes of damaging
mutations, we collapsed LOF, DN and PTVs to a single damaging mask
to maximize statistical power (n(variants) = 70, n(carriers) =1,029,
cumulative MAF = 0.23%). Anotable elevation of serum HDL cholesterol
was observed in carriers of damaging LXRa variants (Fig. 3a and Sup-
plementary Table 6) and we observed a dose-response relationship
between LXRa variant activity and variant effect on HDL cholesterol
(Fig.3band Supplementary Table 7). Damaging mutations in LXRa were
associated with significant reductionsinserumtriglycerides, consist-
ent with loss of the known lipogenic effects of LXRa, but an elevation
in serum liver enzymes (Fig. 3a and Supplementary Table 6). These
associations were robust to exclusion of the most common damaging
variant, R415Q, and to adjustment for regional common variant signals
(Extended DataFig. 2c and Supplementary Tables 8 and 9).

In view of the effects of damaging LXRa variants on serum
lipids, we characterized their impact on lipoprotein composition
using NMR metabolomic data available in a subset (n=~280,000) of
exome-sequenced participantsin the UKBB. We observed elevationsin
cholesterol ester content in circulating HDL particles, increased HDL
particlesize and reduced HDL triglycerides (Fig. 3c and Supplementary
Tables10 and 11). This patternis suggestive of relative CETP deficiency,
an enzyme catalysing transfer of cholesterol esters from HDL to tri-
glyceride rich lipoproteins in exchange for triglyceride and a known
LXRa target gene*. Very-low-density lipoprotein (VLDL) triglyceride
contentwasalsoreduced (Fig.3c), consistent with the effects of LXRa
on hepaticlipogenesis that had been described in preclinical models.

Damaging mutationsin LXRa were associated with higher liver
enzymes, suggestive of subclinical hepatotoxicity. We explored
this relationship further and found carriers in UKBB had a 32%
increased risk of clinically significant elevations in alanine ami-
notransferase (ALT) and anominalincrease in risk of clinically diag-
nosed alcohol-related liver disease though this observationis based
on only nine affected carriers and should be treated with caution
(Fig.3d and Supplementary Table12). Liver fat measurements were
only available in a small subset of UKBB, nevertheless we observed
atrend to reductionin liver fat despite the elevation in serum liver
enzymes (Fig.3d and Supplementary Table 12). Rare variant associa-
tions with liver function tests and alcohol-related liver disease were
consistent when using anindependently established computational
pipeline and an additional PTV-augmented model in 462,096 UKBB
whole genomes of European genetic ancestry* (Supplementary
Tables13-16).

We reasoned that the effects of damaging LXRa variants could
depend on underlying disposition to liver fat accumulation, poten-
tially exerting protective effects in those otherwise predisposed to
increased liver fat. To test this, we derived a polygenic risk score using
genome-wide significant variants single-nucleotide polymorphisms
from ameta-analysis of >60,000 liver fat measurements and historical
NAFLD diagnoses across three cohorts. As expected, this risk score was
strongly associated with liver fatin UKBB (normalized proton density
fat fraction (PDFF): 8=0.22 (95% C1 0.21-0.23), P< 4.94 x 107**) and
increased ALT (0.077 (95% C10.074-0.081), P < 4.94 x 107***). Notably,
there was no evidence of aninteraction between geneticrisk score and
LXRa carrier status with respect to their association with ALT (P=0.35)
(Extended DataFig. 2d).
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Fig.3|Damaging mutations in LXRa are associated with elevated liver
enzymes despite beneficial effects on lipid metabolism. a, Forest plot
illustrating the effects of carriage of adamaging mutation in LXRa (DN or LOF
bioinformatically predicted PTVs) on aselection of cardiometabolic traits in
European participants in the UKBB. Each dot represents the effect of adamaging
mutationonthe traitins.d., the error bars represent 95% Cls, each derived from a
generalized linear model (Methods). Red points indicate statistical significance
after correction for multiple testing using the Bonferroni method (P <3.9 x10-*),
NS, notssignificant. b, Scatter-plotillustrating the relationship between LXRa
mutantactivity and HDL cholesterol. Each dot represents an individual mutation,
the size of the dot is proportional to number of carriers included in the analysis
and weightin the model. The solid black line and grey band represent the
estimated mean (+ 95% Cls) effect of changes in LXRa activity on HDL cholesterol

derived from aweighted regression analysis. ¢, Volcano plot illustrating the effect
of damaging mutations (LOF or DN or PTV) in LXRa on lipoprotein particle size
and composition assessed by nuclear magnetic resonance using the Nightingale
health platform in UKBB. A full list of abbreviations for lipid measurements
incareavailable in Supplementary Table 10. The dotted line represents the
Bonferroni-adjusted Pvalue cutoff (P < 5.7 x107*). d, Forest plotillustrating the
effect of damaging mutations in LXRa on liver disease and liver fat in UKBB. Each
dot represents the effect of a damaging mutation on the traitins.d. if continuous
orlog(odds) if binary, the error bars represent 95% Cls. LP(a), lipoprotein-a; BMI,
body mass index; WHR adj BMI, waist hip ratio adjusted for BMI; ALP, alkaline
phosphatase; GGT, y glutamyl transferase; ApoAl, apolipoprotein A1; NAFLD,
non-alcoholic fatty liver disease; ARLD, alcohol-related liver disease. Pvalues are
two-sided. Burden Pvalues were calculated in STAAR (Methods).

DN LXRa mutations are hepatotoxicin mice

Intrigued by the paradoxical effects of damaging mutationsin human
LXRa on indices of hepatic lipogenesis and liver enzymes in humans,
we explored the mechanistic basis of these effects using a mouse
model. We used CRISPR-Cas9 to generate a knock-in mouse model of
one of the most potent DN mutations that we studied, LXRat W443R
(W441R in mice), which was found in a single carrier in the Fenland
study. This variant substitutes an aromatic residue in helix 12 of the
ligand-binding domain that is essential for ligand-dependent activation
of the receptor*’. The AlphaFold model of p.W443R LXRa-LBD clearly
shows how the change of tryptophan 443, abulky hydrophobic residue
that interacts directly with the agonist, for an arginine, a positively
charged residue, changes the conformation of helix 12 displacing it
from the active position (Supplementary Fig 3b, magenta arrows).

The mutantrepressed LXR-regulated genes and impaired low-density
lipoprotein (LDL) uptake when overexpressed in a hepatoma cell line
(Extended DataFig. 3).

LXRa"*RWHIR mice fed a low-fat, low-cholesterol diet for 8 weeks
were comparable with their WT littermate controlsinbody weight and
composition at 16 weeks of age (Extended Data Fig. 4a—c). Consist-
ent with some features of human carriers of damaging LXRa muta-
tions they had modest elevations in circulating ALT and aspartate
aminotransferase (AST) (Extended DataFig.4d,e), despite reductions
inserumand liver triglycerides (Extended Data Figs. 4f and 4i). Inkeep-
ing with the role of LXRa in hepatic cholesterol sensing and disposal,
free cholesterol and cholesterol esters were elevated in the liver of
homozygous knock-inmice (Extended Data Figs. 4j and 4k). Serum HDL
cholesterol was reduced (Extended Data Fig. 4g), in line with known
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species differencesin HDL cholesterol metabolism between mice and
humans. LXRa"**®W4#4IR mice also exhibited evidence of increased
lipid peroxidation and fibrosis, as assessed by 4-HNE and picrosirius
red (PSR) staining, respectively. Inconsistent effects onimmunohisto-
chemical markers of hepatic macrophages were observed (Extended
Data Fig. 41-r). There was no gross evidence of any extra-hepatic phe-
notype at necropsy, except for splenomegaly (Extended Data Fig. 4h).

In contrast with the relatively modest phenotype observed on a
low-fat, low-cholesterol diet, after 8 weeks of exposure to a western
diet (0.2% cholesterol) LXRa"W*MW#IR mice had attenuated weight
gain (Extended Data Fig. 5a-c) and exhibited a marked elevation in
circulating levels of ALT and AST despite suppression of serum and
hepatictriglycerides (Fig. 4a-d and Extended DataFig. 5d). Compared
with WT mice, the homozygous knock-in mice exhibited ~eightfold
and ~tenfold increase in esterified and free cholesterol, respectively
(Fig.4e and Extended DataFig. 5g). Histopathological analysis of livers
demonstrated xanthogranulomatous inflammation occurring despite
the striking absence of steatosis in LXRa"*®W#R mice with evidence
ofanallele-dependentincreaseinlipid peroxidation and hepatic fibro-
sis (Fig. 4f-h). Extra-hepatic phenotypic assessment was notable for
splenomegaly and reductions in fat pad mass (Extended Data Fig. 5f).
Histological analysis of the spleen demonstrated accumulation of
lipid-laden macrophages, possibly accumulating following clearance
of excess tissue cholesterol (Extended Data Fig. 5)).

Given the key regulatory function of LXRa in liver lipid metabo-
lism, we characterized the hepatic lipidome of our knock-in mice. The
most notable observation was a marked downregulation of hepatic
triglyceride species in LXRa"*®/W4#IR mice on a control and western
diet consistent with loss of the lipogenic actions of LXRa (Fig. 4i). On
both diets, there was an upregulation of ether phospholipids and on
the western diet, carnitine species increased, suggesting that avail-
able fatty acids may be diverted to peroxisomes and mitochondria
for utilization (Fig. 4i,j).

LXRa "~ mice develop milder liver injury than

LXR“W44IR/W44IR mice

LXRa ™" mice have previously been shown to develop fibrotic liver injury
after prolonged exposure toavery-high-cholesterol diet (2% cholesterol
diet for 9 months)”. To test whether the repressive actions of the W441R
variant exacerbated liver injury relative to simple LOF we subjected
LXRa”~ mice to the same western diet paradigm as the knock-in mice.
Unlike LXRa"*MW4HIR mice, weights of knockout mice were comparable
with WT littermate controls (Extended Data Fig. 6a—c). While LXRa™/~
mice exhibited some evidence of hepatotoxicity with modest rises in
ALT and fibrosis, this seemed much more modest than the liver injury
sustained in LXRaV*WW4#IR mice and steatosis was notably preserved
(Extended Data Fig. 6d,e,I-n). Free and esterified cholesterol in liver
lysate wereincreased approximately fivefold and sixfold, respectively
(Extended DataFig. 6i,j). Suppression of hepatic triglycerides was not
observed in knockout mice and changes in serum triglycerides were
more modest than in LXRa"*®W4R mice (Extended Data Fig. 6f,k,1),

suggestive of enhanced repression of lipogenic gene expression by
the DN p.W441R variant.

We next performed transcriptomic analysis of livers from LXRa™”~
and LXRa"*MWHIR mice, In keeping with the hepatotoxic effects of LOF
in LXRa generally and its key role in lipid metabolism, we observed
directionally concordant changes in inflammatory gene expression
and genes related to lipid metabolism in both knockout and knock-in
mice (Supplementary Fig. 4b-d and Supplementary Tables 17-20).
However, LXRaV#MW#IR mice exhibited more severe dysregulation
of canonical LXRa target genes (Supplementary Fig. 4a) and anotable
downregulationin genesimplicated in lipogenesis and triacylglycerol
synthesis (Fig. 4k,I), including Fasn, Srebf1, Scdl and Dgat2. Taken
together, these findings demonstrate, analogous to other nuclear
receptors, that the repressive effects of DN LXRa isoforms result in
more severe phenotype than loss of LXRa alone.

Hepatocyte LXRa is protective in mice fed a western diet
Inhumans and in two different murine models, we observed uncou-
pling of the lipogenic actions of LXRa from hepatotoxicity. We next
sought to determine whether the hepatotoxic effects of LXRa"W**®
were dependent on hepatocyte LXRa. To do this, we expressed WT
LXRa in hepatocytes using AAV8 expressing Nr1h3 under the con-
trol of a thyroxine-binding globulin (TBG) promoter. We achieved a
doubling of expression of NrTh3mRNA in liver with LXRa-expressing
virus after 28 days (Fig. 5a) without evidence of significant off-target
expression (Extended Data Fig. 7a-c). Consistent with the hepato-
protective effects of LXRa being exerted directly in hepatocytes,
treatment with an LXRa expressing virus normalized body weight
(Extended Data Fig. 8a) and prevented liver injury and hepatic fibrosis
(Fig.5b,c,g,h) despite adverse effects on serum triglycerides (Fig. 5d)
and restoration of hepatic steatosis (Fig. 5g). Notably, adipose tissue
weights were normalized and spleen size was partially normalized
by hepatocyte LXRa expression, suggesting that reduced adiposity
and exacerbation of splenomegaly are secondary consequences of
liver injury rather than a primary effect of impaired LXR signalling
(Extended DataFig. 8c-e). Consistent with liver injury being depend-
ent on hepatic cholesterol accumulation, hepatic cholesterol levels
were markedly reduced by hepatocyte LXRa expression (Fig. 5e,f) and
LXRaV#IRMW4IR mice did not develop significantliver injury when fed
a high-fat, high-sucrose diet with alow (-0.02%) cholesterol content
(Extended Data Fig. 9).

Liver injury in LXRaW**®W4R mice js hepatocellular in nature

To provide additional insight into the aetiology of liver injury in the
LXRaW+IRW4IR mjce we conducted additional detailed histopatho-
logical and biochemical characterization of these animals (Extended
Data Fig. 10). Periodic acid Schiff (PAS)/periodic acid Schiff diastase
(PASD) staining demonstrated PAS-positive, PASD-negative hepatocyte
cytoplasm, consistent with hepatic glycogen, rather than microvesicu-
lar steatosis (Extended Data Fig. 10a). The pattern of inflammatory
infiltrate was diffuse, present throughout the hepatic parenchyma;

Fig. 4| Damaging mutations in LXR« cause liver injury in mice exposed to
western diet despite suppression of lipogenesis. a, The 8-week-old WT (LXRa
or DN:WT, n=15), heterozygous (LXRa""**® or DN:HET, n = 19) and homozygous
(LXRaWHIRWIR o DN:HOM, n = 14) male mice were fed a western diet (WD) for 8
weeks. Created with biorender.com. b,c, After 8 weeks of western diet, 10 WT,

14 heterozygous and 10 homozygous mice were assessed for serum AST (b) and
ALT (c) levels.d,e, Livers from these same mice were homogenized and assessed
for level of triglycerides (d) and free cholesterol (e). f,g, Livers were also

stained for 4-HNE (f) and collagen using PSR stain (g) and quantified by HALO.

h, Representative images of PSR staining. We used mass spectrometry to

assess the lipidome of WD and control diet-fed mice. i,j, Enrichment of lipid
classes (i) and a heatmap focused on ether phospholipids (j). Ina separate

study, we repeated the experiment asina, with WT (LXRa"* or KO:WT, n=8),

+/+

heterozygous (LXRa"" or KO:HET, n = 8) and homozygous (LXRa” or KO:HOM,
n=_8) mice. Afterkilling at 16 weeks, RNA was extracted from the livers of all
three genotypes from both studies and sequenced. k,I, Heatmap of RNA-seq
expression data (n = 8) showing sample clustering based on the genes of Lipid
Biosynthetic Process GO-annotation pathway (GO:0008610) (k), volcano plot
of same genes (I). Two-sided P values are reported from Kruskal-Wallis test
with Dunn’s multiple comparison test or ordinary one-way ANOVA with
Holm-Sidak multiple comparison, based on the distribution of the data (b-g).
All data are presented as mean + s.d. CHL, cholesterol; TG, triglyceride; MG,
monoglyceride; SM, sphingomyelin; S, sulfatides; GB3, GB gangliosides;

CL, cardiolipin; GM1, GM1 gangliosides; DG, diglycerol; CE, cholesterol ester;
PE, phosphatidylethanolamine; PC, phosphatidylcholine.

Nature Metabolism | Volume 6 | October 2024 | 1922-1938

1927


http://www.nature.com/natmetab
http://amigo.geneontology.org/amigo/term/GO:0008610

Article

https://doi.org/10.1038/s42255-024-01126-4

a b d P <0.0001
1,200 4 P=0.0002 2,500 4 P <0.0001 1,000
echo echo ‘ Organ = _
xR MR MRI ' weights 1,000 . 2,000 ¢ 2 goo - P70:0352
Serum _U,, .
H * * H assays ~—~ 800 =
. ! y * v L *, L 1500 - E 600 | g90 mm
Western/control diet ‘ CHLTG 2 gop €3 2 * g
J+ assays o
LXRq" " B 16w histology 13 * 5 1000 - » 400 -
e < 400 < . =
@. . 3 ()
il - 500 | g 200 -°®
WA41R/WA4IR ! 200 s ‘ ] c -
LXRol
0 % 0 __‘_*_,_ ol e
WT Het Hom WT Het Hom WT Het Hom
f 9 P <0.0001
0.3 10 4
P=0.0001 - P=0.0207
. 2 g
E o .
2 02 - P=0.0195 a
= 5 %7
z " ; g %
~ ©
o B4 T
- *
3:} 0.1 s g -
g 2-
- #
0 - o -
WT Het Hom WT Het Hom
N
1 WT versus Hom-WD
Ge3 - i
GM1
oG+
ce4 B
Carnitine .
PE-ether | [
PC-ether -
7 | I
T T T T T ' - l. L]
L e} n
0 10 20 30 40 Y ="z
-log,,(Pad)) r g "
WT versus Hom-control diet »
| ) ' _
cL . .
GM1 - -
- ]
oo e
PE-ether n .
CE \
h o F -
PC-ether r. T =
TG | -
-log,,(Pad])
k l Lipid biosynthesis
80
Hsd17b10
N NN U ErEmErsmEmn - Genotype
| E mouse Slc27a5
— = e I Genotype ©
= B WT 60 Srebfl
- E N S
== — - = "2 W HET o °
= : = . Hom HsdT7b10
= ~ Mouse @
= = — DN & 40 |
— == -4 KO °
E — = ]
-~ —= = 20
= E = — =~ - 0 -

Free CHL (nmol mg™ liver) ®

P <0.0001
-
.
e
*
[

Geno

W wWT

W Het
Hom

Diet
Control

I Western

Class
PC-ether
PE-ether

Class
a DN Hom versus DN WT

a DN Hom versus KO Hom
& Not regulated

log, fold change

Nature Metabolism | Volume 6 | October 2024 | 1922-1938

1928


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-024-01126-4

a - TBG-ORFstuff-GFP b c
s wat! P<0.0001  P<0.0001
\ 2,000 _P=0-0002 P <0.0001 800 — !
LXRoWA4TR/WA4IR TBG-Nr1h3-GFP °
[ ]
1500 - @ H 600 —
400 o © ¥R« T ° =
< GFP
® ° o 2 1,000 - 2 400
< 300 5 = °
=z o 8 weeks WD = 2
g 200 biochemistry 500 | 200 °
= histology °
I 100 organ weights
g o - o -
0 Male Female Male Female
GFP 7 14 28
g?tgraiﬁ M Days following
) injection
d e Hepatic free cholesterol f Hepatic cholesterol esters
p=00012  P=0.0012 , P<00001  P<0.0001 P=0.0001  P<0.0001
15 - _
[¢]
™ N o _ 4 |
3 9% 37 e 25
I o > D > °
£ @ = 2= 3
= L% 2 o'm
& 2E S E °
= ] 8377 @
£ o E ° o £
= T £ 17 £ c
o) = 5< 14
w
o - o -
Male Female Male Female Male Female
g h
10 _P<0.0001 P <0.0001
- °
3 87 @
o
Q
T 6
(9}
(o)
£ 4
2 |
[
(8]
5]
o 29
0 pl
Male Female

LXRQWA4IR/WA4TR
AAV8-GFP injected

Fig. 5| The hepaticinjury that resultsfrom western diet feeding in LXR 41/ W441R
mice canberescued by hepatocyte overexpression of WT mouse LXRa.

a, Schema of study design. Created with biorender.com. Ten male and 12 female
10-12-week-old C57BL/6] LXRaWV+RWHIR mice were randomized to receive a tail
veininjection with1x10™ GC of AAV8 expressing either LXRa.and GFP (LXR,
salmon bars/symbols) or just GFP (GFP, green bars/symbols) under the control
ofthe hepatocyte-specific TBG promoter (Methods) and 1week later they

were placed on WD. At 4 weeks, this dose resulted in an approximately twofold
induction of Nr1h3 expressionin whole-liver lysate (n(GFP) = 4 mice, n(LXR 7,14
and 28 days) =3 mice per group).b,c, Liver enzymes ALT and AST after 8 weeks of

LXRQWA4R/WA4TR
AAV8-LXRa injected

WD.d, serum TGs after 8 weeks of WD. e, f, Free and esterified hepatic cholesterol
measured using liquid chromatography with mass spectrometry detection.

g, Representative micrograph of haematoxylin and eosin (H&E) (top) and PSR
(bottom)-stained liver sections from each experimental group. h, A quantification
of fibrotic area derived from HALO analysis of PSR. Throughout, the red bars and
symbols represent mice treated with LXRa-expressing virus and green represents
mice injected with control GFP-expressing virus. All Pvalues are two-sided. All
data presented were analysed with a two-way ANOVA with post hoc Holm-Sidak
testing. The height of the bars represents the mean + s.e.m. For data presented in
b-f,h, n(GFP) =4 male, 6 female mice, n(LXR) = 4 male, 6 female mice.

no cholestasis was observed and each portal tract was associated with
at least one bile duct. Victoria blue staining showed no copper accu-
mulation (Extended Data Fig.10a) and abiomarker of cholestatic liver
injury, serum alkaline phosphatase (ALP), measured in residual serum
from western-diet-fed LXRaW*®/W4#4IR mice was only modestly elevated
compared with littermates rescued with AAV-mediated expression
of WT LXRa and WT control mice (Extended Data Fig. 10b), whereas
ALT, primarily a biomarker of hepatocellular pathology, was mark-
edly elevated (Fig. 5b). These findings suggest a hepatitic rather than
cholangiopathic pattern of injury.

Liver bile-acid profiles in LXRaV#*R/W41R mijce

While the liver injury seems unlikely to be driven solely by a primary
cholestatic pathology, alterations in bile-acid profile and bile-acid sig-
nalling play arole in the pathogenesis of pathologies typically viewed
as hepatitic in nature, such as MASLD*"*, By using mass spectrom-
etry to profile hepatic bile acids in LXRa"*®/WV4#4R mice, we observed
anincrease in total bile acids, driven primarily by increases in tauro-
cholic/muricholic acid (these species cannot be distinguished in our
method) (Extended Data Fig.10c,d). Bile-acid accumulation could be
directly hepatotoxic or fibrogenic by activation of stellate cells* or
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could be adaptive via activation of FXR signalling and its pleiotropic
actions on hepatocyte metabolism and immune cells®. To evaluate
FXR-dependent signalling in our model we queried our RNA-seq data
for FXR-target gene expression. This demonstrated discordant effects
on FXR-target genes with upregulation of the hepatocyte taurocho-
late exporter SIc51b and repression of the uptake transporter Sic10al
(ref. 47) and driver of cholic acid synthesis Cyp8b1, which are consist-
ent with enhanced FXR-dependent signalling in LXRaV*MW#HIR mjce
(Extended Data Fig. 10e). In contrast, the key FXR-effector gene Nrob2
was notinduced, while other positively regulated FXR-target genes Baat,
Abcb11andSic27aSwere actually repressed. Thus, LXRaV*#*W#IR mice have
increased hepatic bile acids and an altered bile-acid profile with appar-
ently complex effects on canonical target genes of bile-acid signalling.

Cholesterol crystal burden and severity of liver injury

Having established that impaired hepatocyte LXRa signalling was
hepatotoxic and associated with histological evidence of liver inflam-
mation, we sought to explore this in greater detail and undertook
immunohistochemical assessment of inflammation in LXRaW4IR/W44IR
mice. We observed allele-dependent increase in Kupfer cell markers
CD68 and F4/80 in the liver (Fig. 6a—c) and more modest increases
in the T cell marker CD3 Extended Data Fig. 5h). We also observed
increased alpha-smooth muscle actin (aSMA) immunoreactivity
consistent with stellate cell activation (Fig. 6a,d). Inflammatory reac-
tions to cholesterol-laden hepatocytes have been noted to centre on
lipid droplets, forming crown-like structures®>*®, Absence of steato-
sis means this histopathological hallmark was notably absent in our
model, but we did observe inflammatory cells focused on hepatocytes
(Fig. 6a), and xanthogranulomata, suggestive of animmune reaction to
cholesterol-laden hepatocytes. When free cholesterol concentrations
rise, cholesterol can crystalize and is one purported mechanism of
cholesterol-mediated hepatotoxicity*?**>*°, We conducted ablinded
assessment of frozen sections by cross-polarized microscopy. Choles-
terol crystals were not observed in WT mice. They did occur in LXRa
knockout mice, but were concentrated in the periportal regioninareas
that were devoid of steatosis. In contrast, cholesterol crystal accumu-
lation was severe and diffuse in LXRaW#*MW#R mice (Fig. 6e,f). There
wasacorrelationbetween the pattern of inflammatory infiltrate in our
respective models and the pattern of cholesterol crystals, withinflam-
matory cells noted throughout the liver parenchymain LXRaW#4R/W44IR
mice, whereas this seemed to be predominantly located in periportal
regions in LXRa knockout mice where steatosis was less notable, spar-
ing heavily steatotic pericentral hepatocytes (Fig. 6e-g). Cholesterol
crystals are known to drive inflammation via activation of the NLRP3
inflammasome*’. Consistent with this, we observed marked increasesin
thekey effector cytokine of the NLRP3 inflammasomeIl-1- in LXRa W%/
WHIR mice and this could be prevented by expression of LXRa in hepato-
cytes (Fig. 6h,i). Thus, our data are consistent with a model whereby
hepatocyte cholesterol accumulation results in cholesterol crystal
formation, which activates animmune response resulting in inflam-
mation and subsequent fibrosis.

Discussion
Previous studies have established that LXRa plays key roles in sensing
cholesterol metabolites to regulate lipid synthesis and secretion in
liver and some other tissues. However, questions remain regarding
itsrole in human biology. By examining the impact of rare, damaging
mutations in LXRax on human phenotypes and in and mice expressing
such mutants we have gained insights onto the role of this nuclear
receptorinthe control of human cardiometabolic and hepatic health.
Elevation of HDL cholesterol was the strongest associationin our
analysis of damaging mutations in LXRa in UKBB, confirming that the
neteffect of endogenous LXRa agonismin humansis tosuppress HDL
cholesterol. In contrast, synthetic LXR agonists elevate HDL cholesterol
in mice'™>, It is likely that these species differences are due to the

ability of LXRa to induce CETP*, an enzyme that exchanges triglyceride
intriglyceriderich lipoproteins for cholesterol esters from HDL, thus
lowering HDL cholesterol, but is absent in mice'>*", The lipoprotein
profile seenin humans carrying damaging mutations in LXRa is highly
suggestive of CETP deficiency, with triglycerides carried in small and
medium HDL the most downregulated and cholesterol ester inlarge and
very large HDL the most upregulated of all lipids tested>*°. Previous
studies havereported alower level of HDL cholesterol in humans with
specific LOF mutationsin LXRa****, through the study of abroad range
of mutations with varying degrees of functional impairment, our study
reveals a dose-response relationship between LXRa transactivation
capacity and circulating HDL cholesterol.

LXRa mutations have not previously been reported to be associ-
ated with markers of hepaticinjury. We found that damaging mutations
in human LXRa are associated with elevations in circulating levels of
liver enzymes despite reductions in circulating VLDL triglycerides
and atrend to reduction in liver fat. As LXRa is such a key regulator
of cellular cholesterol levels in the liver?, these findings suggest that
dysregulation of hepatic cholesterol might be hepatotoxicin humans.
Observational studies have shown an association between hepatic
free cholesteroland presence of steatohepatitis in MASLD*, but these
studies are susceptible to confounding and reverse causation. Genetic
variants thatimpair VLDL secretion fromthe liver, including LOF muta-
tions in APOB and TM6SF2increase risk of liver disease'® and presum-
ably increase hepatic cholesterol, as has been shown in some rodent
models*. However, failure to secrete VLDL particles will also cause
accumulation of hepatic triglycerides, so the effect of cholesterol
accumulation due to these genetic variants cannot be dissociated from
that of triglycerides. By dissociating hepatic cholesterol accumulation
from hepatic lipogenesis, damaging mutations in LXR« provide a
unique genetic instrument with which to interrogate the hepatotoxic
effects of hepatic cholesterol accumulationin humans. While previous
studies have studied rare genetic variationand ALT as a proxy for liver
disease'®, these have not reported associations with NRIH3, likely due
toanalytical choices regarding the classification of missense variants.
Our study circumvents these limitations in bioinformatic annotation
by leveraging high quality experimental data on functional effects of
missense variantsin NRIH3.

LXRaW*IRWHIR mice exhibited a striking fibrotic liver injury after
8 weeks exposure to a modest dietary cholesterol challenge, despite
the absence of discernible steatosis and markedly reduced hepatic
triglycerides. While liver injury was observed in LXRa™”~ mice over 20
years ago” this occurred after several weeks on a diet with ten-times
more cholesterol. Moreover, in that study, liver triglycerides were only
modestly decreased after 90 days on a high-cholesterol diet and there
was histological evidence of marked steatosis”’. We undertook a direct
comparison of LXRa/~ and LXRaV#®*W#R mjce on awestern diet. While
fibroticliverinjury was observed in knockout mice, it was much more
modest in comparison with LXRa"*®W#IR mice and hepatic triglyc-
eride levels were comparable with WT mice. Consistent with these
findings, lipogenic gene expression was suppressed to a far greater
extent in LXRa"W*MW44IR than LXRa~ mice.

Our hepatocyte-specific rescue experiments confirm that the
liver damage resulting from this mutation originatesin the hepatocyte
itself. Thislikely occurs as aresult of free cholesterol accumulation and
subsequent formation of cholesterol crystals, which act as a nidus for
the marked inflammatory response observed. It is less clear whether
the notable changesin hepatic triglycerides and steatosis are relevant.
While hepatic cholesterol crystal accumulation and inflammation was
diffuse and severe in LXRaV*M W+ mice, in LXRa™~ mice it was limited
tothe periportal regions where steatosis was more limited. This raises
the suggestion that the lipogenic effects of LXRa could be protectivein
the context of cholesterol excess?. Indeed, it has been demonstrated
that triglycerides facilitate storage of cholesterol esters in lipid drop-
lets via a physicochemical mechanism®. One plausible hypothesis is
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Fig. 6 | Enhanced inflammation and cholesterol crystallizationin
LXRaV#4IRW4IR mice. a, Immunohistochemical assessment of macrophage
abundance (CD68, F4/80) and stellate cell activation (aSMA), in WD-fed

WT and homozygous knock-in mice (W441R Hom). b-d, Quantitation of
immunohistochemical staining. Statistical analysis was conducted with Kruskal-
Wallis test with post hoc Dunn’s test. n(WT) = 8, n(Het) = 14, n(Hom) =10 (b);
n(WT) =9,n(Het) =14, n(Hom) =10 (¢); n(WT) =11, n(Het) =14, n(Hom) = 9 (d).

e, Representative low-power images from frozen sections of livers from WT, LXRa
knockout mice (LXR-KO) and homozygous knock-in (W441R Hom) mice viewed
under a polarized light demonstrating presence of cholesterol crystals in the LXRax
KO mice, which seems to spare steatotic regions and homozygous knock-in livers
where cholesterol crystals are diffusely abundant. f, Ordinal grading of cholesterol
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crystal content conducted by a histopathologist blinded to genotype. 0, absent;
1, minimal; 2, marked but patchy or moderate and diffuse; 3, marked and diffuse.
n=3animals per group. g, H&E staining of LXRa KO and WT livers demonstrating
patchy inflammatory infiltrate mirroring the pattern of cholesterol crystal
accumulation. h,i, IL-1-B measured in liver lysates from WT and homozygous
knock-in mice (Hom) fed WD for 8 weeks, n =9 per group (h) or homozygous
knock-in mice fed WD for 8 weeks treated with either a control virus (GFP) or a
virus expressing LXRa in hepatocytes, which rescues liver injury (Fig.5),n=6
males and four females per group. Analysis in hwas conducted by Mann-Whitney
U-test and by two-way ANOVA ini. The height of the bars represent mean + s.d.

All Pvalues are two-sided. **P=0.0002 WT versus Hom (b); **P= 0.001 WT versus
Hom (c); **P=0.0006, WT versus Hom, NS, P> 0.05 (d); P< 0.0001 (h).
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thatlipogenesis facilitates cholesterol storage in lipid droplets, which
protects cell membranes from toxic cholesterol accumulation and
potentially ‘walls off’ any cholesterol crystals that may forminthe cyto-
plasm. While we have demonstrated thatliver injury in LXRaW##R/W#41R
mice can be prevented by viral expression of WT LXRa this does not
excludearole forimpairmentin LXRa in other hepatic cells in exacer-
bating liver injury that ensues when cholesterol accumulates due to
impaired hepatocyte LXRo*5*.

There are some direct translational implications of our work.
Most notably, we have shown in humans and in two different mouse
models that geneticimpairment of LXRa is associated with hepatotox-
icity. These findings caution against the use of inverse LXR agonists,
agents that are currently in clinical development for MASLD and
dyslipidaemia®. Unfortunately, due to the limited number of cases
of liver disease in the UKBB and the rarity of damaging mutations
in LXRa, we were unable to conclusively demonstrate an effect of
haploinsufficiency for LXRa on ‘hard’ liver disease end points. We
didfind anincreasedrisk of alcohol-related liver diseasein carriers of
damaging LXRa mutations, but this was based on a small number of
affected carriers. Future studies conducted in disease cohorts of large
sample size will be required to definitively assess the effect of LXRa
haploinsufficiency on alcohol-related liver disease and determine
whether LXRa modulates risk of liver cirrhosis in response to other
hepatotoxic agents.

In summary, using studies in mice and humans, we demonstrate
that damaging mutations in LXRa are hepatotoxic, at least in part by
increasing hepatocyte cholesterol levels. Our work provides evidence
that intact hepatic cholesterol sensing is important in human liver
health.

Methods

Ethical regulations for studies in humans

The UKBB data have approval from the North West Multi-centre
Research Ethics Committee as a research tissue bank. The Fenland
study was approved by the Cambridge local research ethics commit-
tee (ref. 04/Q0108/19) and all participants provided written informed
consent. Allanalyses reported here were conductedinaccordance with
relevant ethical guidelines.

Ethical regulations for studies in animals

In the United Kingdom, all mouse studies were performed in accord-
ance with UK Home Office Legislation regulated under the Animals
(Scientific Procedures) Act 1986 Amendment, Regulations 2012, follow-
ing ethical review by the University of Cambridge Animal Welfare and
Ethical Review Body or that of Newcastle University. At the University of
California, Los Angeles (UCLA), all animal experiments were approved
by the UCLA Institutional Animal Care and Research Advisory Com-
mittee. Allanalyses reported here were conductedinaccordance with
relevant ethical guidelines.

Functional classification of rare variants in the ligand-binding

domain of LXRa

Variant identification and prioritization in UK Biobank. We inspected
the exomes of 454,756 UKBB participants to identify and prioritize rare
variants for experimental characterization. Processing, quality control
(QC) and annotation of sequencing data was undertaken as previously
described, with all annotations undertaken with reference to the
MANE select transcript (ENST00000441012)%°. We selected missense
variants in the ligand-binding domain of LXRa with a MAF < 0.001and
eitheraCADD score >23 or REVEL > 0.7 for experimental characteriza-
tion. These are arbitrary thresholds based on the distribution of REVEL
and CADD scores in damaging mutations identified in a pilot study,
aswellasthe number of variants meeting these criteria. We also char-
acterized a small number of PTVs occurring at the C terminus of the
protein that we considered likely to actinadominant negative manner.

Variant identification in the Fenland study. To discover carriers of
damaging mutationsin theligand-binding domain of LXRa in the Fen-
land study (a population cohort study, previously described in detail®),
we sequenced the coding region of NR1IH3 using a pooled-sequencing
approach as previously described®. Participants who carried a variant
of interest needed to be identified from the DNA pool of 20 partici-
pants. This was achieved by Sanger sequencing all the participant DNAs
from the pool individually. Variants were filtered using the criteria
described above for the UKBB, resulting in the identification of two
additional variants that were experimentally characterized.

For cloning and site-directed mutagenesis, the NRIH3 cDNA
construct (NM_005693) from pDNA3.1-hLXRa was cloned into a
pcDNA3.1(+) vector (V79020, Thermo Fisher). This plasmid was used
to generate mutants throughout the study. For yeast two-hybrid assays,
we used pCMX-VP16-LXRa for mutant generation®. Site-directed
mutagenesis of NRIH3 was performed using QuikChange Lightning
Site-Directed Mutagenesis kit (210519, Agilent Technologies) accord-
ing to the manufacturer’s protocols. All constructs were verified with
Sanger sequencing and DNA was extracted using a Plasmid Maxi kit
(12163, QIAGEN). To characterize the functional consequences of LXRax
mutants we performed assays in transiently transfected HEK293.

Cell culture. HEK293 (XX female) cellsand HepG2 cells were obtained
from the laboratory stock (originally purchased from The European
Collection of Authenticated Cell Cultures), cultured in high-glucose
Dulbecco’s modified Eagle’s medium (41965, Thermo Fisher) and sup-
plemented with 10% fetal bovine serum (10270, Thermo Fisher, South
America origin), 1% 100x GlutaMAX (Thermo Fisher, 35050) and 100
U ml? penicillinand 100 mg ml™ streptomycin (P0781, Sigma-Aldrich).
Cells were incubated at 37 °C in humidified air containing 5% CO.,.
Transfections were performed in HEK293 cells using Lipofectamine
3000 Transfection Reagent (L3000015, Thermo Fisher) and serum-free
Opti-MEM I medium (31985, Thermo Fisher) according to the manu-
facturer’s protocols.

Dose-response LXRa transactivation assays. To assess the effect
of LXRa variants, WT and different LXRax mutants were transiently
expressed in HEK293 cells and the ligand-induced transcriptional
activity wasmeasured using a Dual-Glo Luciferase Assay System (E2940,
Promega) according to manufacturer’s protocols. Inbrief, 30,000 live
cells were seeded in white 96-well poly-D-lysine-coated plates. After
24 h, cells were transfected with 30 ng per well of LXRRE luciferase
plasmid®, 30 ng per well of pRL-TK Renilla luciferase transfection
control plasmid (2241, Promega) and 40 ng per well of pcDNA3.1-LXRa
or mutant plasmid. After 4 h from transfection, the cell medium was
replaced by 75 pl medium with 0-1,000 nM of T0O901317 ligand. Then,
24 h post-transfection, firefly and Renilla luciferase activities were
measured subsequently using a Spark 10M microplate reader (Tecan).
For normalization, firefly values were divided by Renilla values and
presented as ¥WT for eachindependent experiment. Each mutant was
testedinaminimum of threeindependent experiments, resultingina
total of25independent experiments conducted across sevenindividual
batches. A two-way repeated-measures analysis of variance (ANOVA)
was computed within each experimental batch using the afex package.
Unadjusted post hoc comparisonstothe WT condition were conducted
inemmeans and resultant P values were then adjusted using the Ben-
jamini-Hochberg method to control the false discovery rate (FDR).

Co-expression LXRa transactivation assays for DN. Assays per-
formed asabove, withthe following changes. Only 10 ng per well of each
of pRL-TK Renillaluciferase plasmid and LXRRE luciferase plasmid were
transfected per well together with 40 ng per well of pcDNA3.1-LXRa
WT vector and 40 ng per well of pcDNA3.1-LXRa mutant vector. After
4 h, the medium was changed only to basal (0 nM T0901317) or maxi-
mum (1,000 nM) ligand concentration. Firefly/Renilla values were
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normalized to % EV + WT, presented as mean + s.d. and compared by
aone-sample t-test.

Mammalian two-hybrid assays. As described above, cells were plated
at30,000 live cells per wellina pre-coated 96-well plate. After 4 h, the
wells were transfected with 25 ng UAS-TK-Luc reporter construct, 13 ng
of pCMV-VP16 (EV) or pCMV-LXRa-VP16 and 13 ng of GAL4 co-factor
vector and 13 ng pRL-TK (Promega, 2241) using Lipofectamine 3000.
In the case of co-activator studies, the Gal4-SRC1 (aa 570-780)% con-
struct was used, while Gal4-NCoR (ID 1 + 2)* was utilized for the study
of co-repressor protein—-protein interaction. The culture medium
was replaced with fresh medium containing increasing doses of the
LXRa ligand TO901317 at 4 h following transfection and incubated
for a further 20 h before luciferase activity was measured as above.
Mutants were tested in three separate batches with threeindependent
experiments per batch. Results were normalized (firefly/Renilla) and
then presented as a percentage of average response in the 1,000 nM
condition for co-activator (SRC1) association assays and percent-
age of 1 nM condition for co-repressor association (NCoR) within
each batch. Sigmoidal dose-response curves with variable slope
(three-parameter logistic regression) were fitted and plotted using
Prism (GraphPad).

Statistical analyses of mammalian two-hybrid assay experi-
ments. For statistical analyses of the effects of LOF and DN mutations
on co-activator and co-repressor association as an aggregated class,
we used mixed-effects models with normalized luciferase activity
as the outcome variable and mutant class and agonist dose as fixed
effects (with interactions) with individual mutant and experimental
replicatesincluded in the model as random intercepts, implemented
inthe package LmerTest. Mutant activity was log-transformed before
analysis. As only one GOF mutant was tested in a single batch of three
replicates, it was assessed independently using a mixed-effects model
with experimental replicate included as arandom intercept with nor-
malized luciferase activity log-transformed before analysis. Post hoc
testing using the emmeans package was conducted between the WT
group and LOF, DN and GOF groups at each dose of agonist included
inthe experiment, using Dunnett’s test.

Human studies

Burden testing in UK Biobank. Primary analysis. Criteria for variant
masks are detailed in Supplementary Table 2. All criteria for classifi-
cation were defined a priori before association testing. Variant lists
for each mask were then used as input to the ‘collapsevariants’ applet
from the MRC-EPID WES pipeline® for use in downstream association
testing.

For our primary analysis we pre-specified a set of 16 phenotypes
(Supplementary Table 4) relevant to cardiometabolic health and pre-
viously described functions of LXRa from animal and cellular studies.
Details of relevant UKBB fields and phenotype processing are described
inSupplementary Table 4.

Association testing was conducted using the MRC-EPID WES
pipeline on the UKBB RAP using the ‘extract’ function on the applet
‘MRC-EPID-runassociationtesting’ to test association with each variant
mask against each trait of interest, as described previously®. In brief,
thisapplet runs ageneralized linear STAAR®® model. We restricted our
analyses to UKBB participants of European ancestry. Age, age squared,
genetic sex, whole-exome sequencing batch and the first ten genetic
principal components as defined by Bycroft et al.”’, were included as
covariates for all phenotypes. Lipid and glycaemic traits were adjusted
for use of lipid-lowering, blood pressure or diabetes medications as
detailed in UKBB fields 6153 and 6177 (Supplementary Table 4).

To determine whether DN mutations and PTVs had effects similar
to ‘simple’ LOF missense mutations, we undertook a linear model to
regress the effect of ‘simple’ LOF missense mutations for each test

phenotype against PTVs and DN variants using the inverse variance
of the effect estimate as weights in the linear model. Finding similar
effects of LOF, DN and PTVs, we aggregated these into a single mask of
all damaging variants to maximize statistical power. We considered
associations significantin our discovery analysisif the STAAR Burden
Pvalue was less than aBonferroni-corrected threshold of P< 3.9 x 107,
accounting for 128 mask x phenotype association tests.

Description of additional statistical genetics analyses are available
inthe online supplement.

Mouse studies

Animal housing. Studies were carried out at three sites: the Uni-
versity of Cambridge, Newcastle University and UCLA. Mice were
maintained on a 12-h light-dark cycle (lights on 07:00 t0 19:00) in
a temperature-controlled (22 °C) facility, with ad libitum access to
food and water. At UCLA, LXRa knockout (LXRa 77) mice originally
on a mixed Sv129/C57BI/6 were obtained from D. Mangelsdorf and
backcrossed more than ten generations to the C57BL/6 background.
LXRa-deficient mice (Hom), heterozygous (Het) and WT mice were
maintained in a temperature-controlled room and a 12-h light-dark
cycle. Food and water were available ad libitum. Animals at both
institutes were maintained on RM3(E) Expanded Chow (Special Diets
Services). Where specified, mice were fed a western diet ad libitum
(TD.88137, 42% kcal from fat, 32% sucrose by weight and 0.2% cho-
lesterol, Envigo) or a control diet (TD.05230, 12.6% kcal from fat, 32%
sucrose by weight and 0.05% cholesterol, Envigo).

Generation of LXRa"**® mice. In brief, one-cell-stage C57BL/6) (Jan-
vier Labs) embryos were injected with 50 ng pl™ 32fw sgRNA (IDT),
100 ng pl™ TriLink CleanCap Cas9 mRNA (L-7606) and 50 ng pl ™ Alt-R
32fw donor top strand 123 bp ssODN (IDT). Injected embryos were
briefly cultured and the viable embryos were transferred the same day
into pseudo-pregnant F1(C56BL/6)/CBA) recipients. The FO founder,
carrying the desired mutation, was crossed with WT C57BL/6) (Charles
River Laboratories) mice to segregate the mutations introduced and
to create F1 founder mice. Mutations were confirmed with Sanger
sequencing. Founder F1 mice were crossed one more time with WT
C57BL/6) mice before establishing the mutant mouse colony. Muta-
tions were confirmed with Sanger sequencing.

Genotyping strategy for LXRa"**® mice. Mice were genotyped using
standard PCR using primers 538_Nr1h3_amplicon_709_F1 (CCCTACA-
GTGGATGAGAGAGGT) and 539 _Nr1h3_amplicon_709_R1 (CAACGT-
TAGTAGATCCCAACTGC). PCR products were digested with Bglll and
separated on 1.5% agarose gel. The Bglll digest produces two bands
(497 bp and 212b) for the WT mice and three bands (709 bp, 497 bp and
212 bp) for the heterozygous mice. Bglll will not cut the PCR product
for the homozygous mice as the mutation destroys the restriction
enzymesite.

Mouse study 1: western diet and control diet study of LXRa"*}
mice. Two experimental cohorts of male homozygous (LXRo"W#R/W44IR)
heterozygous (LXRa/"**®) and WT (LXRa/*) mice were generated by
het x het breeding pairs. Both cohorts were weighed weekly between
4 and 16 weeks of age and had their body composition (lean and fat
mass) assessed by ECHO MRIM113 mouse system (Echo Medical Sys-
tems) at 8 and 16 weeks of age. At ~8 weeks of age, the first cohort of
mice was transferred from standard chow to a western diet. At the
same age, the second cohort was transferred to a control diet. During
the experiment, one mouse died unexpectedly, as such, three mice of
eachgenotype ofthe western diet cohort werekilled early at 14 weeks
of age and pathologically assessed to exclude genotype-dependent
pathology that would jeopardize animal welfare for the remainder of
the experiment. This assessment revealed reduced fat mass, spleno-
megaly and a hardened liver, consistent with fibrosis, as described in
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the main manuscript for the whole cohort, without gross evidence of
other pathology. At -16 weeks of age, all remaining mice were killed
by CO, asphyxiation and blood was isolated using cardiac puncture.
Inguinal and gonadal white adipose tissues, interscapular brown
adipose tissue and spleen were weighed before splitting in two, with
one part fresh frozen in liquid nitrogen and the second fixed in 10%
formalin. The left kidney, heart and pancreas were also isolated and
fresh frozen. Blood samples were centrifuged at 4 °C and the sepa-
rated plasmawas stored at =70 °C until used for analysis. The cohort
assignmentto either the control or western diet was arbitrary but not
formally randomized.

Mouse study 2: western diet study of LXRa™”~ mice. Homozygous
(LXRa "), heterozygous (LXRa”") and WT (LXRa”*) mice were gener-
ated by het x het breeding pairs. At 8 weeks of age, the first cohort
of mice was transferred from standard chow to western diet. At 16
weeks of age, the mice were weighed and their body composition was
assessed by ECHO MRI (3-in-1). The mice were then killed and bled
by cardiac puncture. Serum, liver, inguinal and gonadal white adi-
pose were weighed and fresh frozen in liquid nitrogen and/or fixed in
10% formalin.

W441R mice.

W441R/W441R

Mouse study 3: adenoviral rescue experiment in LXRa
Todetermine the dependency of the liver phenotypein LXRa
mice, we overexpressed mouse WT LXRa (encoded by Nr1h3) using
AAVS8-TBG-dependent expression of Nr1h3.In brief, 10-12-week-old,
male and female LXRaV*RW4IR mice were injected via the tail vein
with 1x 107" genomic copies of commercially produced (Vector-
Builder) adeno-associated virus (serotype 8, AAV8) containing a
vector expressing an eGFP marker gene and either, WT mouse LXRa
(AAV8-TBG-Nr1h3) or an ORF-stuffer (AAV8-TBG-GFP), from a
bicistronic vector downstream of the liver specific promoter TBG.
After 1week, they were placed on awestern diet and were killed after
8weeksonawesterndiet for blood and tissue collection. The specific-
ity of this approach was confirmed by (1) western blotting for green
fluorescent protein (GFP) in the liver (Cell Signalling, 2596S) and
other tissue lysates; and (2) flow cytometry to identify GFP-positive
cells, described below. Assignment to either virus was conducted by
randomization stratified for sex.

Mouse study 4: high-fat, low-cholesterol diet challenge in LXRa"*4'®
mice. Age-matched, 16-17-week-old male and female WT and homozy-
gous LXRa"¥**® mice were fed a high-fat (45%), high-sucrose (17%),
low-cholesterol (0.02%) diet (Research Diets, D12451) for 8 weeks. An
older cohort of homozygous LXRa“**® mice were fed awestern diet for
atotal of 8 weeks (Envigo TD.88137) as a positive-control group. After
4 weeks on the study diet, blood was obtained from the pedal vein,
processed for serum and ALT was analysed as described below. After 8
weeks onthe study diet, mice were killed and the livers were processed
for histopathological analysis as described below.

Mouse serum biochemistry. Mouse blood was collected in serum sepa-
rator tubes following CO, asphyxiation using cardiac puncture, clotted
for 10 min at room temperature, then spun at 8,000g. The serum was
then collected and snap frozen on dry ice or in liquid nitrogen. Serum
triglycerides, ALP, transaminases, lipoproteins and cholesterol were
measured onaDimension EXL analyser (Siemens Healthcare) or Perki-
nElmer DELFIA using reagents and calibrators (Siemens).

RNA extraction. As fibrotic livers were not properly homogenized
using ceramic beads, homogenization was performed on all liver sam-
plesusing metalbeads, Trizol or Direct-zol (Zymo) and VelociRuptor V2
Microtube Homogenizer (SLS Lab Pro). Total RNAs was extracted from
the mouse livers or HepG2 cells with RNeasy kit (QIAGEN) or Direct-zol
RNA Miniprep kit (Zymo Research), respectively.

Quantitative PCR with reverse transcription. For quantitative PCR
with reverse transcription (QRT-PCR) analysis, 0.5-1 ug HepG2 RNA
was reverse transcribed using M-MLV Reverse Transcriptase (Promega)
according to the manufacturer’s protocol. qPCR reactions were pre-
pared using TagMan probes and TagMan Universal PCR Master Mix
(Thermo Fisher) according to the protocol and were quantified using
the default TagMAN program on ABI QuantStudio 5.

RNA sequencing and bioinformatic analyses. RNA quality was con-
firmed using the Agilent 2100 Bioanalyzer or Agilent TapeStation
system. For HepG2 cells, RNA-seq libraries were prepared using the
TruSeq RNA CD Indexes and the Illumina Standard mRNA Prep kit
according to Illumina protocol. Multiplexed libraries were validated
using the Agilent TapeStation system, normalized and pooled for
sequencing. High-throughput sequencing was performed on NovaSeq
6000 (Illumina) at PE50 at the Cancer Research UK (CRUK) Cambridge
Institute Genomics Core Facility. Image analysis and base calling were
performed with Illumina CASAVA v.1.8.2. For mouse livers, RNA was
processed by Novogene Co. In brief, stranded messenger RNA librar-
ies were constructed by using Novogene NGS Stranded RNA Library
Prep Set (PT044). The library was validated with Qubit and real-time
PCR for quantification and Bioanalyzer for size distribution detection.
Quantified libraries were pooled and sequenced on Illuminaplatforms,
according to the effective library concentration and amount of data.

Short-read sequences were mapped either to human GRCh38.104
or mouse GRCm39.104 reference sequence using the RNA-seq aligner
STAR (v.2.5.0a)°. Differential gene expression analysis, statistical test-
ingand annotation were performed in RStudio using DESeq2 (ref. 69).
Gene Ontology and pathway analysis was performed using ShinyGO
v.0.77 (refs. 70).

Western blot. HepG2 cells were washed in ice-cold PBS and lysed on
icein RIPA buffer (R0278, Sigma-Aldrich) supplemented with protease
(1873580001, Roche/Merck) and phosphatase inhibitors (4906845001,
Roche/Merck). Mouse tissue was collected at necropsy, snap frozen
in liquid nitrogen or dry ice and stored at —80 °C before sample pro-
cessing, when it was then homogenized in the RIPA-based lysis buffer
described above using a FastPREP24 Classic tissue homogenizer.
Extracts were cleared by centrifugation and the concentration of pro-
tein was determined using a Bio-Rad DC Protein Assay kit (5000116,
Bio-Rad). Proteins were mixed to 1x with NUPAGE LDS Sample Buffer
(4x) (NPOOO7, Thermo Fisher) and NuPAGE Sample Reducing Agent
(10x) (NPOO04, Thermo Fisher) and denatured for 5 minat 95 °C. Pro-
teins were resolved by SDS-PAGE and transferred to nitrocellulose
membranes using iBlot 2 Transfer Stacks (Invitrogen). Membranes
were blocked in 5% (w/v) skimmed milk before applying antibodies.
Membranes were developed using Immobilon Western Chemilumi-
nescent Substrate (WBKLS0500, Millipore) and imaged by a ChemiDoc
MP Imaging System (Bio-Rad).

Measurement of IL-1- in liver lysates. Between 50 and 100 mg fro-
zenliver tissue was lysed in 500 pl RIPA buffer (R0278, Sigma-Aldrich)
supplemented with protease inhibitors (1873580001, Roche/Merck)
using a FastPREP24 Classic tissue homogenizer in a metal bead lysing
matrix. Lysate was cleared by centrifugation, diluted 1:4, and IL-1-B was
quantified using a mouse IL-1- Quantikine R&D ELISA kit, as per the
manufacturer’sinstructions.

Statistical analysis of mouse studies. Unless otherwise described
above, studies were analysed using a Kruskal-Wallis test with Dunn’s
multiple comparison test or ordinary one-way ANOVA with Holm-Sidak
multiple comparison, based on the distribution of data and distribu-
tion of residuals. These were judged by visualization and formal sta-
tistical tests were not used. Body weight curve data were analysed by
mixed-effects model with a post hoc Holm-Sidak test to account for
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repeated measures. No statistical methods were used to pre-determine
samplesizes but our sample sizes are similar to those previously used™®.
Qualitative histopathological assessment was undertaken by an investi-
gator blinded to genotype and other interventions, but aware of study
design. No other data collection or analysis was undertaken blinded.
Some values were excluded from statistical analysis and are detailed as
follows. For CD68 immunostaining, asingle outlierinthe WT group was
excluded (Fig. 6b) at -6.7% total tissue. For liver triglyceride measure-
ments in knock-in mice fed a low-fat diet (Extended Data Fig. 4i), two
samples in the homozygous knock-in group failed basic QC as total
glycerol measurements < free glycerol and were excluded. For serum
cholesterol measurements in LXRa KO mice (Extended Data Fig. 6g),
two WT mice had serum cholesterol levels of >13 mmol I (13.13 and
13.15) with low HDL cholesterol levels (-0.3 mmol %) and were deemed
outliers and excluded. For PSR staining in LXRa KO mice (Extended
DataFig. 6M), two heterozygous mice had highrelative levels of fibrosis
(>1.5%) and were deemed outliers and excluded.

Additional details of methods pertaining to human genetic
follow-up and sensitivity analyses, replication of human genetic find-
ings by an independently established computational pipeline, addi-
tional in vitro studies, histological preparation and analyses, flow
cytometry and lipidomics are detailed in the Supplementary Methods.

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

Data availability

The UKBB phenotype and whole-exome sequencing data described
hereare publicly available to registered researchers through the UKBB
dataaccess protocol. Information about registration for access to the
dataisavailableat https://www.ukbiobank.ac.uk/enable-your-research/
apply-for-access. Data for this study were obtained under Resource
Application no.9905. Data from the Fenland cohort canbe requested
bybonafideresearchers for specified scientific purposes via the study
website (https://www.mrc-epid.cam.ac.uk/research/studies/fenland/
information-for-researchers/). Data will either be shared through an
institutional data-sharing agreement or arrangements will be made
for analyses to be conducted remotely without the necessity for data
transfer. Representative slide scans of liver sections are available for
download at https://zenodo.org/records/12509122. The raw data for
RNA-seqanalyses are deposited to the Gene Expression Omnibus under
accession IDs GSE273156 and GSE273158. Processed lipidomics data
areavailableat https://doi.org/10.5281/zenod0.12790909 (ref. 71). The
datausedto generate the figures are available as source dataorinasso-
ciated supplementary tables. Source dataare provided with this paper.

Code availability
Rare variantassociation testing described in this paper was conducted
using the MRC-EPID WES pipelines (https://github.com/mrcepid-rap/).
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Extended Data Fig.1| Summary of LXRa mutant effects on receptor function.
A:Scatter plot demonstrating the relationship between transactivation capacity
and co-expression activity for characterized mutations. Each dot is an individual
variant, green variants are gain of function mutations, black are wild-type like,
orange are loss of function without evidence of significant dominant negativity

and red dots are dominant negative mutations. Grey dots are mutations which

areintermediate and we not assigned to a class for the purpose of burden testing.
The ‘N’ numbers represent the number of carriers in UK biobank. B: Schematic
illustrating the effect of characterized LXR o mutants according to their position
intheligand binding domain of LXRa. Red, green and blue bars denote loss of
function, gain of function and wild-type like mutations, respectively.
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Extended Data Fig. 2| Effects of coding variants in LXRa on cardiometabolic
traits. A: The effect of coding variants in LXRa on a panel of pre-selected
cardiometabolic traits. Each dot represents the effect of a damaging mutation on
the traitin standard deviation, the error bars represent 95% confidence intervals,
eachderived from a generalized linear model (see methods). Red points indicate
statistical significance after adjustment for multiple testing (Bonferroni-
corrected P-value - 3.9x10™*), NS = non-significant. B: Scatter plot demonstrating
the relationship between the average effect of loss of function mutations and all
dominant negative (DN) or protein truncating variants (PTV) on cardiometabolic
trait. Each dot plots the effect of the Loss of function mutations on a single trait
against either PTVs (blue) or DN (red). The dashed line represents y = x where
there would be perfect agreement between the effects of Loss of function
mutations and DN/PTV. C: Forest plot of sensitivity analyses. ‘Full’illustrates

04 05

the effect of damaging mutations in LXRa (LOF or DN or PTV) from the primary
analysis, Drop R415Q - analysis after removing the most common rare variant
(R415Q, N(carriersin allUKBB) = 565) or ‘Adjusted common variants’ - adjusting
for common variants in the region significantly associated with the listed

traits of interest. D: Scatter plot of scaled, centred log normalized ALT values

(O represents mean ALT, units are standard deviation) according to tertile of liver
fat polygenicrisk score (PRS) and presence/absence of adamaging variantin
LXRa. Error bars represent 95% confidence intervals. LP(a) - Lipoprotein-a, LDL
-low density lipoprotein, BMI - body mass index, WHR adj BMI - waist hip ratio
adjusted for BMI, ALP - alkaline phosphatase, ALT - alanine aminotransferase,
GGT -gamma glutamyl transferase, AST - aspartate aminotransferase,

ApoAl - Apolipoprotein A1, HDL - high density lipoprotein.
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Extended Data Fig. 3| A naturally occurring variant in LXRa exerts dominant
negative effects in cultured hepatocytes. A: To demonstrate dominant
negative effects of LXRa"**** in arelevant cell type we generated HepG2

celllines stably transfected with a Doxycycline-inducible transgene expressing
either awild-type LXRa isoform (WT) or amutant LXRaV4*® (MT or W443R).

The experimental paradigmis summarizedin (A), 24 hours after seeding cells
were treated with doxycycline to induce LXRa expression, 24 hours later LXR
agonist GW3965 (1000 nM) was added and cells were lysed 24 hours later.

B: Expression of NRIH3 mRNA (encoding LXRa) in the paradigm described in
(A).N =5independent experiments. Two-sided P values are displayed from
3-way ANOVA with post hoc Holm-Sidak test. Error bars represent mean + SEM
C:Representativeimmunofluorescent images of non-transduced HepG2 cells
and WT or MT/W443R HepG2 cells treated with doxycycline stained for Beta-
Tubulin, LXRa and DAPI. Enhanced LXRa nuclear immunoreactivity can be seen
inthe transduced cells consistent with induction of LXRa. This experiment was
performed twice with consistent results D: Heatmap illustrating expression of
GW3965 regulated genes in an RNA-seq experiment after treatment of cellsin the

. ] TAB3

i ACOBO128.1 | 1 |igang

e N[

L™ e o toicy W
v + ¥ i IL21R
Cells Seeded Doxycycline Treatment LXRa Agonist Treatment Cell Lysis EE E\‘T{]
SCD
CACA

1
SLC16A6
HMGCS1 pox
FABP1
ACSL4

2028
moO»x
o
iy

L IMID1IP1

N
3]
1

O Not Induced
% O Induced

N
o
1

Arbitrary Fluorescent Units
©c o ° o
1 1 1
[ %8d+ o —
—

(o (o}

R n_,‘b R Q,Q R n_,‘b R ,gb
FF F F¥ F
Wildtype WA443R

paradigm outlined in (A). Ligand treated cells with overexpression of LXRax"****

cluster with non-ligand treated conditions, indicative of the inhibitory effects

of LXRa"*#3® on LXR-dependent signalling. Furthermore, induction of canonical
LXR-regulated genes, including FADSI, SCD, ANGPTL3, LPCAT3, FASN, MYLIP and
SREBFI, isimpaired by induction of LXRa"**}, consistent with dominant negative
actions of LXRa"***}, N = 3 independent experiments. E: We further validated

the dominant negative actions of LXRa"***} in hepatocytes in an LDL uptake
paradigm. Following the experimental paradigmillustrated in (A), cells were
treated with Dil-labelled LDL for 4 hours before cells were lysed and fluorescence
measured as anindex of LDL uptake. LXRa"***Rinduction was capable of
increasing LDL uptake in the basal state, counteracting the previously described
effects of LXRa in this setting. Error bars represent mean + SEM. Analysis was
conducted by three-way ANOVA with post hoc testing undertaken using the
Holm-Sidak method. *P = 0.01Induced vehicle treated wildype versus Induced
vehicle treated W443R, P =0.02 Not-induced vehicle treated W443R versus
Induced W443R Vehicle treated, N = 4 independent experiments. Figure 3a was
created with Biorender.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Hepatotoxicity of adominant negative LXRax mutation
inmice fed a low fat diet. 8-week-old LXRa"* (Wt, N =13), LXRa'/W*R (Het,

N =15) and LXRa"W#RW4IR (Hom, N = 11) mice were placed on a low fat (12% by
Kcal), high-sucrose (34.1% by weight) diet for 8 weeks when mice were euthanised
andblood and tissues were collected for downstream analyses. A: Body weight
curves (mean and 95% confidence intervals). B-C: Lean and fat mass determined
by Echo MRI at 16 weeks of age. D-G: Serum biochemistry from terminal

bleeds, in (G) Total cholesterol is separated into HDL and non-HDL fractions,
****P <0.0001, HDL cholesterol, **P = 0.001 non-HDL cholesterol. H:Tissue
weights, I-K: lipid measurements in liver lysate normalized to liver weight.

L-O: Immunohistochemical staining for indicated markers was performed and

quantified using HALO image analysis platform (Indicalabs). Representative
images of H&E staining are shown in (P). Livers were stained for collagen using
picrosirius red (PSR) stain and quantified by HALO (Q). Representative images

of PSR staining are shown in (R). A: Body weight curves were compared by
mixed-effects model was used with post hoc Holm-Sidak test. B-O, Q: Analysis
was performed using Kruskal-Wallis test with Dunn’s multiple comparison test
or ordinary one-way ANOVA with Holm-Sidak multiple comparison, based on the
distribution of the data. Comparisons were made between Wt and Het and Wt and
Hom, only P < 0.05 are detailed. All reported P values are two-sided. All data are
presented as mean + SD, except Panel G, where mean + SEM s represented.
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Extended DataFig. 5| Effects of adominant negative LXRa mutation in mice
fed a western diet for 8 weeks. 8-week-old LXRa* (Wt, N =15), LXRar/WV441R
(Het, N =19) and LXRa"W*®/W4IR (Hom, N = 14) mice were placed on a high-fat
(42.7% by Kcal), high-sucrose (34.1% by weight), high cholesterol (0.2%) diet
(western diet) for 8 weeks then euthanised and blood and tissues were collected
for downstream analyses. A: Body weight curves (mean and 95% confidence
intervals). ***P <0.0001, Wt vs Hom, # P = 0.02 Wt vs Het week 13, P = 0.01 Wt

vs Het week 14. B-C: Fat and lean mass determined by Echo MRI at 16 weeks of
age. For 11 wild-type, 14 heterozygous and 10 homozygous mice we performed
downstream analysis including: serum biochemistry from terminal bleeds
(D-E). In (E) total cholesterol is disaggregated into HDL and Non-HDL cholesterol.
The asterixis represent significant differences in HDL cholesterol and

non-HDL cholesterol, ***P < 0.0001 versus Wild-type, HDL cholesterol is

significantly reduced, non-HDL cholesterol is significantly increased.

F: Tissue weights, ***P < 0.0001 G: Cholesterol Esters measured in liver lysate
H: Immunohistochemical staining for CD3 was performed and quantified

using HALO image analysis platform (Indica labs). Representative images

of H&E staining of liver and spleen are showninIand}, respectively.In (A)a
mixed-effects model was used to account for repeated measures with post hoc
Holm-Sidak test. In (B-H), analysis was performed using Kruskal-Wallis test with
Dunn’s multiple comparison test or ordinary one-way ANOVA with Holm-Sidak
multiple comparison, based on the distribution of the data. Comparisons were
made between Wt and Het and Wt and Hom, only P < 0.05 are detailed. All P values
reported are two-sided. Data are presented as mean + SD, except panel E, where
mean + SEMis represented.
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Extended Data Fig. 6 | Hepatotoxicity in LXRa knockout mice fed a western
diet. 8-week-old wild-type LXRa"* (Wt, N = 8), heterozygous LXRa* (Het, N=19)
and homozygous LXRa’ (Hom, N = 8) mice were placed on a high-fat (42.7%

by Kcal), high-sucrose (34.1% by weight), high cholesterol (0.2%) diet (western
diet) for 8 weeks then euthanised and blood and tissues were collected for
downstream analyses. Unless specified, all mice were assessed for: A: Endpoint
weight measurements B-C: Fat and lean mass assessed by Echo MRI at 16 weeks of
age.D-G: Serum biochemistry from terminal bleeds. H: Selected organ weights.
I-J: Free cholesterol (CHL) and CHL ester measurements in liver lysate normalized
to organ weight are shown for N = 8 mice of each genotype. K: Triglyceride

(TG) measurements in liver lysate normalized to organ weight are shown for

all mice. Representative images of H&E staining are shownin (L). Livers from
wild-type (N = 8), heterozygous (N =12) and homozygous (N = 8) mice were
stained for collagen using picrosirius red (PSR) stain and quantified by HALO
(M). Representative images of PSR staining are shown in (N). In (A-K, M), analysis
was performed using Kruskal-Wallis test with Dunn’s multiple comparison test
or ordinary one-way ANOVA with Holm-Sidak multiple comparison, based on
the distribution of the data. All data are presented as mean + SD, except G where
mean + SEMis represented.
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Extended Data Fig. 7 | Validation of viral overexpression paradigm. with AAV8-TBG-Nr1h3.B: Gating strategy for flow cytometry analysis of asingle
To validate that AAV8-mediated overexpression of wild-type Nr1h3 was specific cell suspension from livers of mice subject to ashaminjection or injected with
we detected the GFP marker gene transcribed from the bicistronic vector which AAVS8-TBG-Nr1h3 (N =2 mice per group) which expresses marker eGFP gene
also expressed Nr1h3 using Westernblot (A) and Flow Cytometry (B). A: GFP from the same bicistronic vector as Nr1h3 (AAV-mNr1h3-GFP). GFP-positive
expressionin a panel of selected tissue lysates was analysed by Western blot cellsareindicative of cellular transduction and is restricted to hepatocytes.
(N =3). Asample from a mouse that was subject to ashaminjection of AAV8is C: The proportion of GFP-positive cells in each lineage are shown (N =2).

shown as a negative control, all other samples are from separate mice injected
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Extended Data Fig. 8 | Hepatocyte expression of WT mouse LXRa normalizes
bodyweight, organ weights and serum biochemistry in Western diet-fed
LXRaWHIRWHIR mice, 10 male and 12 female 10-12 week old C57BL/6 ] LXRaW#4*/
W4IR mice were randomized to receive a tail vein injection with 1x10™ GC of AAVS
expressing either LXRa and GFP (LXR) or just GFP (GFP) under the control of the
hepatocyte-specific Thyroxine binding globulin (TBG) promoter (see methods)
and aweek later they were placed on western diet. A: Body weight curves of
micein each group onawestern diet, N(GFP) = 5male, 6 female mice, N(LXR) =5
male, 6 female mice. B-E: Tissues weights of indicated organs at necropsy F-G:
Serum cholesterol measurements after 8 weeks on Western diet. Throughout,

the red bars and symbols represent mice treated with LXRa expressing virus,
green represents mice injected with control GFP-expressing virus, grey indicate
non-littermate 10-week old male wild-type mice not injected with virusas a
comparison (N =5). Repeated measures data (bodyweight) was analysed with a
mixed-effects model with post hoc between group comparisons undertaken with
the Holm-Sidak test with sex included in the model as a co-variate. All other data
presented are analysed with a Two-way ANOVA with post hoc Holm-Sidak testing.
Height of the bars represents mean + SEM. For all biochemistry and organ weight
data presented N(GFP) =4 male, 6 female mice, N(LXR) = 4 male, 6 female mice.
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Extended DataFig. 9| LXRa"**'"MW4IR mice do not develop fibroticliverinjury ~ westerndiet (0.2% cholesterol, WD) for the same period of time, in parallel, were
onaHighFat, low-cholesterol diet. Age-matched (16-17 weeks) Wild-type included as a positive control A: Serum ALT measured in Error bars represent
(N=9,WT) or homozygous knock-in mice (N =8, Hom) fed a 45% High-fat diet mean + SEM after 4 weeks of western diet. B: Representative Haematoxylin and
(HFD) with low (~ 0.02% cholesterol) cholesterol content. An older group of Eosin (H + E) and Picosirius red stained (PSR) liver sections from these animals
homozygous knock-in mice (2 x 21 weeks, 4 x 31 weeks old) fed a high cholesterol euthanised after 8 weeks of western diet.
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Extended Data Fig.10 | See next page for caption.
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Extended Data Fig. 10 | Histopathological evaluation of liver injury in
LXRaW*IR/W44IR mijce and bile acid measurements. A: Detailed histopathological
assessment of LXRaW*RW4HIR mice livers. Liver sections from 3 randomly selected
Wild-type (WT) and 3 randomly selected homozygous knock-in mice (HOM) fed
awestern diet (WD) for 8 weeks were subject to a battery of histopathological
stains, representative images are shown. H + E: Haematoxylin and eosin, PSR:
Picrosirius red staining, PAS: Periodic Acid Schiff, PASD: Periodic Acid Schiff

with diastase, Retic: Reticulin, Vic B: Victoria Blue, CK19: Immunohistochemistry
for cytokeratin-19. B: Circulating ALP was measured in residual serum from
Homozygous knock-in mice treated with either a GFP control AAV or an AAV
expressing LXRa under control of aliver specific promoter as described in

Fig. 5, or age-matched Wild-type mice, after 8 weeks of western diet feeding

(N =4 males and 6 females per group) C, D: Bile acids in liver lysate were
determined by LC-MS in Wild-type, Heterozygous and Homozygous Knock-in
mice (LXRaW*MWHIR) quantitation of total bile acids and the predominant group
of bile acids (Taurocholic and muricholic acid, which cannot be differentiated

in our method - Tauro/murocholic acid) N(WT) =11, N(Het)=14, N(Hom)=10

(B), withrelative proportions of bile acid in each genotype shown in (C) E:
Expression of FXR-target genes from bulk RNA-seq data of livers from Wild-type,
Heterozygous and Homozygous Knock-in mice (LXRa"**®W#IR) are presented
asanindex of bile acid-dependent signalling in these mice. N(WT) = 7, N(Het)=8,
N(Hom)=7. All error bars represent mean + SEM. Hypothesis testing was
conducted by One-way Anova with post hoc Holm-Sidak test. P values are
two-sided P values.
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Software and code

Policy information about availability of computer code

Data collection = Western blot images were collected using BioRad ChemiDoc XRS+ and Image lab software (V6.1)

Data analysis Graph Pad Prism version 9. RNASeq reads were aligned using STAAR (v2.5.0a) and analysed by DESeqg2 in RStudio. Lipidomics data was first
processed using Thermo Scientific™ Xcalibur™ 4.1 Software and then analysed in LipidR. PSR and Immunohistochemistry slides were
quantified by HALO and HALO Al image analysis software (Indica Labs, both version 3.6.4134). Primary association testing was undertaken
MRC-EPID WES Pipeline on the UKBB research access platform (https://github.com/mrcepid-rap/). For statistical analyses of mutant
characterisation studies fixed effects models were generated using LmerTest (v3.1-3) and repeated measures ANOVAs Afex (v1.3-1). BD
FACSDiveTM Diva v9.3.1 and FlowJo software version 10.7.1 were used for flow cytometry analysis
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Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Representative slidescans of liver sections are available for download at https://zenodo.org/records/12509122. The raw data for RNASeq analyses were deposited
to the Gene Expression Omnibus under accession IDs - GSE273156 and GSE273158, processed lipodomics data is available at 10.5281/zenodo.12790909. The data
used to generate our figures is available as source data, or in associated supplementary tables.

Access to the UK Biobank genotype and phenotype data are open to all approved health researchers, accessible through https://www.ukbiobank.ac.uk. Requests for
anonymised human data may be addressed to the corresponding author - limitations on clinical data (which has to be anonymised) are designed to protect and
respect patient and participant confidentiality.
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
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Reporting on sex and gender In human statistical genetics analyses conducted in UKBB genetic sex was included as a co-variate in all models, but sex-
stratified analyses were not undertaken.

Reporting on race, ethnicity, or  Our analysis was restricted to those of broadly European genetic ancestry defined using genetic principal component

other socially relevant analysis.
groupings
Population characteristics Age, age-squared, sex and the first 10 genetic principal components were used as co-variates in all our analyses. Where

appropriate medication usage known to affect HbAlc or serum lipids was included as a co-variate.

Recruitment Potential UK biobank participants were invited to participate by mail. ~500,000 people aged 40-69 between 2006 and 2010
across 22 centres distributed throughout the UK. Volunteer based recruitment is susceptible to 'healthy-volunteer' bias. This
is a recognised limitation of the resource. We have used orthogonal strategies (e.g. mouse models) to substantiate our
conclusions as well as to further our mechanistic understanding of the relationship between LXRa mutations and
hepatotoxicity.

Ethics oversight UK Biobank data have approval from the North West Multicentre Research Ethics Committee as a Research Tissue Bank. The
Fenland study was approved by the Cambridge Local Research Ethics Committee (ref. 04/Q0108/19) and all participants
provided written informed consent. All analyses reported here were conducted in accordance with relevant ethical
guidelines.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Since we were interested in the clinical phenotypes associated with LXRa, we included all participants of european ancestry with proven
damaging (or Protein Truncating, high-confidence LoF) variants and compared them to non-carriers. The novel mouse model generated in this
study has not been phenotyped before and sample sizes for phenotyping studies were determined by availability of animals, researcher
capacity and informed by previous studies on liver injury and cholesterol metabolism.

Data exclusions  CD68 immunostaining: A single outlier in the WT group was excluded (Figure 6b) ~6.7% total tissue. For liver triglyceride measurements in
knock-in mice fed a low-fat diet (Extended Data Fig. 4i), two samples in the homozygous knock-in group failed basic QC as total glycerol
measurements<free glycerol and were excluded. For serum cholesterol measurements in LXRa KO mice (Extended Data Fig. 6g), two WT mice
had serum cholesterol levels of >13mmoll-1 (13.13 and 13.15) with low HDL cholesterol levels (~0.3mmoll-1) and were deemed outliers and
excluded. For PSR staining in LXRa KO mice (Extended Data Fig. 6M), two heterozygous mice had high relative levels of fibrosis (>1.5%) and
were deemed outliers and excluded.

Replication The initial characterisation of LXRalpha-W441R mice on control and Western diet and LXRalpha-knockout mice were split into two cohorts and
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Replication aggregate results are presented, results are similar across cohorts consistent with successful replication. All functional assays were ran in
duplicate and were repeated at least 3 times.

Randomization  For AAVS8 rescue experiments mice were randomised to GFP or AAV8-NR1H3 injections. In all other animal studies the primary comparison
was between genotypes, so allocation is not relevant. For the characterisation of the W441R knockin mice on control and western diet,
cohorts of animals were arbitrarily assigned to one study or another, but this was not randomised.

Blinding Qualitative histopathological assessment was undertaken by an investigator blinded to genotype, other interventions, but aware of study

design. No other data collection or analysis was undertaken blinded. In the case of studies of W441R knock-in mice, blinding was not feasible
due to the differences in weights of the homozygous knockin mice.

Reporting for specific materials, systems and methods
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Plants

Antibodies

Antibodies used Mouse Anti human LXR alpha antibody [PPZ0412] Abcam ab41902
Rabbit Anti human beta Tubulin antibody Abcam ab6046
Anti-GFP D5.1 Cell Signalling 2596S
Anti-rabbit 1gG, HRP-linked Antibody Cell Signalling 70745
Anti-mouse 1gG, HRP-linked Antibody Cell Signalling 70765
Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 Thermo Scientific A-11008
Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647 Thermo Scientific A-21235
PE anti-mouse CD326 (Ep-CAM) Antibody (clone G8.8) Biolegend 118205
Brilliant Violet 510™ anti-mouse CD45 Antibody (clone 30-F11) Biolegend 103137
PE/Cyanine7 anti-mouse CD31 Antibody (clone 390) Biolegend 102524
BD OptiBuild™ BUV737 Rat Anti-Mouse CD324 (E-Cadherin) (clone DECMA-1) BD Biosciences 752479
F4/80 (D2S9R) XP® Rabbit mAb Cell signalling technology 70076
Anti Human CD3 Antibody Bio-Rad MCA1477
Anti-Actin, a-Smooth Muscle (aSMA) - FITC monoclonal antibody Sigma-Aldrich F3777, clone 1A4
CD68 Polyclonal Antibody Aviva Systems Biology OABB00472
Anti-4 Hydroxynonenal (4-HNE) antibody Abcam ab46545
Goat anti-rabbit Vector Laboratories PI-1000
Biotinylated goat anti-fluorescein Vector Laboratories BA-0601
Goat anti-rat Bio-Rad STAR80

Validation Validation data for the listed antibodies can be found on the manufacturers website as listed below:
Mouse Anti human LXR alpha antibody [PPZ0412] Abcam ab41902 - https://www.abcam.com/en-gb/products/primary-antibodies/
Ixr-alpha-antibody-ppz0412-ab41902
Rabbit Anti human beta Tubulin antibody Abcam ab6046 - https://www.abcam.com/en-gb/products/primary-antibodies/beta-
tubulin-antibody-loading-control-ab6046
https://www.cellsignal.com/products/primary-antibodies/gfp-d5-1-rabbit-mab/2956Anti-rabbit IgG, HRP-linked Antibody Cell
Signalling 70745
PE anti-mouse CD326 (Ep-CAM) Antibody (clone G8.8) Biolegend 118205 - https://www.biolegend.com/en-gb/products/pe-anti-
mouse-cd326-ep-cam-antibody-4726
Brilliant Violet 510™ anti-mouse CD45 Antibody (clone 30-F11) Biolegend 103137 - https://www.biolegend.com/en-gb/products/
brilliant-violet-510-anti-mouse-cd45-antibody-7995
PE/Cyanine7 anti-mouse CD31 Antibody (clone 390) Biolegend 102524 - https://www.biolegend.com/de-at/products/pe-cyanine7-
anti-mouse-cd31-antibody-12996
F4/80 (D2S9R) XP® Rabbit mAb Cell signalling technology 70076 - https://www.cellsignal.com/products/primary-antibodies/f4-80-
d2s9r-xp-rabbit-mab/70076
Anti Human CD3 Antibody Bio-Rad MCA1477 - https://www.bio-rad-antibodies.com/monoclonal/human-cd3-antibody-cd3-12-
mcald77.html?f=purified#external-images
Anti-Actin, a-Smooth Muscle (aSMA) - FITC monoclonal antibody Sigma-Aldrich F3777, clone 1A4 - https://www.sigmaaldrich.com/
GB/en/product/sigma/f3777
CD68 Polyclonal Antibody Aviva Systems Biology OABB00472 - https://www.avivasysbio.com/cd68-polyclonal-antibody-
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Anti-4 Hydroxynonenal (4-HNE) antibody Abcam ab46545 - https://www.abcam.com/en-gb/products/primary-antibodies/4-
hydroxynonenal-antibody-ab46545

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HEK293, HEK293T and HepG2 cells were originally purchased from The European Collection of Authenticated Cell Cultures
(ECACC).

No authentication was performed, but both HEK293 and HepG2 cells presented with characteristic morphology known for
this cells type.

Mycoplasma contamination All cells used in this manuscript tested negative using EZ-PCR™ Mycoplasma Detection Kit (Biological Industries).

Commonly misidentified lines  None.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

LXRa-KO mice and LXRa-W441R on C57BI/6 background were used. The age and sex of animals in each study is clearly described in
the figure legends. In the original characterisation of W441R knockin mice and LXR-KO mice, mice were ~8 weeks old at
commencement of study. For the AAV-rescue experiments, animals were 10-12 weeks old. For the 45% HFD study mice were 16-17
weeks old.

No wild animals were used.

Sex for each study is clearly reported in each figure legend. Initial mouse studies with LXRalpha-KO and LXRalpha-W441R mice. The
exogenous LXRalpha rescue experiment was performed and analysed together in both sexes to show the key findings of this study
are relevant to both sexes.

No field-collected samples were used in this study.

All experiments with the LXRalpha-W441R mouse line were reviewed by the University of Cambridge Animal Welfare and Ethical
Review Body (AWERB). All experiments with the LXRalpha-KO mouse were approved by the UCLA Institutional Animal Care and
Research Advisory Committee. Experiments using flow cytometry to demonstrate the specificity of hepatocyte targeting of our AAV
were approved by Newcastle University AWERB.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied. o ) )
Describe-any-authentication-procedures for-each seed stock used-ornovel-genotype-generated.-Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots

Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
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Sample preparation Livers perfused and then collected in ice cold PBS. Tissue was then cut into small pieces and mechanically dissociated using
the FFX TissueGrinder using the liver protocol. The cell suspension was then passed through a 70 um cell strainer and RBC
lysed.

Instrument BD Symphony AS flow cytometer

Software Cells were then analysed using a BD Symphony A5 flow cytometer using BD FACSDiveTM Diva software. Data were analysed

using FlowJo software version 10.7.1.
Cell population abundance For each sample 1 million cells were counted using a haemocytometer and stained. Cell abundances are shown as a

percentage of parent gate.

Gating strategy Cell debris was excluded by FSC-H/SSC-A. Doublets were excluded by using FSH-H/FSC-A. Live/Dead exclusion was performed.
EpCAM+ cholangiocytes, CD45+ immune cells, CD31+ endothelial cells, E-cadherin+ hepatocytes and Vitamin A+ fibroblasts
were gated and GFP positivity assessed.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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