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Abstract

Background and Aims: Several genotypes associate with a worse histopathological
profile in patients with non-alcoholic fatty liver disease (NAFLD). Whether genotypes
impact long-term outcomes is unclear. We investigated the importance of PNPLAS,
TM6SF2, MBOAT7 and GCKR genotype for the development of severe outcomes in
NAFLD.

Method: DNA samples were collected from 546 patients with NAFLD. Advanced fi-
brosis was diagnosed by liver biopsy or elastography. Non-alcoholic steatohepatitis
(NASH) was histologically defined. Additionally, 5396 controls matched for age, sex
and municipality were identified from population-based registers. Events of severe
liver disease and all-cause mortality were collected from national registries. Hazard
ratios (HRs) adjusted for age, sex, body mass index and type 2 diabetes were esti-
mated with Cox regression.

Results: In NAFLD, the G/G genotype of PNPLA3 was associated with a higher preva-
lence of NASH at baseline (odds ratio [OR] 3.67, 95% Cl = 1.66-8.08), but not with
advanced fibrosis (OR 1.81, 95% Cl| = 0.79-4.14). After up to 40years of follow-up,
the PNPLA3 G/G genotype was associated with a higher rate of severe liver disease
(adjusted hazard ratio [aHR] 2.27, 95% Cl| = 1.15-4.47) compared with the C/C vari-
ant. NAFLD patients developed cirrhosis at a higher rate than controls (aHR 9.00,
95% Cl = 6.85-11.83). The PNPLA3 G/G genotype accentuated this rate (aHR 23.32,
95% = Cl 9.14-59.47). Overall mortality was not affected by any genetic variant.
Conclusion: The PNPLA3 G/G genotype is associated with an increased rate of cir-
rhosis in NAFLD. Our results suggest that assessment of the PNPLA3 genotype is of
clinical relevance in patients with NAFLD to individualize monitoring and therapeutic

strategies.

Abbreviations: BMI, body mass index; CVD, cardiovascular disease; DNA, deoxyribonucleic acid; EDTA, ethylenediaminetetraacetic acid; FFPE, formalin-fixed paraffin-embedded;
GCKR, the glucokinase regulator gene; HCC, hepatocellular carcinoma; HR, hazard ratio; ICD, international classification of diseases; IQR, interquartile range; MBOAT7, the membrane-
bound O-acyltransferase domain containing 7 gene; NAFLD, non-alcholic fatty liver disease; NASH, non-alcoholic steatohepatitis; OR, odds ratio; PCR, polymerase chain reaction;
PNPLAS3, the patatin-like phospholipase domain containing 3 gene; PRS, polygenic risk score; RNA, ribonucleic acid; T2D, type 2 diabetes mellitus; TM6SF2, the transmembrane 6

superfamily member 2 gene.
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1 | INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common
chronic liver disease globally with an estimated prevalence of 25%.
The increased prevalence of NAFLD is linked to a similar increase in
obesity and type 2 diabetes mellitus (T2D).?° The histopathological
spectrum of NAFLD ranges from simple steatosis to non-alcoholic
steatohepatitis (NASH), fibrosis and cirrhosis.* There is evidence
that genetic factors significantly affect the risk of such disease pro-
gression in NAFLD.>”

A large body of evidence supports associations for several genetic
variants with different traits of NAFLD, including histologically defined
NASH, fibrosis and cirrhosis.22° Some of the most studied genetic vari-
antsinclude the 1148M variant of the patatin-like phospholipase domain
containing 3 (PNPLA3 rs738409) gene, the E167K variant of the trans-
membrane 6 superfamily member 2 (TM6SF2 rs58542926) gene, the
membrane-bound O-acyltransferase domain containing 7 (MBOAT7
rs641738) gene and the glucokinase regulator (GCKR rs1260326) gene.
Furthermore, since the initial discovery of an association between these
four genes and NAFLD severity, several studies have investigated their
combined effect on the risk of progressive disease in NAFLD. In a study
on 1515 patients with histologically determined NAFLD, a polygenic
risk score (PRS) was constructed. This PRS correlated to the presence
of hepatic fat content, NASH and liver fibrosis.?!

However, most of the evidence stem from studies with a cross-
sectional design and previous longitudinal cohort studies did not in-
clude patients with histologically defined NAFLD or had short time
of follow-up.?2* In the present study, we performed a longitudinal
multicentre study to investigate how genetic variants of PNPLAS3,
TM6SF2, MBOAT7 and GCKR affect the risk of developing severe liver
disease, cardiovascular disease (CVD) and overall mortality in a cohort
of well-characterized patients with NAFLD with extensive follow-up.

2 | MATERIALS AND METHODS

2.1 | Study population

2.1.1 | The NAFLD population

A total of 901 individuals diagnosed with NAFLD at the Karolinska
University Hospital or Linkdéping University Hospital, both Sweden,
between 1974 and 2019 were screened for inclusion. Subjects were
collected from an ongoing study, Fatty Liver In Sweden 2 (FLIS-2,
n = 62) and from two previously described study cohorts, Fatty liver
in Sweden 1 (FLIS-1, n = 143) and long-term follow-up of NAFLD
(LTU, n = 696).2>?° The NAFLD diagnosis was established by stand-
ard clinical investigation, that is, confirmed steatosis on imaging or
liver biopsy in combination with alcohol consumption of less than

Lay summary

Studies show that certain common genetic variants are
linked to an increased risk of inflammation and scaring of
the liver (fibrosis) in people who have non-alcoholic fatty
liver disease (NAFLD). In this study, we gathered informa-
tion about four genetic variants in a group of 546 persons
with NAFLD, matched to up to 10 individuals from the gen-
eral Swedish population. Information about the event that
someone developed cirrhosis, cardiovascular disease, or
died, was collected from national patient registers and we
were able to follow the group over a period of 20years. We
found that NAFLD patients with a specific variant of a gene
called PNPLA3 had a higher risk of developing cirrhosis.
The risk was increased both compared with that of NAFLD
patients with the normal gene variant and compared with
the general population.

140g/week for women and 210 g/week for men and the exclusion of
any other chronic liver disease or steatogenic medications. Patients
with concurrent liver diseases such as alcohol-related liver disease,
chronic viral hepatitis B and C were excluded. Samples for DNA anal-
ysis could be collected from 592 NAFLD subjects, 302 from living
and 290 from deceased subjects. In total, 546 samples were suc-
cessfully characterized for PNPLA3 allele type, 523 for TM6SF2, 532
for MBOAT?7 and 535 for GCKR. Figure 1A describes the inclusion of
study participants. Blood tests, anthropometric measures and data

on comorbidities were collected at baseline.

2.1.2 | Reference population and first-
degree relatives

For each subject with NAFLD, up to 10 reference individuals from
the Swedish general population, matched for age, sex and municipal-
ity at the year of diagnosis were identified by linkage to the Total
Population Register.?’” This matched cohort was subsequently linked
to several other national registers (described below), allowing for
identification of outcomes and registry-based covariates. After ex-
clusion of reference individuals with a diagnosis of alcohol use dis-
orders (n = 221), other chronic liver diseases (n = 105) or NAFLD
before baseline (n = 2), the reference population consisted of 5234
individuals. A total of 421 first-degree siblings of the NAFLD pa-
tients were also identified in the Total Population Register. Of these,
one was excluded due to a diagnosis of NAFLD before baseline and
seven due to other liver diseases. Thus, 413 siblings were included in
the analysis (Figure 1B).
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FIGURE 1 Flowchart describing (A) [ 71U FLIS-1 FLIS-2
patient selection and exclusion criteria n=696 n=143 n=62

in the NAFLD cohorts (A) and matched I |

reference population and first-degree

NAFLD screening cohort

relatives (B). Abbreviations: LTU = the n=901 (B)
Long-term follow-up of NAFLD study. | Reference population First degree relatives
FLIS-1 and 2 =the Fatty Liver in Sweden n= 5560 n=421
. NAFLD-DNA NAFLD-DNA
IS.tUdZi.l and 2AE‘§FLID’ EOT a|ICCt)h;)|II.C fatty Deceased, n=290 Living, n=302
iver disease, , alcohol-related liver A0
disease. |
Undetermined Undetermined
Other Liver || Other Liver
I Di = i =
NAFLD-DNA Cohort n=546 s Diseasen=7
- PNPLA3, n=546
- TM6SF2, n=523
- MBOAT7,n=523 Reference population First degree relatives
- GCKR, n=535 n="5234 n=413
2.2 | Histological assessment to paramagnetic silica particles. The particles were extracted using
magnets, and finally the DNA was eluated.
2.2.1 | NASH and liver fibrosis DNA from formaldehyde-fixed, paraffin-embedded (FFPE) liver

Liver biopsy had been performed in 496 subjects (90.8%). The
NAFLD activity score (NAS) was calculated by summing the degree
of steatosis (0-3), lobular inflammation (0-3) and hepatocellular
ballooning (0-2) according to Kleiner et al.?% The fatty liver inhibi-
tion of progression algorithm was used to define the presence of
NASH.?’ Fibrosis stage was assessed according to the classification
by Kleiner.?® In subjects where liver biopsy was not available tran-
sient elastography (Fibroscan® Echosens) was used to categorize
fibrosis. A liver stiffness of 215kPa was defined as advanced fibrosis.

2.3 | Genetic analysis

2.3.1 | Collection of DNA samples

Subjects in the original NAFLD cohorts that were alive at the time
of inclusion (2017-2019) were contacted by telephone or mail and
asked to leave a blood sample for DNA analysis at the outpatient
clinic at the Department of Hepatology, Karolinska University
Hospital. Subjects who were not able to come to the clinic were
asked to leave a blood test at a primary care laboratory, which was
subsequently shipped to the Karolinska University Hospital for
analysis. For individuals who were deceased, tissue for DNA analy-
sis was extracted from historical liver biopsies stored in the medical

biobanks at each hospital.

2.3.2 | DNA solation and genotyping

DNA was extracted from whole blood in EDTA tubes using the
QiaSymphony SP instrument (Qiagen) and the DNA Mini Kit (Qiagen,
Cat. No. 937236) according to the manufacturer's manual. In short,
erythrocytes and leucocytes were lysed, and free DNA was bound

biopsies was performed using RecoverAll™ Multi-Sample RNA/DNA
Isolation Workflow (Invitrogen, Massachusetts, USA Cat#A26069).
Three 10-pm sections of FFPE blocks were processed according to
the manufacturer's protocol (User bulletin, Version: MAN0010642
Rev. D.0) and as previously described.*° Briefly, the FFPE slides were
deparaffinized and digested with protease. The samples were then
loaded on pure link columns. The DNA bounded to the column was
eluted in a fresh tube while the flow-through RNA containing was
applied to a new column, treated with DNase, and then eluted from
the filter to recover RNA.

Genotyping was performed using TagMan probes.?! The gen-
otypes of PNPLA3 (rs738409), TM6SF2 (rs58542926), MBOAT7
(rs641738) and GCKR (rs1260326) were analysed using commer-
cially available TagMan probes and a 7500 Fast Real-Time PCR
System, both from Thermo Fisher, according to the manufacturer's

instruction.3°

2.3.3 | Calculation of genetic risk score

We used the model previously described by Dongiovanni et al. to
calculate a PRS.?! The score summarizes the total number of alleles
in the four investigated genotypes weighted by their individual ef-
fect size using linear regression and was shown to correlate strongly

to histopathological traits of NASH and fibrosis stage.?!

24 | Outcomes

241 | Severe liver disease, cardiovascular
events and overall mortality

Every individual residing in Sweden has a unique personal identity
number that is linked to several registers, including the National
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Patient Register,>®3 the Swedish Cancer Register®® and the
Causes of Death Register.>® For both the NAFLD cohort and the
reference population, we received data from these registers on
diagnoses of other liver diseases than NAFLD, cirrhosis, decom-
pensation events, liver transplantation, cardiovascular events,
alcohol- and drug-associated disorders, hepatocellular carcinoma
(HCC) and date and cause of death. All subjects were followed
from the date of inclusion until the date of an outcome, a censor-
ing event, or 31 December 2019. Censoring events in the analysis
of overall mortality were emigration, liver transplantation or di-
agnosis of liver diseases other than NAFLD after the index date.
In the analyses of CVD and severe liver disease, death not due to
the outcome (CVD- or liver-related, respectively) were also con-
sidered a censoring event. The ICD-8, ICD-9 and ICD-10 systems
were used to define outcomes in the registries. Cardiovascular
events were defined as acute ischaemic heart disease or acute
cerebrovascular disease. Severe liver disease was defined as a
diagnosis of cirrhosis, decompensation with ascites, oesophageal
varices, hepatic encephalopathy, portal hypertension, hepatorenal
syndrome or HCC. The ICD codes used to define outcomes are

shown in Table S1.

2.5 | Statistical analysis

Baseline characteristics of the NAFLD cohort were calculated
using summary statistics and are shown as median values with
interquartile ranges (IQR) for continuous parameters or as total
numbers and percentages for categorical parameters. The associa-
tion between allele type and the presence of NASH and advanced
fibrosis (stage 0-2 vs stage 3-4, or less or more than 15kPa in
those with only Fibroscan assessment of fibrosis) at baseline was
calculated only in patients with NAFLD (as there were no genetic
data in reference individuals or siblings), using logistic regression
presented as odds ratios (OR) with 95% confidence intervals (Cl).
In a second model, we adjusted for age, sex, body mass index (BMI)
and T2D at baseline.

Cox regression was used to estimate rates of severe liver dis-
ease, cardiovascular events and overall mortality respectively. In
the NAFLD population, we compared subgroups of patients with
NAFLD per allele type, using the wild type as the reference group.
The primary regression model was unadjusted, whereas the sec-
ond model was adjusted for age, sex, T2D and BMI. As fibrosis
might not be a confounder, but rather a mediator, we did not adjust
for fibrosis in the model. Instead, we stratified the cohort on the
presence of advanced fibrosis at baseline and examined the rates
of each outcome separately in these strata. However, as a sensi-
tivity analysis, we additionally adjusted the regression model for
advanced fibrosis.

Separately, we investigated rates of outcomes in NAFLD com-
pared with matched controls per allele type (e.g. comparing pa-
tients with PNPLA3 G/G to matched controls and PNPLA3 C/C to
matched controls, separately). This Cox model was conditioned

on the matching factors (age, sex, calendar year of diagnosis and
municipality). Estimates from the Cox models are presented as
hazard ratios (HRs) with 95%Cls. The aim of the study was to exam-
ine the etiological association between genotypes and outcomes.
Therefore, we did not use a competing risk framework as the main
analysis. Cox regression is preferred when the research question
is considering etiological associations, whereas the competing risk
framework is preferred when calculating cumulative incidence.3
However, as a second sensitivity analysis, we performed a compet-
ing risk analysis using the Fine-Gray regression model where death
from other causes than severe chronic liver disease was defined as
competing risk.

2.6 | Ethical considerations

The study was approved by the regional ethics committee in
Stockholm, Sweden. All subjects included in the NAFLD cohorts that
were alive signed an informed consent at the time of collection of
the DNA sample (Dnr 2011/905-31/2, 2011/13-31/1, 2016/2137-
31, 2018/880-31).

3 | RESULTS

3.1 | Patient selection and baseline characteristics

The median age of the NAFLD cohort was 51 years (IQR 39-59), and
340 patients (62%) were male. Median BMI was 27.4 kg/m? (IQR
25.0-30.1), and 100 subjects had T2D (19.1%). Complete data on
fibrosis stage from biopsy were available in 496 subjects. Advanced
fibrosis (fibrosis stage 3-4) was present in 72 (14.5%) subjects.
Transient elastography was used to categorize fibrosis in 34 subjects
who lacked liver biopsy of which seven were classified as having ad-
vanced fibrosis (liver stiffness 215kPa). Most subjects were included
after 1990 (53.1%), and only 15 subjects were included before 1980.
The distribution of genetic variants for each gene and complete

baseline characteristics of the NAFLD cohort are shown in Table 1.

3.2 | Association between allele type and
severity of NAFLD at baseline

In the NAFLD cohort, the G/G-genotype of PNPLA3 was associated
with a higher risk of NASH in both crude (OR 3.42, 95% Cl = 1.68-
6.95) and adjusted analyses (aOR 3.67, 95% Cl = 1.66-8.08), while
no association with any allele type of TM6SF2, MBOAT7 or GCKR
and the presence of NASH was seen. The PRS was associated with
a higher risk of NASH in both crude and adjusted analysis (OR 3.59
per unit increase, 95% Cl = 1.53-8.43; aOR 3.81 95% Cl = 1.48-
9.81); hence, this was largely driven by the PNPLA3 component. No
association was seen between PNPLA3, TM6SF2, MBOAT7, GCKR or
the PRS and advanced fibrosis (Table 2).
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TABLE 1 Baseline characteristics of the NAFLD cohort included
in the DNA analysis

Complete datain N Median/IQR or

Parameter persons (%) N/%

Age (years) 546 (100) 51 (39-59)

Sex (male) 546 (100) 340 (62.2)

BMI (kg/m?) 483 (88) 27.4(25.0-30.1)
Year of diagnosis 546 (100)

<1980 = 15(2.7)

1980-1989 - 241 (44.1)

1990-1999 - 158 (28.9)

2000-2009 - 76 (13.9)

>2009 = 56 (10.3)

ALT (1U/L) 535 (98.0) 66.4 (45.3-98.9)
PNPLA3 (CC/CG/GG) 546 (100) 231/230/85
TM6SF2 (CC/CT/TT) 523(95.8) 386/116/21
MBOAT7 (CC/CT/TT) 532 (97.4) 187/234/111
GCKR (CC/CT/TT) 535 (98.0) 209/219/107
Liver biopsy available 496 (90.8)

Fibrosis stage

0 - 122 (24.6)

1 - 192(38.7)

2 - 110 (22.2)

3 - 51(10.3)

4 — 21(4.2)

Fat score 450 (82.4)

0 = 22(4.9)

1 — 164 (36.4)

2 — 109 (24.2)

3 — 155 (34.4)
NASH 442 (81.0) 288 (65.2)
Type 2 diabetes mellitus 524 (96.0) 100 (19.1)
Liver stiffness (kPa) 61 (11.2) 9.9 (6.8-16.0)

Abbreviations: ALT, alanine aminotransferase; BMI, body mass index;
DNA, deoxyribonucleic acid; IQR, interquartile range; NAFLD, non-
alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis.

3.3 | Association between allele type and rate of
development of severe liver disease in NAFLD

In the analysis restricted to the NAFLD cohort, over a median follow-
up of 19.6 (0.1-40.0) years, 78 events of severe liver disease were
observed, of which there were 35 cases of liver decompensation and
20 cases of HCC. The G/G-genotype of PNPLA3 was associated with
a higher rate of developing severe liver disease compared with the
C/C genotype in both the crude analysis (HR 2.14, 95% Cl = 1.17-
3.91) and when adjusting for age, sex, T2D and BMI (aHR 2.27, 95%
Cl =1.15-4.47) (Table 3).

Inasensitivity analysis, an association between the PNPLA3 G/G-
genotype and the risk of both HCC (HR 4.14, 95% Cl = 1.43-11.94;
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aHR 6.46, 95% Cl = 1.86-22.44) and liver decompensation (HR
2.58, 95% Cl = 1.02-6.56; aHR 2.82, 95% Cl = 1.08-7.40) was ob-
served in both unadjusted analysis and adjusted for age, sex, T2D
and BMLI.

When stratifying subjects on the presence of advanced fibrosis
at baseline (FO-2 or<15kPa, n = 451; F3-4 or215kPa, n = 79) a sig-
nificant association between carriage of the PNPLA3 G/G genotype
and a higher rate of development of severe liver disease was de-
tected in the group without (aHR 2.49, 95% ClI = 1.05-5.89) but not
in the group with advanced fibrosis (aHR 0.89, 95% Cl = 0.21-3.74)
(Figure 2). In the first sensitivity analysis, which additionally included
advanced fibrosis in the adjusted model, the association was no lon-
ger significant (aHR 1.68 95% Cl = 0.81-3.46).

The second sensitivity analysis using the Fine-Gray competing
risk model (adjusted for age, sex, BMIl and T2D, as in the Cox models)
still showed a significant association between the PNPLA3 G/G gen-
otype and the risk of severe liver disease (sHR 2.17 95% Cl = 1.19-
3.95; adjusted sHR 2.21 95% Cl = 1.11-4.40).

None of the polymorphisms of TM6SF2, MBOAT7, GCKR, nor the
PRS, were associated with increased risk of development of severe

liver disease in the full cohort (Table 3).

3.4 | Association between allele type, rate of
CVD and risk for overall mortality in NAFLD

A total of 195 subjects (35.7%) in the NAFLD cohort had a CVD out-
come. The incidence rate of cardiovascular events did not differ sig-
nificantly between any allele type of PNPLA3, TM6SF2, MBOAT7 or
GCKR (Table 4). During follow-up, 255 (46.7%) of the subjects in the
NAFLD cohort died. No significant association was seen between
any genotype or the PRS and higher risk of mortality. The same
finding was seen in patients without advanced fibrosis at baseline
(Table 5 and Figure 3).

3.5 | Association between allele type and rate of
severe liver disease compared with the reference
population and siblings

In total, 5234 controls were matched to the 546 NAFLD subjects
with PNPLA3 data. A total of 94 subjects in the reference popula-
tion (1.8%) developed severe liver disease during follow-up and
74 (13.5%) in the NAFLD cohort. Subjects with NAFLD exhibited
in general a higher rate of severe liver disease compared with the
reference population (HR 9.00, 95% Cl = 6.85-11.83). The rate was
further increased among carriers of the G/G-genotype of PNPLA3
(HR C/C vs controls: 6.79, 95% Cl = 4.02-11.48; HR G/G vs controls:
23.32, 95% Cl = 9.14-59.47; p, ieraction = 0-017). For TM6S5F2, GCKR,
or MBOAT7, no association between genotype and rate of severe
liver disease was observed (Table 6).

Severe liver disease among siblings was rare (n = 18) and, there-
fore, no meaningful analyses could be performed.
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TABLE 2 Associations between genotype or PRS and NAFLD severity (NASH and advanced fibrosis) at baseline using logistic regression

Advanced fibrosis

NASH

aOR? (95%Cl)

N outcomes (%) OR (95%Cl)

aOR? (95%Cl) N exposed

N outcomes (%) OR (95%Cl)

N exposed

Gene type
PNPLA3

1.78 (0.93-3.39)

1.0 (ref)

1.23(0.72-2.08)
1.49 (0.76-2.94)

1.0 (ref)
1.0 (ref)

1.81(0.79-4.14)

1.0 (ref)

0.69 (0.33-1.43)
1.05 (0.22-5.10)

1.0 (ref)

0.79 (0.43-1.44)
0.84 (0.24-2.93)

1.0 (ref)

227
22

1.34(0.84-2.11)
3.67 (1.66-8.08)

1.0 (ref)
1.0 (ref)

0 (ref)
1.25(0.83-1.90)

3.42(1.68-6.95)

1.0 (ref)

114 (59.4)
119 (64.7)
55 (83.3)

192
184

c/C
C/G

81
374
115

66
320

G/G
c/C
C/T

1.07 (0.63-1.83)
0.87 (0.27-2.80)

1.0 (ref)

0.95(0.59-1.54)
0.87(0.31-2.46)

1.0 (ref)

210 (65.6)
60 (64.5)
10 (62.5)

93

2(9.5)

21
200

16
166

/T

PNPLA3

PNPLA3

TM6SF2
TM6SF2

TM6SF2

0.93(0.49-1.79)
1.14 (0.54-2.42)
1.0 (ref)

0.87 (0.45-1.68)

0.96 (0.56-1.66)
1.01(0.52-1.94)
1.0 (ref)

0.88(0.51-1.53)
0.95 (0.49-1.86)

HOLMER ET AL.

1.27 (0.58-2.81)
1.56 (0.48-5.13)

0.96 (0.35-2.59)

107 (64.5)
119 (64.7)
57 (67.1)
96 (61.1)

GCKR (C/C)

213
106
180
229

0.79 (0.49-1.28)
0.97 (0.53-1.77
1.26 (0.78-2.04)

1.0 (ref)

1.01 (0.65-1.56)
1.12(0.65-1.95)

1.0 (ref)
1.17 (0.75-1.81)

125 (64.8)
58 (72.5)

184
85
193

GCKR (C/T)
GCKR (T/T)
MBOAT?7 (C/C)
MBOAT?7 (C/T)

107
496

1.48 (0.78-2.83)
3.81(1.48-9.81)

1.67 (0.93-3.01)

80
419

MBOAT7 (T/T)

PRS

3.59 (1.53-8.43)

273(65.2)

0 (ref.).

Abbreviations: aOR, adjusted odds ratio; BMI, body mass index; Cl, confidence interval; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; OR, odds ratio; PRS, polygenic risk score.

1 and the outcome compared with a PRS

Note: For PRS, the OR shows the association between PRS

#Adjusted for age, sex, BMI and type 2 diabetes.

3.6 | Association between allele type,
mortality and CVD in NAFLD compared with the
reference population and siblings

Subjects with NAFLD had a higher rate of death compared with
matched controls (HR 1.33, 95% Cl = 1.17-1.50) and siblings (HR
1.68, 95% CI = 1.17-2.42). However, no further increased rate of
mortality was observed between any allele type of the four genes
in the NAFLD cohort compared with the reference population
(Table S2) or siblings (Table S3).

NAFLD was associated with a higher rate of CVD compared
with matched controls (HR 1.60, 95% Cl = 1.39-1.86). No statistical
difference in this rate was observed between any genotype of the
PNPLA3, TM6SF2, MBOAT7 or GCKR (Table S4). Data on events of
CVD in siblings were not available because of restrictions in data

access from the national registers, why no analysis was possible.

4 | DISCUSSION

In this large cohort study, we found that the PNPLA3 G/G genotype
was associated with a more than twofold rate for the development
of cirrhosis in NAFLD. The finding was consistent, both compared
with other patients with NAFLD that carried the C/C genotype but
also compared with reference individuals from the general popu-
lation. Our results support a link between the G/G genotype in
PNPLA3 and risk for the development of both cirrhosis and HCC in
NAFLD. However, the association was restricted to patients without
advanced fibrosis at baseline. This demonstrates that to establish
the PNPLA3 genotype to estimate the risk of future liver-related
events, is of interest mainly for patients who are being diagnosed
with NAFLD early after onset. For patients who already have devel-
oped advanced fibrosis at diagnosis, the disease promoting effect of
the G/G genotype seems to be of less importance.

The results are consistent with previous findings. In a recent
study on more than 80000 obese individuals from the UK biobank
with similar outcome measures, the PNPLA3 C> G allele was shown
to increase the risk of severe liver disease 1.6-fold.®” In addition, in
a recent study on 471 NAFLD patients prospectively enrolled and
followed for a median of 5.4 years, a twofold increased risk of severe
liver disease among carriers of the C>G allele of PNPLA3 was re-
ported.®® Our data extend these findings by a much longer follow-up
and by active comparison with the general population.

The effect of the PNPLA3 G/G genotype on the risk of develop-
ing severe liver disease was more pronounced for patients without
advanced fibrosis at baseline. Fibrosis is the most important predic-
tor of long-term prognosis in NAFLD.?% A plausible reason could be
that in patients who have already developed advanced fibrosis, the
additive effect on progression caused by genetic traits is of lower
importance. Another explanation could be that the subgroup with
advanced fibrosis was small and that the analysis was underpowered.

The PNPLA3 G/G genotype was also associated with the pres-
ence of NASH at baseline. Our results are consistent with previous
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TABLE 3 Hazard ratios from Cox regression analyses of associations between genotypes and development of severe liver disease in the

NAFLD cohort
Incidence rate (per 1000

Genotype N exposed N of outcomes (%) person years) HR aHR?

PNPLA3 (C/C) 231 27 (11.6) 6.3 (4.2-9.2) 1.0 (ref) 1.0 (ref)
PNPLA3 (C/G) 230 32(13.9) 7.5(5.2-10.6) 1.20(0.71-2.02) 1.26 (0.70-2.28)
PNPLA3 (G/G) 85 19 (22.3) 13.2(8.2-21.2) 2.14(1.17-3.91) 2.27 (1.15-4.47)
TMé6SF2 (C/C) 386 52 (13.5) 7.8 (5.9-10.2) 1.0 (ref) 1.0 (ref)
TMé6SF2 (C/T) 116 15(12.9) 7.2 (4.3-11.9) 0.90(0.51-1.60) 0.85(0.44-1.63)
TMé6SF2 (T/T) 21 3(14.3) 6.7 (2.1-20.7) 0.93(0.29-2.98) 1.06 (0.26-4.45)
GCKR (C/C) 209 31(14.8) 8.2(5.8-11.¢) 1.0 (ref) 1.0 (ref)

GCKR (C/T) 219 29 (13.2) 7.7 5.4-11.1) 0.86(0.52-1.43) 0.78 (0.44-1.38)
GCKR (T/T) 107 14 (13.1) 7.5(4.4-12.7) 0.94 (0.51-1.74) 0.96 (0.49-1.86)
MBOAT?7 (C/C) 187 33(17.6) 10.4 (7.4-14.7) 1.0 (ref) 1.0 (ref)
MBOAT?7 (C/T) 234 25(10.7) 5.8 (3.9-8.6) 0.58(0.35-0.99) 0.55(0.31-0.99)
MBOAT7 (T/T) 111 14 (12.6) 7.4 (4.4-12.6) 0.74 (0.40-1.37) 0.77 (0.39-1.54)
PRS 506 69 (13.6) - 1.78 (0.71-4.43) 1.96 (0.69-5.58)

Note: For PRS, the HR shows the association between PRS = 1 and the outcome compared with a PRS = O (ref.).

Abbreviations: aHR, adjusted hazard ratio; BMI, body mass index; Cl, confidence interval; HR, hazard ratio; NAFLD, non-alcoholic fatty liver disease;

PRS, polygenic risk score.
@Adjusted for age, sex, type 2 diabetes mellitus and BMI.
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evidence supporting this relationship.?? However, we found no
association between PNPLA3 genotype and advanced fibrosis at
baseline. This contrasts several previous studies that links PNPLA3
genotype to advanced fibrosis.*>*! This lack of association could
possibly be the same as in our survival analysis, a low statistical
power. Only 14.5% of histologically characterized subjects with
NAFLD in our cohort had fibrosis stage 3 or 4 at baseline, com-
pared with 35% in a previous study with a similar setting.42 This
however also highlights that our cohort is less likely to suffer from
selection bias.

We found that the PRS correlated to the presence of NASH but
not to advanced fibrosis. This is partly consistent with the original
study that first demonstrated that the PRS was predictive of both
NASH and advanced fibrosis.?! In our study, the PRS did not correlate
to increased risk of development of severe liver disease. We believe
this discrepancy between previous reports and the present results
is mainly explained by a lack of statistical power. The weight of each
genotype in the original model that defines the PRS was based on the
association to steatosis for each gene.21 The model was developed
in a cohort of >9000 individuals. Only a minority of NAFLD patients
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TABLE 4 Hazard ratios from Cox regression analyses for associations between genotypes and cardiovascular disease events in the

NAFLD cohort
Genotype N exposed N of outcomes (%)
PNPLA3 (C/C) 231 79 (34.2)
PNPLA3 (C/G) 230 76 (33.0)
PNPLA3 (G/G) 85 19 (22.3)
TM6SF2 (C/C) 386 124 (32.1)
TMé6SF2 (C/T) 116 37 (31.9)
TM6SF2 (T/T) 21 8(38.1)
GCKR (C/C) 209 69 (33.0)
GCKR (C/T) 219 64(29.2)
GCKR (T/T) 107 36 (33.6)
MBOAT7 (C/C) 187 64 (34.2)
MBOAT?7 (C/T) 234 70(29.9)
MBOAT?7 (T/T) 111 37(33.3)
PRS 507 175 (34.5)

Incidence rate (per 1000

person years)

22.2(17.8-27.7)
20.9 (16.7-26.1)
15.3(9.8-24.0)

21.2(17.8-25.3)
20.1(14.5-27.7)
19.4 (9.7-38.7)

20.2(16.0-25.6)
19.2 (15.0-24.5)
23.2(16.8-32.2)
22.6 (17.7-28.9)
18.8 (14.9-23.8)
22.6 (16.3-31.1)

HR (95% ClI)

1.0 (ref)
0.97 (0.71-1.31)
0.64(0.39-1.05
1.0 (ref)
0.85(0.60-1.22)
0.87 (0.42-1.77)
1.0 (ref)
0.97 (0.70-1.35)
1.24(0.84-1.84)
1.0 (ref)
0.82(0.59-1.14)
1.00(0.68-1.47)
0.68 (0.38-1.24)

Note: For PRS, the HR shows the association between PRS = 1 and the outcome compared with a PRS = O (ref.).
Abbreviations: aHR, adjusted hazard ratio; BMI, body mass index; Cl, confidence interval; HR, hazard ratio, NAFLD, non-alcoholic fatty liver disease;

PRS, polygenic risk score.

2Adjusted for age, sex, type 2 diabetes mellitus, BMI.

aHR?(95% Cl)

0 (ref)

1.04 (0.76-1.44)

0.64 (0.38-1.08)

0 (ref)

0.75(0.51-1.10)

1.17 (0.55-2.53)
1.0 (ref)

0.99 (0.70-1.40)

1.19 (0.79-1.79)
1.0 (ref)

0.84 (0.60-1.18)

1.07 (0.71-1.63)

0.73(0.39-1.37)

TABLE 5 Hazard ratios from Cox regression analyses for associations between genotypes and overall mortality in the NAFLD cohort

Genotype N exposed N of outcomes (%)
PNPLA3 (C/C) 231 101 (43.7)
PNPLA3 (C/G) 230 102 (44.3)
PNPLA3 (G/G) 85 2(37.6)
TMé6SF2 (C/C) 386 173 (44.8)
TMé6SF2 (C/T) 116 4(37.9)
TMé6SF2 (T/T) 21 0 (47.6)
GCKR (C/C) 209 101 (48.3)
GCKR (C/T) 219 2(37.4)
GCKR (T/T) 107 46 (43.0)
MBOAT?7 (C/C) 187 6(46.0)
MBOAT?7 (C/T) 234 95 (40.6)
MBOAT7 (T/T) 111 47 (42.3)
PRS 392 190 (48.5)

Incidence rate (per 1000

person years)

23.6 (19.4-28.7)
23.6 (19.4-28.7)
22.8(16.1-32.3)
24.8 (21.3-28.8)
20.5(15.2-27.6)
21.7 (11.7-40.3)
25.4(20.9-30.9)
21.0(16.9-26.1)
23.8(17.8-31.8)
25.8(20.9-31.9)
21.2(17.4-25.9)
24.2(18.2-32.2)

HR (95% ClI)

1.0 (ref)
1.03(0.79-1.36)
1.03(0.69-1.53)

1.0 (ref)
0.75(0.54-1.04)
0.84 (0.44-1.59)

1.0 (ref)

0.76 (0.57-1.02)
0.90(0.63-1.27)

1.0 (ref)

0.86 (0.64-1.14)
0.88(0.61-1.24)
0.78 (0.46-1.31)

Note: For PRS, the HR shows the association between PRS = 1 and the outcome compared with a PRS = O (ref.).
Abbreviations: aHR, adjusted hazard ratio; BMI, body mass index; Cl, confidence interval; HR, hazard ratio; NAFLD, non-alcoholic fatty liver disease;

aHR?(95% Cl)
1.0 (ref)
0.93(0.69-1.25)
1.14 (0.76-1.73)
0 (ref)
0.77 (0.54-1.10)
1.33(0.68-2.63)
0 (ref)
0.80(0.58-1.08)
0.80(0.55-1.1¢)
1.0 (ref)
0.87 (0.64-1.18)
0.74 (0.50-1.10)
0.84 (0.47-1.50)

PRS, polygenic risk score.
2Adjusted for age, sex, type 2 diabetes mellitus and BMI.

with simple steatosis develop advanced liver disease during their life-
time. Therefore, our cohort of 546 genotyped NAFLD subjects was
probably too small to gain enough statistical power to detect genetic
variants with lesser effects on the long-term prognosis in steatosis.
None of the PNPLA3, TM6SF2, MBOAT7 or GCKR genotypes nor
the PRS were associated with increased mortality. In a population-
based study of more than 19000 individuals from the US National
Health and Nutrition Examination Survey, the C> G allele of PNPLA3

was associated with a 1.3 times risk of overall mortality and a 20-

fold risk of liver-specific death.??

However, ours and other studies
based on well-defined NAFLD cohorts have not been able to verify
these results.>® Unlike some previous results, our study did not find
any significant associations between TM6SF2, GCKR, or MBOAT7
and NAFLD severity.

Since the first reports describing TM6SF2 and its suspected role

D,12’43

in disease progression of NAFL other studies have questioned
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TABLE 6 Associations between genotype and development of severe liver disease in the NAFLD cohort compared with reference

individuals matched for age, sex and municipality

Incidence rate,

Incidence rate, ref pop (per

NAFLD Reference Outcomes Outcomes  NAFLD (per 1000 1000 person
Genotype cases (n) population (n) NAFLD Ref pop person years) years) HR (95% ClI)
PNPLA3 (C/C) 231 2193 26 48 6.3(4.3-9.2) 1.0(0.7-1.3) 6.79 (4.02-11.48)
PNPLA3 (C/G) 230 2225 31 34 7.5(5.3-10.6) 0.7 (0.5-1.0) 11.77 (6.72-20.60)
PNPLA3 (G/G) 85 816 17 12 13.2(8.2-21.1) 0.7 (0.4-1.3) 23.32(9.14-59.47)
TMé6SF2 (C/C) 386 3832 52 61 7.8 (5.9-10.2) 0.8 (0.6-1.0) 10.38 (6.87-15.67)
TMé6SF2 (C/T) 116 1138 15 26 7.2 (4.3-12.0) 1.1(0.8-1.6) 9.50 (4.39-20.57)
TMé6SF2 (T/T) 21 209 3 4 6.7 (2.1-20.7) 0.9 (0.3-2.5) 7.63 (1.51-39.67)
GCKR (C/Q) 209 2074 31 39 8.2 (5.7-11.6) 0.8(0.7-1.2) 8.22(4.98-13.56)
GCKR (C/T) 219 2166 29 40 7.7 (5.4-11.1) 0.9 (0.7-1.3) 11.22 (6.30-19.97)
GCKR 107 1059 14 14 7.5(4.4-12.7) 0.7 (0.4-1.1) 16.82 (6.76-41.86)
(T/T)
MBOAT7 (C/C) 187 1847 33 35 10.4 (7.4-14.7) 1.0(0.7-1.3) 11.86 (6.67-19.53)
MBOAT7 (C/T) 234 2325 25 40 5.8(3.9-8.6) 0.8(0.6-1.1) 7.43(4.29-12.89)
MBOATY (T/T) 111 1098 14 17 7.4 (4.4-12.6) 0.8 (0.5-1.2) 14.79 (6.18-35.38)

Abbreviations: BMI, body mass index; Cl, confidence interval; HR, hazard ratio; NAFLD, non-alcoholic fatty liver disease; Ref pop, reference

population.

this association. In a Japanese study, TM6SF2 genotype was not
associated with histological severity.*? In a study on the subjects
with histologically characterized NAFLD and healthy controls, the
TM6SF2 was associated with a higher prevalence of NAFLD but not
with liver fibrosis or NASH.** Unlike previous reports, we found
no association between mutations in TM6SF2 and a reduced risk
for CVD events.*> Although the evidence for an association be-
tween the TM6SF2 gene and hepatic steatosis is robust, the disease

promoting effect regarding long-term development of liver cirrhosis
or HCC remains unclear. The present study was not able to further
establish such a correlation.

The GCKR rs1260326 variant causes a loss-of-function of a reg-
ulatory enzyme that leads to increased de novo hepatic lipogene-
sis, thus increasing the risk of steatosis. However, simultaneous
increased activity of intracellular glucokinase also leads to lower
insulin resistance. Insulin resistance is itself a main driver of both
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NAFLD development and disease progression, and exactly how this
dual mechanism affects NAFLD pathophysiology is not completely
known.*®*” The evidence for the importance of the MBOAT7 gene
is also diverging. Although an association with an increased risk of
liver steatosis compared with non-carriers can be established, re-
cent studies have not been able to replicate the evidence for the im-
pact of MBOAT7 polymorphisms on disease severity in NAFLD.*&47
In summary, the evidence for a link between the GCKR and MBOAT7
genes and advanced histological disease or long-term liver-related
events in NAFLD is lacking. Our results could not further strengthen
such a correlation.

Our study has several strengths. The cohort consists of well
characterized NAFLD subjects of which liver biopsy was available
for the majority (91%). The identification of a matched reference
population ensures a reliable comparison of outcomes with the gen-
eral population. The follow-up time of up to 40years ensures that
liver-related outcomes could be detected even in a slowly progress-
ing liver disease such as NAFLD.® The use of nation-wide registers
leads to minimal loss to follow-up. The ICD codes used to define se-
vere liver disease in our study has recently been validated and found
to be highly accurate.>!

Some limitations should be acknowledged. The NAFLD cohort
consisted of patients recruited from a clinical setting where they had
been diagnosed with NAFLD owing to clinical symptoms or findings.
Hence, there is a risk of selection bias, which could mean that the
NAFLD cases in our cohort had more advanced liver disease com-
pared with people with undiagnosed NAFLD found in the general
population. This entails that a disease promoting gene, such as the
PNPLA3 G/G genotype, could be overrepresented in our material and
would affect the external validity of our results. This is also inferred
by the fact that 16% of the NAFLD cohort carried the PNPLA3 G/G
genotype compared with approximately 5% previously reported in
studies of the general population.52

The cohort with available DNA data was limited to 546 subjects,
which could mean that the study was underpowered to study rare
outcomes such as severe liver disease for these genetic variants.
However, this implies that the effect size of such associations might
be limited and of little clinical relevance. There were no detailed
data on the reference individuals or siblings. Still, the comparison is
not possible to make outside of register-based cohorts and can be
a valuable addition to the field. Registry data can be less accurate
in detecting alcohol use disorder since they are not always formally
diagnosed. Therefore, there is a risk of misclassification bias in that
alcohol use could be less frequently identified in the reference pop-
ulation that were not under active clinical care. This could lead to an
imbalance between groups. However, such a bias would dilute the
effect size towards the null and would not lead to false-positive re-
sults. Living subjects were able to decline to participate in the study
which was not the case for deceased subjects. This method for inclu-
sion could lead to an over-representation of deceased individuals and
a selection bias. In 34 subjects, transient elastography was used to
categorize fibrosis. This non-invasive method is well established for
clinical use but is not as accurate as liver biopsy, which is considered

gold standard for detecting and grading of fibrosis.>® However, the
prospective value of biopsy and elastography is similar.’*

Our method for analysing DNA in tissue from liver biopsies of
deceased subjects did not follow the same protocol as for living sub-
jects, whose DNA was collected by blood tests. Any differences in
accuracy, due to contamination or other complications between the
two methods cannot be ruled out.

Moreover, the study was planned and initiated before discov-
ery of other potentially interesting SNP:s such as in the HSD17B13
gene.>® Future studies are needed to examine the long-term effect
of such genes on outcomes.

5 | CONCLUSION

The G/G genotype (1148M) of the PNPLA3 gene was associated with
a higher rate of progression to severe liver disease in patients with
NAFLD and particularly in patients without advanced fibrosis at di-
agnosis. Genotyping of the PNPLA3 gene might be of clinical impor-
tance when tailoring future surveillance programs for patients with
NAFLD.
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