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Abstract

Background: The PNPLA3-rs738409-G, TM6SF2-rs58542926-T, and

HSD17B13-rs6834314-A polymorphisms have been associated with cirrho-

sis, hepatic decompensation, and HCC. However, whether they remain

associated with HCC and decompensation in people who already have

cirrhosis remains unclear, which limits the clinical utility of genetics in risk

stratification as HCC is uncommon in the absence of cirrhosis. We aimed to

characterize the effects of PNPLA3, TM6SF2, and HSD17B13 genotype on

hepatic decompensation, HCC, and liver-related mortality or liver transplant

in patients with baseline compensated cirrhosis.

Methods: We conducted a single-center retrospective study of patients in

the Michigan Genomics Initiative who underwent genotyping. The primary

predictors were PNPLA3, TM6SF2, and HSD17B13 genotypes. Primary

outcomes were either hepatic decompensation, HCC, or liver-related mor-

tality/transplant. We conducted competing risk Fine-Gray analyses on our

cohort.

Results: We identified 732 patients with baseline compensated cirrhosis.

During follow-up, 50% of patients developed decompensation, 13% devel-

oped HCC, 24% underwent liver transplant, and 27% died. PNPLA3-

rs738409-G genotype was associated with risk of incident HCC: adjusted

subhazard hazard ratio 2.42 (1.40–4.17), p= 0.0015 for PNPLA3-rs738409-

GG vs. PNPLA3-rs738409-CC genotype. The 5-year cumulative incidence

of HCC was higher in PNPLA3-rs738409-GG carriers than PNPLA3-

rs738409-CC/-CG carriers: 15.6% (9.0%–24.0%) vs. 7.4% (5.2%–10.0%),

p< 0.001. PNPLA3 genotype was not associated with decompensation or

Abbreviations: aMAP, age-male-ALBI-platelets; MGI, Michigan Genomics Initiative; US, ultrasound.
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the combined outcome of liver-related mortality or liver transplant. TM6SF2

and HSD17B13 genotypes were not associated with decompensation

or HCC.

Conclusions: The PNPLA3-rs738409-G allele is associated with an

increased risk of HCC among patients with baseline compensated cirrhosis.

People with cirrhosis and PNPLA3-rs738409-GG genotype may warrant

more intensive HCC surveillance.

BACKGROUND

Cirrhosis is a leading cause of death in chronic liver
disease, with about 2.4% of global deaths attributed to it
in 2019.[1] Although patients with compensated cirrhosis
may be minimally symptomatic, they are at high risk of
HCC and hepatic decompensation with ascites, variceal
bleeding, and HE. Patients with compensated cirrhosis
have a 5%–7% risk of decompensation per year and
42% over 10 years,[2,3] as well as a 1%–4% annual risk
of developing HCC depending on the etiology of liver
disease.[2,4] Remarkably, the risk of death increases
from <5% annually in compensated cirrhosis to up to
50% annually after developing complications from
hepatic decompensation.[5]

Genetics plays an important role in hepatic fibrosis
and cirrhosis. Genome-wide or exome-wide association
studies have identified several variants genotypes
associated with advanced liver disease, including var-
iants in the genes PNPLA3, TM6SF2, and HSD17B13,
which have been associated with risk of cirrhosis, liver-
related events, and HCC.[6–12] Most studies on these
variants have focused on the general population, and
they have been shown to influence the risk of cirrhosis
and HCC.[13] However, the effects of these variants in
individuals who already have compensated cirrhosis are
less well studied. Importantly, all three of these variants
are also associated with hepatic steatosis and fibrosis,
raising the possibility that its effects on hepatic
decompensation are mediated by its effects on steato-
sis/fibrosis. Whether these variants are associated with
hepatic decompensation and HCC in people who already
have cirrhosis, that is, whether they affect portal
hypertensive physiology and directly result in carcino-
genesis, remains less clear. A few studies showed an
increased risk of liver-related death, ascites, and HCC in
patients with cirrhosis in the homozygous PNPLA3-
rs738409-GG variant.[14] Similarly, the TM6SF2-
rs58542926-T variant has been associated with fibrosis
progression, HCC, hepatic decompensation, and liver-
related death in patients with advanced chronic liver
disease though this effect was modest.[15] Its effect on
individuals with underlying cirrhosis is not well under-
stood, but interestingly, one recent study found that the

variant increases the risk of decompensation and death
in patients with cirrhosis.[16]

Here, we aimed to explore the potential clinical utility of
genotyping to identify individuals with baseline compen-
sated cirrhosis who are at high risk of HCC or
decompensation and who might warrant more aggressive
surveillance or treatment. In this study, we aimed to
characterize the effects of PNPLA3, TM6SF2, and
HSD17B13 genotypes on hepatic decompensation, HCC,
and a combined outcome of liver transplant or liver-related
death in patients with baseline compensated cirrhosis.

METHODS

Ethics

This study was approved by the Institutional Review
Board of the University of Michigan (Ann Arbor, MI).
Michigan Genomics Initiative (MGI) participants pro-
vided written informed consent.

Cohort and genotyping

MGI is a prospective cohort recruiting from patients
receiving routine medical care at Michigan Medicine
(Ann Arbor, MI). At the time of analysis, it included
>90,000 participants. Participants undergo whole blood
genotyping on an Illumina HumanCoreExome v.12.1
array, a combined genome-wide association study and
exome array consisting of > 500,000 single nucleotide
polymorphisms.[17] Imputation was performed to the
Haplotype Reference Consortium panel (release 1 for
chromosomes 1-22).[18] Please note that not all MGI
patients have been genotyped at the time of analysis.

Liver phenotypes

Liver phenotypes were identified as described.[19] In brief,
we screened within MGI for cirrhosis based on a
combination of diagnostic codes for cirrhosis and portal
hypertension (Supplemental Table S1, http://links.lww.
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com/HC9/A880), endoscopic evidence of varices, elevated
liver stiffness on vibration-controlled transient elastography
(>12 kPa), and imaging or biopsy evidence of cirrhosis.
We then manually reviewed all flagged patients to confirm
the presence and dates of cirrhosis, varices, and hepatic
decompensation (Daniel A. Burkholder, Isabel J. Moran,
and Matthew J. Miller). We included all patients in MGI
confirmed to have baseline compensated cirrhosis.

Outcomes

In survival analyses, the primary predictors were the
PNPLA3-rs738409-G, TM6SF2-rs58542926-T, and
HSD17B13-rs6834314-A alleles. The primary outcomes
were hepatic decompensation, HCC, and the combined
endpoint of liver transplant or liver-related death. We
conducted survival analyses using Fine-Gray competing
risk analyses.[20] The index date was defined as the date
the patient was diagnosed with cirrhosis. For the
outcomes of HCC or decompensation, the competing risk
was death without HCC or without decompensation,
respectively. For the outcome of liver transplant or liver-
related death, the competing risk was non–liver-related
death. We used a 180-day landmark for all 3 analyses to
take into account the delay in the detection of endpoints
due to asymptomatic patients and the time lag to obtain
diagnostic imaging, especially in HCC. We conducted
subgroup analyses based on cirrhosis etiology, diabetes
status, and age-male-ALBI-platelets (aMAP) score.[21,22]

All models were adjusted for age, sex, disease etiology
(viral, alcohol-associated, both viral and alcohol-associ-
ated, and nonviral nonalcoholic-associated) except for the
etiology-specific subgroup analyses, and genetic principal
components 1–10 to account for differences in ancestry.

Statistics

Quantitative variables were reported as median (inter-
quartile range). Categorical variables were reported as
percentages. Three-way comparisons of continuous
variables were performed with Kruskal-Wallis statistics,
and categorical variables were compared with a chi-
squared statistic using Fisher test for the variable race.

Analyses were conducted using R version 4.0.2
(Vienna, Austria) with competing risk analyses conducted
using the cmprsk package. A 2-sided p-value <0.05 was
used to determine statistical significance throughout.

RESULTS

Cohort

We screened 3,280 MGI participants with potential
cirrhosis who had undergone genotyping. Of these,

2160 did not truly have cirrhosis, and 288 had decom-
pensated cirrhosis at the index date, resulting in a final
cohort of 732 patients who met inclusion criteria.

Baseline characteristics

The median age of our cohort was 58 years; 43% were
female and 91% were White (Table 1). The mean follow-
up time was 6.6 years. The etiology of liver disease was
16% viral hepatitis, 18% alcohol-associated liver
disease, 56% nonviral nonalcohol-associated liver
disease, and the remainder had mixed etiologies. The
baseline laboratory values were as expected for a cohort
of patients with baseline compensated cirrhosis with a
median Model for End-Stage Liver Disease 3.0 of 9.6,
platelet count of 140 M/L, and normal bilirubin. There
were no significant differences in disease etiology,
laboratory values, or comorbidities between the
different PNPLA3 genotypes. During follow-up, 50% of
patients developed decompensation, 13% developed
HCC, 24% underwent liver transplant, and 27% died.

Effects of PNPLA3 on hepatic
decompensation, HCC, and liver-related
mortality/liver transplant

We evaluated the effects of PNPLA3 genotype on HCC,
decompensation, and liver transplant or liver-related
mortality. PNPLA3-rs738409-G was associated with
risk of incident HCC with adjusted subhazard ratio
2.42 (1.40–4.17), p= 0.0015 for PNPLA3-rs738409-GG
versus PNPLA3-rs738409-CC genotype (Table 2).
PNPLA3-rs738409-G was not associated with hepatic
decompensation or liver-related death/transplant.

The 5-year cumulative incidence of HCC was higher in
PNPLA3-rs738409-GG carriers than PNPLA3-rs738409-
CC/-CG carriers: 15.6% (9.0%–24.0%) versus 7.4%
(5.2%–10.0%), p<0.001 (Figure 1 and Table 3).
However, there was no significant difference between
the 5-year cumulative incidence of decompensation
(p=0.42) or liver-related mortality or liver transplant
(p=0.74; Figure 1 and Supplemental Figure S1, http://
links.lww.com/HC9/A880). When we stratified individuals
by etiology of cirrhosis, there was a significant difference in
HCC 5-year cumulative incidence for PNPLA3-rs738409-
CC/-CG versus PNPLA3-rs738409-GG carriers in alco-
hol-associated liver disease (9.7% [5.2%–15.8%) vs.
17.1% (5.2%–35.0%), p=0.044] and nonviral nonalco-
hol-related liver disease [4.3% (2.3%–7.3%) versus 15.4%
(7.5%–25.9%), p=0.0001], but not in viral hepatitis
(p=0.18; Table 3). When the patients were stratified by
aMAP score subgroups, there were zero cases of HCC in
the aMAP < 50 groups, regardless of PNPLA3 genotype
(Table 3). There were also zero cases for the PNPLA3-
rs738409-CC/-CG and aMAP≥50 and ≤60 groups.
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Otherwise, there was a significant difference in HCC 5-
year cumulative incidence for PNPLA3-rs738409-CC/-CG
vs. PNPLA3-rs738409-GG carriers in the aMAP≥50
groups (7.9% [5.5%–10.8%] versus 14.5% [7.9%–

23.0%], p=0.003) and aMAP≥60 group (9.0% [6.2%–

12.3%] versus 14.7% [7.7%–23.7%], p=0.016).

Effects of TM6SF2 and HSD17B13 on
hepatic decompensation, HCC, and liver-
related death/liver transplant

We performed similar analyses evaluating the impact of
TM6SF2-rs58542926-T and HSD17B13-rs6834314-A

genotypes on HCC, decompensation, and liver-related
death/transplant. TM6SF2-rs58542926-T and
HSD17B13-rs6834314-A risk variants were not associ-
ated with decompensation, HCC, or liver-related death/
transplant (Supplemental Table S2, http://links.lww.com/
HC9/A880). There were also no differences in the 5-year
cumulative incidences between TM6SF2 and HSD17B13
risk variants (Supplemental Figure S2, http://links.lww.
com/HC9/A880 and S3, http://links.lww.com/HC9/A880).

We performed similar analyses evaluating the impact
of nine additional genotype variants that have been
shown to be associated with cirrhosis in previous
studies.[23] Only the alpha-1 antitrypsin deficiency-
associated variant, SERPINA1-rs28929474-CT/TT,

TABLE 1 Baseline clinical characteristics based on PNPLA3-rs738409 genotype.

Characteristic CC (N= 327) CG (N=290) GG (N=115) p

Demographics

Male, n (%) 186 (56.9) 171 (59.0) 63 (54.8) 0.72

Age 57.4 (47.9–64.6) 58.1 (49.4–64.3) 56.7 (47.5–64.2) 0.74

Race/ethnicity, n (%) — — — <0.001

White 292 (89.3) 269 (92.8) 106 (92.2) —

Black 25 (7.6) 2 (0.7) 2 (1.7) —

Hispanic 3 (0.9) 6 (2.1) 3 (2.6) —

Asian 7 (2.1) 13 (4.5) 4 (3.5) —

Comorbidities

Body mass index (kg/m2) 30.3 (26.3–34.8) 31.0 (26.2–35.8) 32.6 (27.4–38.9) 0.012

Type 2 diabetes, n (%) 173 (52.9) 154 (53.1) 60 (52.2) 0.99

Hypertension, n (%) 223 (68.2) 201 (69.3) 80 (69.6) 0.94

Hyperlipidemia, n (%) 155 (47.4) 145 (50.0) 55 (47.8) 0.80

Etiology, n (%) — — — 0.084

Alcohol 50 (15.3) 57 (19.7) 21 (18.3) —

Viral 65 (19.9) 41 (14.1) 12 (10.4) —

Both 31 (9.5) 34 (11.7) 8 (7.0) —

Neither 181 (55.4) 158 (54.5) 74 (64.3) —

Esophageal varices 145 (44.3) 134 (46.2) 67 (58.3) 0.030

Model for End-Stage Liver Disease 3.0 10 (8–13) 10 (8–14) 9 (8–15) 0.86

Laboratory values

Alanine aminotransferase (U/L) 42 (26–74) 45 (28–83) 40 (26–57) 0.42

Aspartate aminotransferase (U/L) 49 (32–83) 54 (35–83) 49 (35–66) 0.42

Alkaline phosphatase (U/L) 123 (88–173) 111 (84–165) 118 (86–161) 0.42

Total bilirubin (mg/dL) 0.80 (0.50–1.42) 0.80 (0.50–1.30) 0.80 (0.50–1.50) 0.88

Platelet count (K/μL) 141 (104–209) 140 (94–206) 138 (90–184) 0.32

Creatinine (mg/dL) 0.85 (0.70–1.05) 0.88 (0.70–1.08) 0.80 (0.68–1.00) 0.32

International normalized ratio 1.05 (1.03–1.09) 1.05 (1.01–1.10) 1.09 (1.04–1.17) 0.38

Sodium (mmol/L) 139 (138–141) 139 (137–141) 140 (138–141) 0.61

Hemoglobin A1c (%) 6.9 (5.6–7.8) 6.5 (5.5–8.2) 6.3 (5.5–8.3) 0.94

White blood cell count (K/uL) 6.1 (4.7–8.0) 6.5 (4.8–8.1) 5.7 (4.5–6.9) 0.049

Hemoglobin (g/dL) 12.9 (11.6–14.3) 13.6 (12.0–14.8) 12.95 (10.9–14.3) 0.0053

Note: Three-way comparisons of continuous variables were performed with Kruskal-Wallis statistics, and comparisons of categorical variables were performed using a
chi-squared statistic using Fisher test for the variable race. Quantitative variables were reported as median (interquartile range) and categorical variables were
reported as percentages.
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was associated with hepatic decompensation and
transplant-free survival, consistent with our previous
report.[19] All other variants had no difference in the 5-
year cumulative incidence of HCC, decompensation, or
liver-related mortality/transplant (Supplemental Figure
S3, http://links.lww.com/HC9/A880).

DISCUSSION

We found that the PNPLA3-rs738409-G allele was
associated with increased HCC incidence but not
hepatic decompensation or liver-related mortality/
transplant in patients with baseline compensated
cirrhosis. This adds to the literature by showing that
associations between the high-risk PNPLA3 variant
are not solely confounded by its effects on steatosis
and fibrosis and may have a direct carcinogenic effect.
The association between PNPLA3 genotype and HCC
remained concordant across most etiologies of liver
disease except for viral hepatitis[24,25] and aMAP
score.[21,22]

Based on our results, we believe genotyping may
improve upon existing HCC surveillance recommenda-
tions and move toward precision health. Major profes-
sional associations recommend screening for HCC in
most patients with cirrhosis every 6 months with an
abdominal ultrasound, with or without serum alpha-
fetoprotein.[26,27] However, there may be patients who
do not require such intensive surveillance that can be
costly and inconvenient and may result in false
positives.[28,29] Conversely, there may be other patients
with more aggressive disease biology who should
undergo more intensive surveillance. Some polygenic
risk stratification tools have already been proposed that
use PNPLA3 and other genotypes to identify individuals
at high risk for HCC in the general population.[13]

Genetics may also help inform optimal practice of
surveillance in patients with cirrhosis. While there is no
evidence that surveillance with United States every
3 months results in earlier HCC diagnosis or greater
receipt of HCC treatment than United States
annually[30,31] or every 6 months,[32] there may be
subgroups, including those with higher genetic risk
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F IGURE 1 Effects of PNPLA3 genotype on cumulative incidence of (A) HCC or (B) hepatic decompensation. Depicted are the effects of
PNPLA3-rs738409-CC, CG, or GG genotype on the respective outcomes. Models were run as Fine-Grey competing risk models, with death
without HCC or hepatic decompensation as the competing risk. Abbreviation: aMAP, age-male-ALBI-platelets.

TABLE 2 Effects of PNPLA3 risk alleles on liver-related outcomes.

HCC Decompensation Liver-related mortality or liver transplant

PNPLA3-rs738409 genotype Adjusted sHR p Adjusted sHR p Adjusted sHR p

CC Referent — Referent — Referent —

CG 1.08 (0.64–1.82) 0.76 1.16 (0.89–1.50) 0.27 1.07 (0.77–1.49) 0.69

GG 2.42 (1.40–4.17) 0.0015 1.21 (0.85–1.72) 0.30 0.89 (0.56–1.42) 0.63

Note: Effects are shown as adjusted subhazard ratios (95% CI) for PNPLA3-rs738409-CG or -GG relative to PNPLA3-rs738409-CC genotypes.
Models were run as Fine-Gray competing risk analyses with death without HCC, death without decompensation, or non–liver-related death, respectively, as
competing risks.
Abbreviation: sHR, subhazard ratio.
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who may benefit from cross-sectional imaging with CT
or abbreviated MRI.[33,34] Future prospective studies will
be required to confirm our findings of higher HCC
incidence in people with cirrhosis and high-risk PNPLA3
genotype.

Mechanisms driving the associations between
PNPLA3 genotype and HCC remain unclear, although
it is believed that the PNPLA3 high-risk variant either
affects specific carcinogenic pathways directly or
creates an environment that promotes liver carcinogen-
esis through the dysregulation of metabolic pathways
and production of proinflammatory and profibrogenic
compounds from HSCs.[35] The PNPLA3-rs738409-G
risk allele is also associated with more poorly differen-
tiated HCC tumors, also supporting claims that it affects
cancer biology.[36] Our results did not show an
association between PNPLA3 risk alleles and hepatic
decompensation, and there is no clear mechanism
described in previous studies that connects both of
them. Although mortality and rates of liver-related
events may be increased in patients with PNPLA3 risk
alleles and elevated portal pressures, there is a paucity
of literature on how PNPLA3 genotype would directly
contributes to portal hypertension.[37]

This study had several limitations. Our study
included a predominantly European-ancestry cohort,
and the impact of PNPLA3 genotype in other
ancestries will have to be validated in other studies.
The cohort was derived from a tertiary center with a
high cumulative incidence of decompensation, sug-
gesting that our patients had severe baseline disease.
Additionally, this cohort had a high prevalence of
obesity and diabetes, suggesting that many of them
likely had a component of metabolic dysfunction-
associated steatotic liver disease (perhaps
unrecognized), which makes the generalizability of

these results to individuals with “pure” viral or alcohol-
associated cirrhosis unclear.

In conclusion, even among patients with baseline
compensated cirrhosis, PNPLA3 genotype is associ-
ated with an increased risk of HCC. This finding
supports the idea that PNPLA3 genotype directly
influences carcinogenic mechanisms and may be
relevant in risk stratification in people with cirrhosis.
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TABLE 3 Effects of PNPLA3 genotype on 5-year cumulative incidence of HCC.

PNPLA3-rs738409 genotype

CC/CG GG

Cohort
Cases/total
patients

5-y cumulative
incidence (%)

Cases/total
patients

5-y cumulative
incidence p

Full cohort 33/617 7.4 (5.2–10.0) 14/115 15.6 (9.0–24.0) <0.001

Viral hepatitis 18/171 15.0 (9.2–22.0) 3/20 21.4 (4.8–45.8) 0.18

Alcohol-associated liver
disease

12/172 9.7 (5.2–15.8) 4/29 17.1 (5.2–35.0) 0.044

Nonviral nonalcoholic liver
disease

11/339 4.3 (2.3–7.3) 9/74 15.4 (7.5–25.9) <0.001

Diabetes 20/327 8.2 (5.2–12.2) 12/60 23.8 (13.1–36.3) 0.0010

aMAP ≥ 50a 31/541 7.9 (5.5–10.8) 12/104 14.5 (7.9–23.0) 0.0029

Note: Incidence is shown as the 5-year cumulative incidence (95% CI) of HCC for PNPLA3-rs738409-GG relative to PNPLA3-rs738409-CC/-CG, and as total number
of cases/patients. Models were run as Fine-Gray competing risk analyses with death without HCC as a competing risk. aMAP, age-male-ALBI-platelets score.
aThere were no incident HCC cases in patients with aMAP < 50.
Abbreviation: aMAP, age-male-ALBI-platelets.
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