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ABSTRACT

Background and Aims: Dyslipidemia is common in patients with MASLD, but the frequency and significance of inherited
disorders of dyslipidemia are unclear. We investigated the prevalence and significance of pathogenic variants associated with
selected monogenic disorders of dyslipidemia in 3358 patients with well-characterised MASLD.

Approach: We identified clinically relevant variants in APOB, MTTP, PCSK9, ANGPTL3, LDLR and LDLRAPI genes which
can cause hypobetalipoproteinemia (HBL) and familial hypercholesterolemia (FH). Using ClinVar annotations as initial variant
selection, we identified 2027 variants in those 6 genes which are reported as ‘pathogenic’ or ‘likely pathogenic’ (P/LP). We first
assessed for the presence of P/LP variants in the study cohort and then investigated the effect of carrying P/LP variants on liver
histology, by comparing ~4 matched controls for each APOB and LDLR carrier. As interpretative analyses, we also looked at the
difference between liver enzymes, lipid measures and outcomes between the carriers and matched controls.

Results: Twenty-two variants among these 2027 P/LP variants were present in 24 out of 3358 patients (12 ApoB, 10 LDLR, 1
ANGPTL3 and 1 MTTP variant carriers). Compared to controls, APOB carriers had higher steatosis grade (2.4 vs. 1.7, p-value
0.0028), higher NAFLD activity score (NAS) (4.9 vs. 3.8, p-value 0.04), and numerically higher but statistically not significant
fibrosis stage (1.2 vs. 1.1, p-value 0.75) and ALT (87.4 vs. 58.1 U/L, p-value 0.06). Their LDL-c (51 vs. 147.8 mg/dL, p-value 6.1E-
09) and triglycerides (91.5 vs. 160.6 mg/dL, p-value 2.8E-03) were significantly lower. Compared to controls, LDLR carriers had
numerically higher steatosis grade, NAS, fibrosis stage and LDL-c levels, but these were not statistically different.
Conclusions: Monogenic disorders of dyslipidemia are rarely present in patients with MASLD and are sometimes associated
with worse liver histology. Testing for these conditions may be considered on a case-by-case basis.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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Key Points

Genetic variants that cause dysregulation of lipids are
not more prevalent among the patients with MASLD,
liver diseases driven by metabolic dysfunctions such as
lipid accumulation. Some of the variants (e.g., APOB) do
increase risk for worse liver histology. Although these
variants may explain some of the etiologies in MASLD,
additional studies are required to elucidate their role in
MASLD.

1 | Introduction

Dyslipidemia is common in patients with metabolic dysfunction
associated steatotic liver disease (MASLD), characterised by el-
evated apolipoprotein (apo) B-containing lipoproteins that are
associated with increased risk of atherosclerotic cardiovascular
disease (ASCVD) [1]. The dyslipidemia in MASLD patients is con-
sidered to be the consequence of overproduction of hepatic apo
B-containing lipoproteins, primarily very-low density lipoprotein
(VLDL), which is remodeled to low-density lipoprotein (LDL) in
the circulation [2]. The best-known human genetic dyslipidemia
is familial hypercholesterolemia (FH), in which elevated LDL
cholesterol and apo B result not from overproduction but rather
defective catabolism due to loss-of-function variants in the LDLR
gene encoding the LDL receptor, or less frequently in the APOB,
PCSK9 and LDLRAPI genes encoding apo B or proprotein con-
vertase subtilisin kexin type 9 (PCSK9) and LDL receptor adap-
tor protein 1 (LDLRAPI), respectively [3]. FH is associated with
premature ASCVD in both adults and children [4, 5] but typically
not with MASLD. In contrast, patients with the mirror-image phe-
notype, namely recessive abetalipoproteinemia or homozygous
hypobetalipoproteinemia, due to pathogenic variants in the MTTP
or APOB gene, respectively, characterised by failure to produce
and secrete apo B-containing lipoproteins, are protected from
ASCVD but can sometimes display hepatic steatosis and even-
tually hepatic fibrosis [6-8]. Vilar-Gomez et al. reported patients
who carry a single copy of a rare variant in APOB that impairs
structural integrity of lipoprotein particles causing heterozygous
hypobetalipoproteinemia had increased aminotransferase (ALT)
levels compared to those without such variants [4]. This is con-
sistent with prior studies showing varying degrees of liver injury
and fibrosis in hypobetalipoproteinemia [5, 6, 9], especially in the
setting of insulin resistance [7]. Pathogenic variants in ANGPTL3
encoding angiopoietin-like protein 3 are also associated with re-
duced levels of apo B-containing lipoproteins and protection from
ASCVD, although hepatic involvement has not been consistently
demonstrated [8].

Although pathogenic variants underlying extreme phenotypes of
apo B-containing lipoproteins are associated with ASCVD and
hepatic phenotypes, the association of such variants with the
spectrum of MASLD has not been comprehensively explored.
Therefore, we evaluated the relationship of pathogenic or likely
pathogenic variants in APOB, MTTP, PCSK9, ANGPTL3, LDLR
and LDLRAPI genes [10-13] and liver histology in patients with
MASLD. In a biopsy-proven cohort of patients with MASLD
from the NASH-CRN cohort, we evaluated the association

between the clinically relevant variants in these genes with liver
histology and plasma lipid levels.

2 | Methods
2.1 | Study Participants

We included both adult and paediatric patients with biopsy con-
firmed MASLD (metabolic dysfunction-associated steatotic liver
disease) from the NASH-CRN (Nonalcoholic Steatohepatitis
Clinical Research Network) who were prospectively recruited at
multiple medical centers across the United States between 2004 and
2020. The diagnosis of MASLD was based on > 5% of hepatocytes
containing macrosteatosis and exclusion of significant alcohol
consumption (>20g/d for women, >30g/d for men) within 2years
of the initial biopsy. All liver biopsies were reviewed in a blinded
fashion by the NASH-CRN Pathology Committee and scored ac-
cording to the NASH-CRN Scoring System [14]. For this analysis,
the key inclusion criteria were having available blood DNA with
QC (quality control) passing WES (whole exome sequence) and
targeted WGS (whole genome sequencing) along with available
phenotype measurements. Additional details of the NASH-CRN
participants’ demographic, alcohol consumption, medical history,
lab tests, liver biopsy results, prescription information and study
inclusion and exclusion criteria have been described [15].

2.2 | Phenotype Data

All reported liver-related laboratory values, diagnoses, body
measurements and histology results were obtained at the time
of enrolment. To adjust for the effect of statin therapy on serum
total cholesterol levels, we imputed the amount of reduction pro-
posed by Ruel et al. [16]. For those participants on any statin,
we adjusted their LDL-C (Low-density lipoprotein cholesterol)
by dividing LDL-C values by 0.52 (on average, 48% reduction is
expected on statin therapy). Fibrosis stage was assessed from 0
(no fibrosis) to 4 (cirrhosis). Steatosis was graded from 0 to 3,
ballooning was graded from 0 to 2 and inflammation from 0 to
3; the sum of these three measures defined the NAFLD Activity
Score (NAS). For the purposes of this analysis, a histologic di-
agnosis of definite steatohepatitis was grouped with borderline
steatohepatitis and compared to not-steatohepatitis. The addi-
tional prospectively recorded histologic features of lobular in-
flammation, portal inflammation, ballooning and iron staining
were dichotomized into present versus not present.

2.3 | Genotype Data

Whole Exome Sequencing (WES) data was generated, and
primary analysis of variant calling was performed by the
Regeneron Genetics Center (RGC) as published previously [17].
In short, WES plus targeted variant sequencing was conducted
using Illumina v4 HiSeq2500 or NovaSeq instruments using an
exome plus targeted set of variants capture kit. WES variants
were filtered using RGC's Goldilocks pipeline [18]. The targeted
variants (common variants) were cleaned using a previously
published GWAS (genome-wide association study) genotype
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data cleaning pipeline [19]. Both variants and samples are fil-
tered for low genotyping rate (<95%), both expected and unex-
pected relationships were checked, and HWE (Hardy-Weinberg
Equilibrium) were checked to ensure the variants that deviated
from HWE were removed. Cleaned genotype data was then im-
puted using TOPMed imputation server [20].

2.4 | Curation of Clinically Relevant Variants

To identify clinically relevant variants which have been re-
ported to be associated with dyslipidemia, we targeted 6 genes
that were previously reported to have pathogenic variants for
hypobetalipoproteinemia (HBL) and/or familial hypercholes-
terolemia (FH): APOB (Apolipoprotein B), MTTP (Microsomal
Triglyceride Transfer Protein), PCSK9 (Proprotein Convertase
Subtilisin/Kexin Type 9), ANGPTL3 (Angiopoietin Like 3),
LDLR (Low Density Lipoprotein Receptor) and LDLRAPI (Low
Density Lipoprotein Receptor Adaptor Protein 1). We used
ClinVar [21] for initial variant screening to identify variants in
the 6 genes that have been reported to be ‘pathogenic’ or ‘likely
pathogenic’ (P/LP) for conditions that included ‘hypobeta’ or ‘hy-
percholesterolemia’ in its names. In total, there were 2027 clin-
ically relevant variants which were used to identify carriers for
analysis.

2.5 | Identifying the Carriers of Clinically
Relevant Variants Among NASH-CRN Patients

To identify carriers of alternative alleles in the clinically rel-
evant variants from the 6 genes, we first mapped which clin-
ically relevant variants were sequenced in NASH-CRN WES
data. First, the clinically relevant variants' physical location,
chromosome and starting/ending base position were over-
lapped to the QC passing list of variants from NASH-CRN
WES data. Second, for those overlapping positions, single
nucleotide variants (SN'Vs) were required to have matching
REF/OTHER alleles (or complementary bases to both REF/
OTHER alleles) while InDels (short Insertions and Deletions)
were required to have the corresponding allele changes (e.g.,
may have different length alleles but the changed bases are
the same between clinically relevant variant and NASH-CRN
genotypes). Other variants such as larger insertions/deletions,
microsatellites, or CNVs (copy number variants) were not
mapped since our WES data was not used to call those vari-
ants. Following these steps, we identified 22 variants (16 SN'Vs
and 6 InDels) in 4 genes (APOB, ANGPTL3, LDLR, MTTP)
from the clinically relevant variants in NASH-CRN WES data.
For the 4 genes, NASH-CRN individuals were marked as car-
rier if a participant carried the alternate (ALT) allele among
the mapped variants in each gene. Those participants who
did not carry any of the mapped variants for each gene were
marked as non-carrier. There were no carriers of PCSK9 or
LDLRAPI.

2.6 | Matched Non-Carriers/Controls

To interrogate the significance of having these clinically relevant
variants, we identified a set of controls, the participants who did

not carry the clinically relevant variants, from NASH-CRN to
compare to the carriers. We matched non-carriers to carriers
for age, sex and an unweighted three-locus single nucleotide
polymorphism (SNP) risk score which tallied the number of risk
alleles in rs738409 (PNPLA3, G allele), rs72613567 (HSD17B13,
T allele) and rs58542926 (TM6SF2, T allele) for a score ranging
between 0 to 6. For comparisons, we matched approximately 4
non-carriers to each carrier of ApoB or LDLR.

2.7 | Statistical Analyses

All statistical analyses were conducted using R [22]. Wilcoxon
rank sum test was used to compare the continuous variable be-
tween the carriers and matched non-carriers. For the categor-
ical variables, Fisher's Exact test was conducted. As primary
outcomes of interest, we compared steatosis grade, fibrosis stage
and NAS between APOB carriers versus APOB non-carriers
and LDLR carriers versus LDLR non-carriers, leading to a total
of 6 discovery tests. After multiple testing correction using
Bonferroni's correction, the statistical significance threshold
was 0.008 (0.05/6).

2.8 | UK Biobank PDFF Versus Carriers Test

To further interpret our findings, we looked at the effects of car-
rying clinically relevant variants in APOB or LDLR in the UK
Biobank cohort. We screened the individuals who had both MRI
(magnetic resonance imaging) based PDFF (proton density fat
fraction) data and WES data available. In total, there were 41 096
participants available for comparing PDFF and variant carrier
status. PDFF was dichotomized at >5% versus <5%. Carriers
for APOB and LDLR were identified using the same set of vari-
ants used to identify carriers for the two genes in NASH-CRN
patients. Fisher's exact test was conducted to compare between
carrier status and dichotomized PDFF phenotype.

3 | Results

In total, there were 2027 clinically relevant variants identi-
fied in our search. Of the 2027 variants, 22 variants from 4
genes were identified among 3358 NASH-CRN study partic-
ipants who had available genetic data. Table S1 shows the 22
variants with their relative positions in each gene, Canonical
SPDI (sequence, position, deletion, insertion based variant
ID), HGVS nomenclature, ClinVar ID and ACMG classifica-
tion. Upon screening for the carrier status for the 22 variants,
there were a total of 24 NASH-CRN participants who carried
an ALT allele in the 22 variants. There were no multiple allele
carriers. There were 12 carriers of APOB variants, 10 carri-
ers of LDLR variants and one carrier each for ANGPTL3 and
MTTP variants. Table S2 provides detailed clinical and genetic
information on the 24 carriers. Using the matching algorithm,
we identified 45 matched controls for the 12 carriers of APOB
and 37 matched controls for the 10 carriers of LDLR variants.
Table 1 shows demographics, diagnoses and liver-related lab-
oratory values for overall, APOB carriers, LDLR carriers and
their matched controls. Overall, there were no statistically sig-
nificant (p-value <0.05) differences between the two carrier
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groups and their matched controls except for the lipid mea-
surements. As expected, LDL cholesterol level was signifi-
cantly lower in the carriers of variants in APOB compared
to the non-carriers (51 mg/dL vs. 148 mg/dL, respectively, p-
value =6.08 X 107°%), consistent with the known biochemical
phenotype of heterozygous hypobetalipoproteinemia along
with low total cholesterol levels. Triglyceride levels were also
significantly lower in both APOB and LDLR carriers group
compared to respective matched controls groups. Adults and
paediatrics stratified results are shown as Tables S3 and S4.
Among the two carriers who did not have variants in APOB or
LDLR, the MTTP variant carrier showed elevated triglyceride
and cholesterol levels and BMI of 34kg/m? and the ANGPTL3
variant carrier showed normal triglyceride and cholesterol but
elevated BMI (32kg/m?) and had type-2 diabetes diagnosis
(Table S2).

For primary outcomes of interest, we compared steatosis grade,
fibrosis stage, and NAS between the carriers and matched non-
carriers for APOB and LDLR genes. After Bonferroni correction,
we observed higher steatosis grade among APOB carriers (N=12)
compared to the matched controls (N=45, p-value=0.0028,
Table 2). NAS was higher in APOB carriers (NAS =4.9) compared
to the matched controls (3.8), but it was not statistically signif-
icant post multiple-testing correction (p-value=0.04). Fibrosis
stage was not different between APOB carriers and matched non-
carriers (1.2 vs. 1.1, respectively, p-value=0.75). LDLR carriers
and matched non-carriers did not show differences in steatosis
grade, fibrosis stage, nor NAS (Table 2).

As secondary, or exploratory analyses, we tested whether car-
rier status was associated with lobular inflammation, portal in-
flammation and ballooning (Table 2). Among the liver histology
measures, only lobular inflammation was significantly different
between carriers and non-carriers of P/LP variants in APOB:
67% versus 29%, respectively (p-value =0.02). We also looked at
mortality and liver related outcomes in the carriers and matched
controls. Among APOB carriers and matched controls, the me-
dian years of follow up was 5.1years (interquartile range 1.9 to
5.8years) among the carriers and 4 years (1.1 to 8.0 years) among
the matched controls. There were no deaths among the carriers
while among the matched controls there were three liver related
deaths. Among LDLR carriers and matched controls, the median
year of follow up was 1.7years (0.3 to 9.2years) for the carriers
and 3.3years (1.2 to 7.2years) for the matched controls with no
deaths among the carriers and 1 liver related death among the
matched controls.

To further characterise the association between steatosis
grade and carrying clinically relevant P/LP variants in APOB,
we conducted an analysis comparing individuals with high
PDFF (Proton Density Fat Fraction, PDFF > 5%) and low PDFF
(<5%) from the UK Biobank. In total, there were 6 carriers
of the 10 variants in APOB, 41 carriers of 9 variants in LDLR
and 41096 individuals with a >5% PDFF value who did not
carry any of the 22 screened variants. Carrying a P/LP variant
in APOB showed a numerically higher risk for having higher
PDFF (odds ratio (OR)=2.6, 95% Confidence Interval (95%
CI)=0.5-12.8, p-value =0.36) while LDLR carriers showed a
protective trend (0.4, 95% CI1 0.2-1.1, p-value = 0.08) for having
a high PDFF value.

4 | Discussion

The principal finding of this study in the NASH-CRN cohort is
a significant association between heterozygosity for a P/LP vari-
ant in APOB causing hypobetalipoproteinemia and increased
steatosis grade: 2.4 versus 1.6 (p-value 0.0028). Although not sta-
tistically significant, we found similar trends in the UK Biobank
among individuals who carry the P/LP variants in APOB for in-
creased risk of higher PDFF value (OR =2.6) compared to those
without the variants. Also, heterozygosity for P/LP variants in
APOB was nominally associated with a higher NAFLD activity
score (4.9 vs. 3.8, p-value 0.04). Taken together, our findings sug-
gest that pathogenic variants underlying hypobetalipoprotein-
emia are associated with worse liver histology among patients
with MASLD. However, we did not observe any statistically
significant associations with LDLR variants (all p-values>0.05)
and histological characteristics.

These observations were made with matched non-carrier con-
trols, adjusting for age, sex and the contribution from the com-
mon genetic risks based on a three-SNP genetic risk score for
hepatic steatosis including PNPLA3, TM6SF2 and HSDI7BI3
[23]. These findings suggest that the genetic variants which
lead to low LDL cholesterol and apo B-containing lipoproteins
may have a role in histological progression among patients diag-
nosed with MASLD independent of previously known common
genetic variants.

Although we utilised a well characterised cohort of patients
with MASLD, there are a few weaknesses in the current
study. First, the number of carriers was small since the tested
variants were very rare (MAF <0.01%) and the cohort size of
NASH-CRN was modest (N =3358), making it relatively un-
derpowered to detect more subtle or less common phenotypic
changes. Furthermore, some of the liver related outcomes,
such as HCC, were too few to analyse against the rare variant
burden. For example, there were 10 cases of incident HCC in
our cohort, which made it not possible to replicate a report
on APOB variants leading to higher risk of HCC [24]. Second,
although the total and LDL cholesterol levels between APOB
carriers and matched non-carriers were statistically different
as expected, the LDL cholesterol in heterozygotes for LDLR
variants was not markedly higher than those of matched non-
carriers. This may be because of the effect of statin therapy,
which was only noted as a yes/no indicator variable without
detailed information on the duration, length and dosage infor-
mation to impute the untreated value. Our adjustment of LDL
cholesterol was based on a recent publication in FH patients
[16] and although we observed a trend to higher levels of total
and LDL cholesterol among heterozygotes for P/LP variants
in LDLR, these were not statistically significant. Third, we
were unable to directly replicate our findings in an indepen-
dent cohort of patients with MASLD and liver histology infor-
mation. As an alternative, we screened the UK Biobank for
those participants with MRI-PDFF values instead. Although
the direction of the effect of carrying LDLR variants trended
in opposite directions in NASH-CRN and the UKBB, we did
observe similar trends in related hepatic phenotypes among
heterozygotes for APOB L/LP variants. Lastly, although this
was one of the largest efforts to screen the variants underlying
monogenic dyslipidemias in an MASLD cohort, we were not
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TABLE 2 | Association between APOB and LDLR carrier status and histology measures.

APOB LDLR
versus versus
matched LDLR matched
APOB carriers APOB matched controls carriers LDLR matched controls
Variable (N=12) controls (N=45) p-value (N=10) controls (N=37) p-value
Steatosis grade 2.4(0.7) 1.6 (0.9) 2.77E-03 2.3(0.7) 1.8 (0.8) 0.06
Fibrosis stage 1.2(1.4) 1.1(1.3) 0.75 1.9 (1.5) 1.5(1.3) 0.51
NAS 4.9 (1.4) 3.8(1.7) 0.04 5(1.9) 4.1(1.8) 0.20
Lobular 66.7% (8/12) 28.9% (13/45) 0.02 50% (5/10) 40.5% (15/37) 0.72
inflammation
Portal 91.7% (11/12) 84.4% (38/45) 1.00 90% (9/10) 94.6% (35/37) 0.52
inflammation
Steatosis grade >2 91.7% (11/12) 48.9% (22/45) 0.01 90% (9/10) 54.1% (20/37) 0.06
Ballooning 58.3% (7/12) 53.3% (24/45) 1.00 60% (6/10) 45.9% (17/37) 0.49

Note: Associations between APOB and LDLR carrier status and liver histology lesions. Post multiple-testing corrected p-value significance threshold was 0.008 (for
Steatosis, Fibrosis and NAS). Lobular and portal inflammation, dichotomized steatosis grade and ballooning were added to aid the interpretation of the significant
associations between APOB carrier status and Steatosis and NAS. Steatosis grade, fibrosis stage and NAS were treated as continuous variables. Controls were matched

for age, sex, and three-SNP risk score.

able to verify that most of the variants we curated were associ-
ated with the condition. Again, this is because our sample size
was modest, indicating that a larger cohort would be needed
to identify more individuals who carried such rare variants.

In summary, monogenic disorders of dyslipidemia are rarely
present in patients with MASLD and are sometimes associated
with worse liver histology and testing for these conditions may
be undertaken on a case-by-case basis. We found clinically
relevant P/LP APOB variants that cause hypobetalipoprotein-
emia and have been associated in other studies with histo-
logical progression of liver disease in our cohort of patients
with well-characterised MASLD. Hypobetalipoproteinemia
caused by pathogenic variants of APOB should be considered
in patients with low serum total and LDL cholesterol. Future
studies to characterise the roles of less common variants as-
sociated with hereditary dyslipidemia would be valuable but
likely not feasible given the lack of larger cohorts with detailed
histological characterisation of MASLD although this would
contribute to a better understanding of their role in progres-
sion, risk and outcomes in patients with MASLD.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Table of the variants in-
cluded in the manuscript. SPDI, sequence position deletion insertion;
Variant, variant name in amino acid changes and nucleotide changes;
ClinVarID, ClinVar annotation ID number. Classification: ClinVar
classifications, Condition for ACMG classification for the variants in
ANGPTL3, APOB, MTTP is Hypobetalipoproteinemia, for the vari-
ants in LDLR is Hypercholesterolemia. Criteria Met: ClinGen criteria
for recommendation for American College of Medical Genetics and
Genomics (ACMG) and Association for Molecular Pathology (AMP).
VCEP: ClinGen Variant Curation Expert Panel. Table S2: Table of de-
mographical and clinical details of 24 variant carriers in NASH CRN.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; CVD,
cardiovascular disease; HbAlc, haemoglobin Alc; HDL, high density
lipoprotein; HOMA-IR, homeostatic model assessment for insulin resis-
tance; LDL, low density lipoprotein; NAS, nonalcoholic steatohepatitis
activity score. Table S3: Summary of table of demographics, clinical
diagnoses and liver lab values between APOB and LDLR variant car-
riers and their matched controls among adult patients subset of NASH
CRN. AlkPhos, alkaline phosphatase; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; BMI, body mass index; BP, blood
pressure; CAD, coronary artery disease; CKD, chronic kidney disease;
CVD, cardiovascular disease; FNI, fibrotic NASH index; GGT, gamma-
glutamyl transferase; SD, standard deviation. APOB versus matched
controls p-value and LDLR versus matched controls p-value columns
show Wilcoxon rank sum p-values for continuous variables and Fisher's
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exact p-value for categorical variables. Table S4: Summary of table of
demographics, clinical diagnoses and liver lab values between APOB
and LDLR variant carriers and their matched controls among paediat-
ric patients subset of NASH CRN. AlkPhos, alkaline phosphatase; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; BMI, body
mass index; BP, blood pressure; CAD, coronary artery disease; CKD,
chronic kidney disease; CVD, cardiovascular disease; FNI, fibrotic
NASH index; GGT, gamma-glutamyl transferase; SD, standard devia-
tion. APOB versus matched controls p-value and LDLR versus matched
controls p-value columns show Wilcoxon rank sum p-values for contin-
uous variables and Fisher's exact p-value for categorical variables.
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