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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) or more recently re-defined metabolic-as-
sociated fatty liver disease (MAFLD) is the most common chronic liver disorder world-
wide, affecting 20% to 40% of the adult population [1,2]. Thus, given its increasing pro-
portion, it represents a primary health, social and economic concern [3]. NAFLD is defined
by enhanced hepatic fat accumulation not explained by alcohol abuse, and it embraces a
broad spectrum of hepatic injuries, spanning from simple steatosis to nonalcoholic stea-
tohepatitis (NASH). The latter may be complicated by the presence of fibrosis and, in a
minor percentage of cases, it may progress to cirrhosis and hepatocellular carcinoma
(HCCQ), that is the fifth most common cancer worldwide with persistently increasing mor-
tality in Europe, North/South America and Africa [4]. NAFLD and its progressive forms
have a strong inherited component, and variants in genes regulating lipid handling, in-
cluding patatin-like phospholipase domain-containing 3 (PNPLA3), transmembrane 6 superfam-
ily member 2 (TM6SF2), membrane bound O-acyltransferase domain-containing 7 (MBOAT?7),
predispose to NAFLD development and progression towards end-stage conditions [5,6].
Moreover, sedentary lifestyle and unhealthy dietary habits may represent paramount en-
vironmental risk factors for NAFLD pathogenesis [7]. Hence, its development is closely
intertwined with obesity, insulin resistance (IR) and metabolic syndrome features among
which atherogenic dyslipidemia and cardiovascular risk [8,9].

A genome wide association study (GWAS) identified the novel intergenic rs599839
A>G variant, as modifier of the risk of coronary artery disease (CAD) [10]. Afterwards,
the more frequent A allele has been associated with increased risk of myocardial infarc-
tion, ischemic stroke and elevated plasma cholesterol, thereby modulating lipoprotein
metabolism [11,12]. Conversely, the minor G allele has been related to a protection against
cardiovascular complications and to a reduction of circulating cholesterol in CAD patients
[13].

The rs599839 polymorphism is localized in the 1p13.3 locus related to lipid traits, in
the genetic cluster of Cadherin EGF LAG Seven-Pass G-Type Receptor 2 (CELSR2)- Proline and
Serine Rich Coiled-Coil 1 (PSRC1)- Sortilin 1 (SORT1). In details, CELSR2 gene encodes a
non-classic type of cadherin involved in cell adhesion [14], PSRC1 gene product partici-
pates to microtubule destabilization and spindle assembly [15] and its overexpression has
been previously detected in tumor liver tissues and in hepatoma cells, where it is associ-
ated with HCC recurrence after resection [16]. Finally, SORT1 gene encodes the Sortilin 1
protein that is involved in lipoprotein clearance [17]. The impact of the rs599839 variant
on CELSR2, PSRC1 and SORT1 expressions remain to be fully elucidated. However, these
genes are involved in distinct pathways, mainly related to lipid handling and dysregu-
lated cell proliferationand alterations in their expressions may possibly affect different
processes.

Thus, the aim of this study was to examine the effect of the rs599839 variant on met-
abolic traits, cardiovascular risk and progressive liver damage in a large histologically
characterized cohort of NAFLD patients at risk of cardiovascular comorbidities, in the
general population by using the publicly available UK biobank cohort (UKBBC) and in
patients affected by HCC from The Cancer Genome Atlas (TCGA) dataset. Finally, we
examined the impact of the rs599839 variant on the hepatic expression of PSRC1, SORT1
and CELSR?2 and of those genes involved in lipoprotein turnover and release, in cell cycle
progression and cell proliferation.

2. Materials And Methods
2.1. Qverall Cohort

The Overall cohort consists of 1426 patients with NAFLD and it has been subdivided
in the Hepatology service cohort (n=1295) and the NAFLD-HCC cohort (n=131). The
Hepatology service cohort has been previously described [18,19]. Briefly, 1295 adult indi-
viduals were consecutively enrolled at the Metabolic Liver Diseases outpatient service
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(n=713) and Bariatric Surgery center (n=582) at Fondazione IRCCS Ca’ Granda Ospedale
Policlinico Milan, Italy. Inclusion criteria were availability of liver biopsy performed for
suspected NASH or severe obesity, availability of DNA samples and clinical data. Indi-
viduals with excessive alcohol intake (men, >30 g/day; women, >20 g/day), viral and au-
toimmune hepatitis, hereditary haemochromatosis and alphal-antitrypsin deficiency or
other causes of liver disease were excluded. The clinical characteristics of patients evalu-
ated in the study are listed in Table 1.

Table 1. Demographic, anthropometric and clinical features of the Overall cohort (n=1426) strati-
fied according to enrollment criteria (n=1295 Hepatology service cohort and n=131 NAFLD-HCC).

Overall Hepatology service cohort NAFLD-
Cohort P g)i v HCC P value*t
(n=1426) (n=1295) (n=131)
Sex, M 770 (54) 669 (52) 101(78)  <0.0001
Age, years 49.6+13.6 48+12.6 68+10 <0.0001
BMI, kg/m2 34.248.7 34.7+8.76 28.7+5.12 <0.0001
T2D, yes 385 (27) 310 (24) 75(57)  <0.0001
Total cholesterol, 5.1+1.07 5.241.05 424117 <0.0001
mmol/L
LDL cholesterol, mmol/L  3.1+0.97 3.2+0.95 2.37+0.96 <0.0001
HDL cholesterol, 1.3£0.39 1.3£0.4 1.2840.51 0.73
mmoL/L
Triglycerides, mmoL/L ~ 1.63£1.00 1.63+£0.95 1.42+1.76 0.11
ALT, U/l 34 {20-57} 33 {20-57} 42 {27-55}  0.07
AST, TU/1 25 {19-38} 25 {18-37} 39 {26-59}  <0.0001
PNPLAS3, 1148M <0.0001
11 557 (39) 524 (41) 33 (25)
M 627 (44) 567 (43) 60 (46)
M/M 242 (17) 204 (16) 38 (29)
TM6SF2, E167K 0.25
E/E 1240 (87) 1131 (87.3) 109 (83.5)
E/K 168 (11.8) 150 (11.6) 18 (14)
K/K 18 (1.2) 14 (1.1) 4(2.5)
MBOAT7, rs641738 T
0.11
allele
C/C 456 (32) 423 (33) 33 (25)
C/T 642 (45) 581 (45) 61 (47)
T/T 328 (23) 291 (22) 37 (28)
rs599839 A>G 0.01
A/A 884 (62) 808 (63) 76 (59)
A/G 456 (32) 417 (32) 39 (30)
G/G 86 (6) 70 (5) 16 (12)

+NAFLD-HCC vs Hepatology service cohort.

The NAFLD-HCC cohort includes 131 NAFLD patients who developed HCC. Part of
the this cohort has been previously described [20,21]. Patients were consecutively enrolled
at the Metabolic Liver Diseases outpatient service at Fondazione IRCCS Ca Granda,
Ospedale Policlinico, Milan, Italy, at the Internal Medicine and Gastroenterology Area,
Fondazione Policlinico Universitario Gemelli and IRCCS, Catholic University, Rome, Italy
and at Internal Medicine-Liver Unit, University Hospital of Udine, Italy. Clinical features
of the NAFLD-HCC cohort patients are presented in Table 1. Diagnosis of HCC was based
on the EASL-EORTC Clinical Practice Guidelines [22]. In the absence of liver biopsy, di-
agnosis of NAFLD required detection of ultrasonographic steatosis plus at least one crite-
rion of the metabolic syndrome.
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Informed written consent was obtained from each patient and the study protocol was
approved by the Ethical Committees of the Fondazione IRCCS Ca’ Granda, Milan, of
Fondazione Policlinico Universitario Gemelli and IRCCS, Catholic University, Rome, and
from University Hospital of Udine and conforms to the ethical guidelines of the 1975 Dec-
laration of Helsinki.

2.2. Histological Evaluation

Steatosis was graded according to the percentage of affected hepatocytes as 0: 0-4%,
1: 5-32%, 2: 33-65%, and 3: 66-100%. Disease activity was assessed according to the NAFLD
Activity Score (NAS) with systematic evaluation of hepatocellular ballooning and
necroinflammation; fibrosis was also staged according to the recommendations of the
NAFLD Clinical Research Network [23]. The scoring of liver biopsies was performed by
an independent pathologists unaware of patients’ status and genotype [18,24]. NASH was
diagnosed when a) steatosis, b) lobular inflammation and c) ballooning were concomi-
tantly present.

2.3. Genotyping

The Overall cohort has been genotyped for the rs738409 C>G (PNPLA3 1148M),
rs58542926 C>T (TM6SF2 E167K), rs641738 C>T MBOAT?7, and rs599839 A>G variants us-
ing TagMan 5'-nuclease assays in duplicate (QuantStudio 3, Thermo Fisher, Waltham,
MA), as previously described [18,19]. The success rate of genotyping was >99%. The fre-
quency distribution of the rs599839 A>G was not in Hardy-Weinberg equilibrium (p=0.01,
Table S1) and it was compared to that obtained in European not-Finnish healthy individ-
uals included in the 1000 Genome project [25].

2.4. UK Biobank Cohort

The association between the 15599839 A>G PSRC1 variant and phenotypes related to
metabolic disorders and liver disease were evaluated in the UK Biobank cohort (UKBBC).
UKBBC is a prospective population study of 500,000 subjects not selected for liver diseases
and ethnicity, almost all aged 40-69 years, identified in 22 centers across the UK during
2006-2010. Freely available basic association data were downloaded from Neale Lab
(http://geneatlas.roslin.ed.ac.uk) and p-values were corrected for multiple testing using the
False Discovery Rate (FDR) method [26].
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2.5. Transcriptomic Analysis

RNA-seq was performed in a subset of 125 severely obese patients (21 without and
104 with NAFLD) belonging to the Hepatology service cohort, of whom percutaneous
liver biopsy was performed during bariatric surgery at Fondazione IRCCS Ca Granda,
Ospedale Policlinico, Milan, Italy. The study was conformed to the Declaration of Helsinki
and approved by the Institutional Review Boards and their Ethics Committees. All partic-
ipants gave written informed consent. Clinical characteristics of the Transcriptomic cohort
are presented in Table S2. RNA-seq mapping descriptive statistics, the detailed protocol
and data analysis approach are described in the Supplemental Materials and Methods.

2.6. The Cancer Genome Atlas-Liver Hepatocellular Carcinoma (TCGA-LIHC) Data Description

The Cancer Genome Atlas-Liver Hepatocellular Carcinoma (TCGA-LIHC) database
is a large project which applies high-throughput genome analysis techniques, combining
genome sequencing and bioinformatic tools, in order to catalogue genetic mutations re-
sponsible for cancer. It is a comprehensive publicly available resource, that contains infor-
mation about expression level of multiple genes. TCGA datasets of 366 HCC samples were
directly downloaded from cBioPortal for Cancer Genomics. The detailed information of
the microarray and RNA-Seq experiments, protocols, and software used can be found at
the cBioPortal for Cancer Genomics at https://www.cbioportal.org [27,28]. Relative
mRNA expression was represented as Z scores, precomputed from the expression values
specifying the threshold (2 Standard Deviations from the mean). The z scores for mRNA
expression are determined for each sample by comparing a gene's mRNA expression to
the distribution in a reference population that represents typical expression of that gene.
TCGA tumor stage system classification and Bioinformatic resources are described in the
Supplemental Materials and Methods.

2.7. Statistical Analysis

Statistical analyses were performed using JMP 15.0 (SAS, Cary, NC), R statistical
analysis version 3.3.2 (http://www.R-project.org/) and Prism (version 6, GraphPad Soft-
ware), by using one-way analysis of variance (ANOVA) or chi-square test, where appro-
priate.

For descriptive statistics, continuous variables were shown as mean and standard
deviation or median and interquartile range for highly skewed biological variables (i.e.
AST, ALT, triglycerides (TGs)). Variables with skewed distributions were logarithmically
transformed before analyses. Categorical variables were presented as number and pro-
portion. All genetic analyses were performed under additive and recessive models.

Analyses were performed by fitting data to generalized linear regression models. In
particular, general linear models were fit to examine continuous traits. Multinomial lo-
gistic regression models were fit to examine binary traits (cirrhosis, HCC), and ordinal
regression models were fit for ordinal traits (components of the NAFLD activity score:
severity of steatosis, necroinflammation and hepatocellular ballooning, stage of fibrosis).
When specified, confounding factors were included in a model. Correlations were as-
sessed by bivariate analysis. For gene expression analyses differences between groups
were calculated by one-way ANOVA, which was followed by post hoc t-tests adjusted for
the number of comparisons when multiple groups were involved (Bonferroni correction).
P values <0.05 (two-tailed) were considered statistically significant.

3. Results
3.1. The rs599839 A>G Gene Variant Affects Circulating Lipids and Cardiovascular Risk in
NAFLD Patients

Clinical characteristics of the Overall cohort stratified according to the rs599839 A>G
variant are shown in Table 2. No differences in demographic and anthropometric features
were found across genotypes. At bivariate analysis, circulating total cholesterol (TC) and
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low-density lipoprotein (LDL) cholesterol were reduced in NAFLD patients across the
15599839 genotype, while high-density lipoprotein (HDL) cholesterol levels were higher
in patients who carry the minor G allele (p<0.001 at one-way ANOVA; adjusted p<0.0001
for GG vs. AA, Fig.1A-C). To sum up these results, the frequency of dyslipidemia was
reduced in patients harboring the rs599839 genotype (p=0.02 at Pearson test, Fig.S1A).

Table 2. Demographic, anthropometric and clinical features of Overall Cohort (n=1426) stratified

by rs599839 A>G genotype.
AA AG GG
(n=884) (n=456) (n=86) P-value® P-valuet

Sex, M 487 (55) 234 (51) 49 (56) 0.33 0.72

Age, years 49.18+13.5 49.7+13.5  50.0+14.1 0.74 0.67

BMI, kg/m? 33.9+8.50  34.4+8.78  35.8+104 0.16 0.10

IFG/T2D, yes (%) 234 (26) 1123 (26) 28 (32) 0.49 0.23
Glucose mg/dL 102+30 103+30 107+39 0.56* 0.18*
HOMA-IR 5.316.4 5.5+11 4.56+3.87 0.91* 0.65*
Insulin, TU/ml 20.7+18.4  22.7+34.5 15.9+7.88 0.97* 0.28*

Total cholesterol, mmol/L 5.2+1.1 5.0+1.0 49+1.0 0.005* 0.15*
LDL cholesterol, mmol/L 3.25+0.97 3.03+0.95 2.840.98 <0.0001* 0.03*
HDL cholesterol, mmol/L 1.2620.3 1.34+0.43 1.3620.37 0.0003* 0.12*
Triglycerides, mmol/L 1.66+1.06  1.55+0.85  1.66+1.07 0.28* 0.83*
Dyslipidemia, yes (%) 300 (34) 127 (28) 15 (18) 0.01* 0.007*
ALT, IU/L 35{21-56}  33{20-62} 28{19-52} 0.26* 0.78*

AST, IU/L 26{19-38}  25{19-39} 24{18-36} 0.76* 0.72*
Iron ug/dL 97.8+44.4  96.8+40.8  9.48%33.6 0.23** 0.67**
Transferrin mg/dL 270.4+60.8 264.6+47.2  258.6+47.0 0.13** 0.48**
Transferrin saturation (%) 30.1+24.9 29.1+15.2 34.9+43.9 0.79** 0.06**
Ferritin ng/mL 324.4+411.6 386.2+508.2 459.2+526.9 0.28** 0.31**

Values are reported as mean + SD. number (%) or median {IQR}. as appropriate. BMI: body mass
index. IFG: impaired fasting glucose. T2D: type 2 diabetes. Characteristics of participants were
compared across the rs599839 genotypes using generalized linear model (for continuous character-
istics) or nominal logistic regression model (for categorical characteristics). *Models were adjusted
for gender, age, BMI, IFG/T2D, PNPLA3 [148M alleles. TM6SF2 E167K alleles and MBOAT?7
rs641738 T alleles. **Models were adjusted also for HFE C282Y and HFE H63D alleles.

°Additive model, T Recessive model.
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Figure 1
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Figure 1. The rs599839 variant affects circulating lipids, carotid IMT, plaque formation and incidence of hypertension in
patients with NAFLD. Circulating total cholesterol (TC) (mmol/L) (A), LDL (mmol/L) (B), HDL (mmol/L) (C) were evalu-
ated in NAFLD patients from the Overall cohort (n=1426) and stratified by the presence of the rs599839 G allele. Boxes
span from 25° to 75° percentile, while whiskers indicate the 10° and 90° percentile. * P< 0.001 at one-way ANOVA. Asso-
ciation of the rs599839 variant with IMT (D), plaque presence (E) and hypertension (F) in NAFLD patients from the Overall
cohort (n=1426). Multivariable generalized linear model (for IMT) or nominal logistic regression analysis (for Plaques and
Hypertension) adjusted for age, sex, BMI, T2D, presence of TM6SF2 E167K, statin use and active smoking at +recessive
model. * P<0.01 at one-way ANOVA.

At multivariate generalized linear models, we found that the G allele was associated
with reduced TC (beta: -0.15; 95% c.i. -0.25--0.04; p=0.005), LDL cholesterol (beta: -0.20;
95% c.i. -0.30--0.10; p<0.0001) and with increased HDL cholesterol (beta: 0.07; 95% c.i. 0.03-
0.10; p=0.0003), after adjustment for sex, age, body mass index (BMI), type 2 diabetes
(T2D), PNPLA3 I148M, TM6SF2 E167K and MBOATY7 rs641738 variants by using an addi-
tive model (Table 2). Consistently, at multivariate generalized analysis, the prevalence of
dyslipidemia was lower in patients who carry the minor G allele (OR: 0.76; 95% c.i. 0.60-
0.95; p=0.01), adjusted for the same confounders (Table 2 and Fig.S1A).

At recessive model, LDL cholesterol (beta: -0.14; 95% c.i. -0.27--0.009; p=0.03), along
with dyslipidemia (OR: 0.37; 95% c.i. 0.18-0.77; p=0.007) remained associated with the
rs599839 variant (Table 2 and Fig.S1A). Conversely, we did not find any association be-
tween the rs599839 variant and circulating TGs, T2D or IR.

Therefore, we next evaluated the impact of the rs599839 G allele on cardiovascular
comorbidities in the Overall cohort. At multivariate generalized analyses, it was associ-
ated with reduced carotid intima-media thickness (IMT) (beta: -0.06; 95% c.i. -0.10--0.02;
p=0.001), carotid artery plaque formation (OR: 0.22; 95% c.i. 0.05-0.92; p=0.03) and
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hypertension (beta: 0.43; 95% c.i. 0.18-0.98; p=0.04) after adjustment for sex, age, BMI, T2D,
TM6SF2 E167K variant, statin use and active smoking only by running a recessive model
(Fig.1D-F and Table 3).

Table 3. Independent predictors of intima media thickness (IMT), plaque presence and hypertension in 1426 patients with
NAFLD from the Overall cohort.

IMT Plaques, yes Hypertension, yes
95% CI p OR 95% CI P OR 95% CI p
Sex, M 0.05 0.02-0.06 <0.0001 1.78 1.04-3.06  0.03 132 0.95-1.84 0.09
Age, years 0.008 0.006-0.009  <0.0001 1.09 1.07-1.12  <0.0001  1.06 1.05-1.07  <0.0001
BMI, kg/m? 0.001 -0.003-0.005 0.54 1.02 0.97-1.07  0.41 1.06 1.04-1.08  <0.0001
IFG/T2D, yes (%) 0.002 -0.02-0.02 0.86 1.54 0.91-2.61 0.11 1.68 1.18-2.38 0.003
TM6SF2, E167K allele -0.02 -0.06-0.01 0.22 0.78 0.46-134  0.37 1.71 1.16-2.51 0.006
Statin use, yes -0.01 -0.04-0.01 0.38 0.43 0.22-0.83  0.01 0.97  0.56-1.66 0.91
Active smoking 0.01 -0.01-0.03 0.36 1.840 1.08-3.14  0.02 130  0.92-1.84 0.12
1rs599839 GG yes -0.06 -0.10—0.02 0.001 0.22 0.05-092  0.03 043  0.18-0.98 0.04

CI: confidence interval. Values were obtained at multivariate generalized linear analysis (for IMT) or nominal logistic
regression analysis (for Plaques and Hypertension) adjusted for sex, age, BMI (body mass index), T2D (type 2 diabetes
mellitus) and TM6SF2 E167K alleles, statin use and active smoking by using a recessive model.

3.2. The rs599839 A>G Variant is not Associated with Histological NAFLD

Since the rs599839 variation influences circulating lipid concentrations, which are
strongly entangled in hepatic fat accumulation, we analyzed its impact on liver damage
in NAFLD patients from the Overall cohort. At ordinal regression analysis, the rs599839
variant was not related to steatosis, lobular inflammation, ballooning, fibrosis (Fig.S1A-
D) and cirrhosis neither at additive or recessive models (Table 4, Table S3 and Table S4),
thus suggesting that the G allele did not impact on in the histological spectrum of NAFLD.
This mechanism differs from what we observed for the E167K TM6SF2 variant, which by
impairing VLDL release, induces fat accumulation in the liver and at the same time pro-
tects against CAD [18].

Table 4. Independent predictors of liver damage in 1426 patients with NAFLD from the Overall cohort.

Steatosis Lobular inflammation Ballooning Fibrosis
95% CI p 95% CI P 95% CI P 95% CI p
Sex, M 0.29 0.17-041 <0.0001 ©<0.0001 0.29 0.14-0.44 <0.0001 0.32 0.20-0.44 <0.0001
Age, years 0.002 -0.007-0.01  0.67 ©<0.0001 0.03 0.02-0.04 <0.0001 0.07 0.04-0.06 <0.0001
BMI, kg/m? 0.04 0.02-0.05 <0.0001 "~ <0.0001 -0.003 -0.02-0.01  0.67  0.002 -0.01-0.015 0.81
IFG/T2D, yes (%) 0.33 0.19-0.47 <0.0001 ©<0.0001 0.32 0.17-0.48 <0.0001 0.60 0.47-0.74 <0.0001
PNPLA3, 1148M allele 0.43  0.28-0.57 <0.0001 ©<0.0001 0.28 0.10-0.47 0.002 0.49 0.34-0.64 <0.0001
TM6SE2, E167K allele 0.75  0.46-1.04 <0.0001 ) 0.0001 0.41 0.08-0.75  0.01 0.57 0.29-0.84 <0.0001
MBOAIZI'I;SS“BS T 0.11 -0.04-025 0.14 i i 0.02 -0.15-020 0.76 0.16 0.01-0.31  0.02
rs599839 G allele  -0.02 -0.19-0.16 0.83 - i i 0.20 -0.02-042 0.07 0.02 -0.16-0.19 0.82

CI: confidence interval. Values were obtained at multivariate ordinal regression analysis adjusted for sex, age, BMI (body
mass index), T2D (type 2 diabetes mellitus) and PNPLA3 1148M alleles, TM6SF2 E167K alleles and MBOAT7 rs641738 T
allele by using an additive model.
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3.3. The rs599839 Variation is Associated with Increased Risk of HCC in NAFLD Patients

Since the rs599839 variant is located at 500b downstream of the 3’ untranslated region
(UTR) of PSRC1I gene, which is required for the congress of chromosomes at the meta-
phase plate and for normal rate of chromosomal segregation during anaphase, we next
sought to examine whether the rs599839 variation may affect the risk to develop HCC in
NAFLD patients. The frequency distribution of the minor G allele in the Hepatology ser-
vice cohort (n=1295) and in the NAFLD-HCC cohort (n=131) is shown in Fig.2A, in Table
1 and in Table S1. The minor G allele was more frequent in NAFLD patients with HCC
than those without cancer (p=0.01 at one-way ANOVA (Table 1); 27% vs 21% p=0.03 at
Fisher-exact Test NAFLD-HCC vs Hepatology service cohort; Fig.2A and Table S1) and
the percentage of GG homozygous patients was even more higher in NAFLD-HCC cohort
(12% vs 5% NAFLD-HCC vs Hepatology service cohort; Table 1). Furthermore, at multi-
variate analysis, the G allele was independently associated with enhanced risk of HCC at
both additive (OR: 1.70; 95% c.i. 1.08-2.70; p=0.02) and recessive models (OR: 5.85; 95% c.i.
2.12-16.12; p=0.0006). Notably, the effect of the variant on HCC development seems to be
independent of the liver disease severity, as adjustment for advanced fibrosis did not abol-
ish the association between the G allele and HCC at both models (OR: 1.70; 95% c.i. 1.03-
2.80; p=0.03; and OR: 5.62; 95% c.i. 1.77-17.84; p=0.003, respectively) (Fig.2B and Table 5).
Furthermore, at multivariate analysis, the rs599839 variant is associated with an increased
risk to develop advanced tumor stages (Stage (S) >1; OR: 3.27; 95% C.I. 1.36-7.85; p=0.008)
and more pronounced primary tumor extensions (Tumor size (T) >1; OR: 2.86; 95% C.L
1.17-6.96; p=0.02). Consistently, the at-risk G allele correlates with higher Child-Pugh
scores (Child-Pugh >A6; OR: 4.38; 95% C.1. 1.35-14.22; p=0.01) (Table 6). Collectively, these
findings suggest that the rs599839 variant might increase the risk to develop aggressive
HCC in NAFLD patients independently of hepatic fat accumulation or fibrosis, and more
so in homozygous subjects.

Figure 2
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Figure 2. The rs599839 variant influences the risk of HCC in NAFLD patients. Frequencies dis-
tribution of the rs599839 variant across the 404 individuals from 1000 genomes European non-
Finnish cohort, Hepatology service cohort (n=1295) and NAFLD-HCC cohort (n=131) (A). Associa-
tion of the rs599839 variant with HCC (n=131 cases from the NAFLD-HCC cohort and n=1295 con-
trols with NAFLD from the Hepatology service cohort). Multivariable nominal logistic regression
analysis adjusted for age, sex, BMI, T2D, presence of PNPLA3 1148M, TM6SF2 E167K and
MBOATY7 T alleles at ° additive or frecessive model (B).
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Table 5. Independent predictors of NAFLD-HCC in 1426 patients with NAFLD (Cases=131).

HCC® HCCt HCC? adjusted for £>2 ~ HCC+ adjusted for £>2
OR 95% CI p OR  95% CI P OR  95% CI P OR  95% CI p
Sex, M 1.82 098336 0.05 1.64 0.89-3.01 0.10 223 1.14-434 0.01 2.08 1.07-4.06 0.03
Age, years 1.16 1.12-1.20 <0.0001 1.16 1.12-1.20 <0.0001 1.13 1.09-1.17 <0.0001 1.13 1.09-1.17 <0.0001
BMI, kg/m? 0.87  0.82-0.93 <0.0001 0.88 0.83-0.93 <0.0001 0.90 0.84-0.96 0.0009 0.90 0.84-0.96 0.001

IFG/T2D, yes (%)  3.22  1.79-578 <0.0001 3.25 1.80-5.86 <0.0001 1.86 0.96-3.57 0.06 190 0.98-3.67 0.05
PNPLA3, I1148M allele 1.35 0.93-195  0.11  1.34 092-1.94 0.12 1.02 0.67-1.53 093 1.01 0.67-1.52 0.95
TM6SF2, E167K allele 1.51  0.84-2.72  0.16 147 0.82-265 019 120 0.64225 057 117 0.61-217 0.63
MBOAT7, rs641738 T

allele

rs599839 G allele  1.70  1.08-2.70  0.02  5.85 2.12-16.12 0.0006 1.70 1.03-2.80 0.03 5.62 1.77-17.84 0.003

CI: confidence interval. Values were obtained at multivariate nominal logistic regression analysis adjusted for sex, age,
BMI (body mass index), T2D (type 2 diabetes mellitus) and PNPLA3 I148M alleles, TM6SF2 E167K alleles and MBOAT7
15641738 T allele by using an additive® or recessive modelt.

1.33  0.90-1.96 0.14 1.39 0.94-2.06 0.09 137 090-2.09 0.14 1.42 0.93-218 0.10

Table 6. Independent predictors of advance stage (S), tumor size (T) and Child-Pugh score in 131 NAFLD-HCC patients
from the Overall cohort.

Stage (S)>1 Tumor size (T) >1 Child-Pugh > A6

OR 95% CI p OR 95% CI p OR 95% CI p
Sex, M 1.10 0.33-3.65 0.87 0.82  0.234-2.83 0.01 0.47 0.08-2.90 0.42
Age, years 0.99 0.94-1.04 0.67 0.98 0.93-1.04 0.82 0.97 0.89-1.05 0.51
PNPLAS3, 1148M allele 0.61 0.30-1.23 0.16 0.41 0.19-0.85 0.93 0.43 0.13-1.45 0.17
TM6SF2, E167K allele 1.08 0.42-2.81 0.87 1.27 0.47-3.41 0.57 0.21 0.22-1.89 0.16
MBOAT7, rs641738 T allele  0.73 0.34-1.55 0.41 0.66 0.30-1.44 0.29 0.43 0.11-1.63 0.21
rs599839 G allele 3.27 1.36-7.85 0.008 2.86 1.17-6.96 0.02 438  1.35-1422  0.01

CI: confidence interval. Values were obtained at multivariate nominal logistic regression analysis adjusted for sex, age,
and PNPLA3 I148M alleles, TM6SF2 E167K alleles and MBOAT7 rs641738 T allele by using an additive model.

3.3. The rs599839 A>G Gene Variant Affects Circulating Cholesterol and CAD Risk but not
Liver Damage in UKBBC

The protective effect of the rs599839 G allele on lipid metabolism and cardiovascular
risk was confirmed by analyzing the data obtained from the UKBBC. Indeed, there was a
strong negative association between the rs599839 G allele and circulating TC levels (beta:
-0.017; p=7.82*e-112), disorders of lipoprotein metabolism (beta: -0.01; p=4.3%e-55), meta-
bolic disorders (beta: -0.01; p=3.09*e-44) and the presence of cardiovascular complications
such as ischemic heart diseases (beta: -0.006; p=6.72%e-25), hypertensive diseases (beta: -
0.002; p=0.018) and atherosclerosis (beta: -0.0003; p=0.037). The clinical phenotypes related
to rs599839 variant in the UKBBC are listed in Table 7. Remarkably, the rs599839 variant
was not correlated with liver failure and hepatic fibrosis and cirrhosis thus confirming
what we found in NAFLD patients.

Table 7. Association of the rs599839 A>G variant with liver-related outcomes and biochemical parameters in the UK Bi-

obank cohort (UKBBC).
Phenotype Cases Estimate beta OR  P-value
K70: Alcoholic liver disease 808 -1.99*e-05 1.01 0.86
K74: Fibrosis and cirrhosis of liver 805 3.31%e-06 0.99 0.97
K75: Other inflammatory liver diseases 662 -9.95%e-05 1.06 0.32
K76: Other diseases of liver 3351 -5.32%e-06 1 0.98
K70-K77: Diseases of liver 4894 -0.0002 1.02 0.39
High cholesterol 55265 -0.017 1.17  7.82%-112
E78 Disorders of lipoprotein metabolism and other lipidaemias 39308 -0.010 1.14  4.3%e-55
E70-E90 Metabolic disorders 47969 -0.010 1.11  3.09*e-44

120-125 Ischaemic heart diseases 33387 -0.006 1.1 6.72%e-25
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125 Chronic ischaemic heart disease 27772 -0.006 1.11  9.76%e-25
120 Angina pectoris 19935 -0.004 1.1 3.85%-17
Heart/cardiac problem 32474 -0.005 1.08  2.29%-16
Angina 14399 -0.003 1.12  2.88%-16
Heart attack/myocardial infarction 10356 -0.002 113 3.84%-14
121 Acute myocardial infarction 8764 -0.002 1.11  4.05*¢-09
130-152 Other forms of heart disease 31135 -0.002 1.04 0.0002
150 Heart failure 5901 -0.001 1.08 0.0003
171 Aortic aneurysm and dissection 1470 -0.0004 1.14 0.003
Pace-maker 1355 -0.0003 1.12 0.013
I10-I15 Hypertensive diseases 84910 -0.002 1.01 0.018
G45 Transient cerebral ischaemic attacks and related syndromes 2765 -0.0004 1.07 0.03
170 Atherosclerosis 1371 -0.0003 1.1 0.037

Biochemical parameters are assessed in the entire cohort (n=500,000 subjects). HWE: 0.84 MAF: 0.23.

3.4. Association between rs599839 and other Genetic Variants Located in the 1p13.3 Locus

To investigate whether the associations between the rs599839 polymorphism and
metabolic traits were due to other common variants (MAF>0.01) located in the 1p13.3 lo-
cus, we examined the linkage disequilibrium pattern at the region spanning 50.00 Kb
(chrl: 109,800,000-109,850,000; Human (GRCh37.p13)), using data from 1000 genomes
project and considering 503 individuals of European descent (CEU). The rs599839 variant
resulted in strong linkage disequilibrium with other 10 common SNPs (rs1277930,
rs583104, rs4970836, rs602633, rs7528419, rs629301, rs646776, rs12740374, rs3832016,
rs660240) (r2>0.8; Table S5), localized in the region that ranges from the CELSR2 3'UTR,
the intergenic region between CELSR2 and PSRC1, and the PSRC1 3'UTR oriented in op-
posite direction (Fig.S2A). Thus, we evaluated the clinical phenotypes most significantly
associated with these SNPs in the UKKBC and we found that all these variants were neg-
atively correlated with circulating TC concentrations (beta: -0.017; p<0.0001), supporting
previous data from Musunuru et al [11] on the effect of the entire 1p13.3 locus on circulat-
ing lipids and confirming the protective role of the rs599839 minor G allele on lipid me-
tabolism even in NAFLD patients.

3.5. The rs599839 A>G Impacts on PSRC1, SORT1 and CELSR2 Expression

To determine whether the epidemiological association between the rs599839 variant
and protection against CAD and higher risk to develop HCC in NAFLD patients may be
mediated by the modulation of transcriptional activities at this locus, we examined the
hepatic expression of PSRC1, SORT1 and CELSR2 in a subset of patients belonging to the
Overall cohort of whom transcriptomic data was available (n=125). The rs599839 G allele
was associated with higher PSRC1 (p<0.0001 at one-way ANOVA; adjusted p<0.0001 for
GG vs AA), SORT1 (p<0.0001 at one-way ANOVA; adjusted p<0.0001 for GG vs AA) and
CELSR2 (p=0.0002 at one-way ANOVA; adjusted p<0.001 for GG vs AA) mRNA levels
(Fig.3A-C). In addition, there was a strong positive correlation between their expressions
(p<0.0001; for all comparisons) (Fig.3D-F). As we expected, PSRC1, SORT1 and CELSR2,
which are predicted to interact according to a network analysis generated by STRING,
were significantly co-expressed (p=8.44*e-07, Fig.S2B), indicating that these proteins are
at least partially biologically connected, as a group.
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Figure 3. PSRC1, SORT1 and CELSR2 expressions increase in NAFLD patients carrying the rs599839 variant. PSRC1
(A), SORT1 (B) and CELSR2 (C) mRNA levels were evaluated by transcriptome analysis on liver biopsies (n=125) and
stratified by the presence of the rs599839 G allele. mRNA levels were represented as log transformed. Boxes span from 25°
to 75° percentile, while whiskers indicate the 10° and 90° percentile. * P<0.0001 at one-way ANOVA. Correlation analyses
between PSRC1 and SORT1 (D), CELSR2 (E) and between SORT1 and CELSR2 (F).

Our data is consistent with previous findings which indicate that SORT1 is the pri-
mary mediator of circulating lipids at this locus. Indeed, SORT1 expression, but not PSRC1
or CELSR2, was significantly correlated with the reduction of TC concentrations (Y=-
0.002X+5.72; p=0.014), and more strongly with the decrease in LDL cholesterol (Y=-
0.002X+3.65; p=0.0008) and serum TGs (Y=-0.001X+1.64; p=0.014). However, SORT1 mRNA
levels did not correlate with HDL cholesterol (Fig.4A-D). Even more, the expression of
SORT1 was tightly correlated with that of Apolipoprotein A1 (APOA1; Y=-40.9X+83971;
p=0.04), Apolipoprotein E (APOE; Y=-71.2X+139320; p=0.01), APOB (Y=-20.4X+60875;
p=0.01), Microsomal Triglyceride Transfer Protein (MTTP; Y=-0.94X+3418; p=0.05),
TM6SF2 (Y=-0.14X+191.7; p=0.003), Lipoprotein lipase (LPL; Y=0.03X+5.69; p=0.03), Sterol
Regulatory Element-binding Protein-1 (SREBP1; Y=-1.23*X+2850; p=0.02) and Diacylglyc-
erol O-acyltransferase 2 (DGAT2; Y=-2.80*X+4375; p=0.007) genes, thus, reinforcing the role
of SORTT1 in lipoprotein turnover, lipid synthesis and dismissal (Fig.4E-N). Conversely,
PSRC1 mRNA levels more marginally impacted on the expression of these genes
(Fig.S3A-B), while CELSR2 expression did not impact at all. This data suggests that the
alteration of SORT1 expression, induced by presence of the rs599839 variant, is the main
driver of the reduced lipid concentrations observed in patients who carry the variant.
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Figure 4. SORT1 mRNA levels correlates with the concentration of circulating lipids and with the expression of genes
involved in lipoprotein release and lipid synthesis. Correlation analyses between hepatic SORT1 gene expression evalu-
ated by transcriptome analysis on liver biopsies (n=125) and circulating total cholesterol (TC) (mmol/L) (A), LDL (mmol/L)
(B), HDL (mmol/L) (C), and triglycerides (mmol/L) (D). Correlation analyses between hepatic SORT1 gene expression and
APOAL1 (E), APOE (F), APOB (G), MTTP (H), TM6SF2 (I), LPL (L), SREBP1 (M), DGAT2 (N) mRNA levels evaluated by
transcriptome analysis on liver biopsies (n=125).

To further explore the association between the rs599839 variant and HCC risk, we
investigated the impact of PSRC1-SORT1-CELSR?2 cluster on cell proliferation. We found
that PSRC1 mRNA levels positively correlated with those of Proliferating cell nuclear an-
tigen (PCNA; Y=1.15*X+188.1; p=0.002) and Tumor protein p53 (TP53; Y=0.98*X+196.1;
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p=0.0007) (Fig.5A-B). Conversely, SORT1 expression was less strongly associated with
that of PCNA and TP53 (Fig.S3C-D), whereas the one of CELSR?2 did not correlate with
the expression of genes involved in cell cycle progression. In sum, the effect of the
rs599839 variant on HCC risk in NAFLD patients seems to be mainly related to PSCR1
enhanced expression.

Figure 5
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Figure 5. PSRC1 mRNA levels correlate with that of genes involved in cell proliferation and its
overexpression reduced survival in HCC patients. Correlation analyses between hepatic PSRC1
gene expression and PCNA (A) and TP53 (B) mRNA levels evaluated by transcriptome analysis on
liver biopsies (n=125). PSRC1 mRNA levels were evaluated by transcriptome analysis on HCC
samples from TCGA dataset (n=366). Among the 366 HCC samples, 25 patients (7%)
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overexpressed hepatic PSRC1 (altered group) compared to the others (n=341, unaltered group).
mRNA levels were represented as log transformed. Boxes span from 25° to 75° percentile, while
whiskers indicate the 10° and 90° percentile. * P<(0.0001 at two-tailed Student T-test (C). Kaplan-
Meier survival analysis of patients with PSRC1 overexpressed (n=25; altered group — red line) vs
the others (n=341; unaltered group — blue line). X axis indicates the months of survival. Logrank
Test P value: 0.0128 (D). Reactome pathways enriched for 6353 genes co-regulated with PSRC1
expression in 366 samples from TCGA dataset. The statistical significance level (p-value) was neg-
ative 10-based log trans-formed (E).Volcano plot illustrates the differential frequency distribution
of mutations, observed in patients belonging to the altered group (n=25) compared to the unal-
tered one (n=341), represented as log fold changes (log ratio, on x axis) and the distribution of
transformed P values (-log10 of P, y axis) (F). The frequency of mutations in the 10 genes most
enriched in mutations in both groups are stratified according to the presence of PSRC1 overex-
pression (n=25, altered group in red) or not (n=341, unaltered group in blue) (G).

3.6. PSRC1 Overexpression Aggravates HCC in TCGA

To further endorse the role of PSRC1 in HCC development we assessed its hepatic
expression in 366 HCC patients enrolled in TCGA dataset. Among them, 25 (7%) dis-
played an overexpression of hepatic PSRC1 (altered group) compared to the others (n=341,
unaltered group) (p<0.0001 at ¢-tests; Fig.5C). Likewise, independently of ethnicity, gender
and age at diagnosis, PSRC1, but not SORT1 or CELSR2 mRNA levels, were associated
with tumor stage worsening (S >1; beta: 0.7+0.06; 95% C.I. 0.05-0.27; p=0.006), advanced
histological grade of liver cancer (G >2; beta: 0.17+0.06; 95% C.I. 0.05-0.29; p=0.005) and
primary tumor extension (T >1; beta: 0.17+0.05; c.i. 0.06-0.28; p=0.003) at multivariate anal-
ysis (Fig.54A-C and Table 8), thus suggesting that tumors which overexpressed PSRC1
tend to be more undifferentiated, grow rapidly and spread faster to nearby and distal
tissues and partly confirming the results obtained in NAFLD-HCC patients who carried
the G minor allele. As a consequence, in patients in whom PSRC1 was overexpressed, the
average of months of survival was 24.89, while in the others was 55.69. Moreover, the
number of deceases in the altered group was 10 (40%), whereas in the unaltered one it was
119 (35%) (Logrank Test p=0.0128) (Fig.5D).

Table 8. Independent predictors of hepatic PSRC1 mRNA levels in 366 HCC patients from TCGA

database.
PSRC1
B 95% CI p*
Sex, M 0.04 -0.08-0.31 0.50
Ethnicity; Hispanic 0.08 -0.18-0.35 0.55
Diagnosis Age -0.0003 -0.01-0.006 0.50
Stage (S) >1 0.7 0.05-0.27 0.006
Sex, M 0.06 -0.06-0.18 0.31
Ethnicity; Hispanic 0.10 -0.16-0.36 0.45
Diagnosis Age -0.001 -0.01-0.07 0.67
Grade (G) >2 0.17 0.05-0.29 0.005
Sex, M 0.05 -0.07-0.17 0.41
Ethnicity; Hispanic 0.08 -0.18-0.34 0.54
Diagnosis Age -0.002 -0.01-0.006 0.53
Tumor size (T) >1 0.17 0.06-0.28 0.003

At multivariate generalized linear model adjusted for the confounders shown in the table.

Consistently with the results obtained from Transcriptomic cohort, PSRC1 mRNA
levels positively correlated with expression of SORT1 and CELSR2 and with well-estab-
lished proliferation markers such as PCNA, MKI67, TERT, CDC20, numerous cyclins
(CCNSs), cyclin dependent kinases (CDK1-4), genes involved in DNA replication (MCM2-
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10, E2F2) and many other oncogenes (Table S6). However, we didn’t find any correlation
between TP53 expression and PSRC1 in TCGA. Conversely, PSRC1 expression negatively
correlated with that of genes involved in lipoprotein release and cholesterol synthesis
(such as APOB and DGAT?2) (Table S6). In details, a pathway-enriched analysis of the
6353 genes most significantly co-regulated with PSRC1, confirmed that these genes are
mainly involved in cell cycle progression (q= 1.07*e-19 Benjamini-corrected) (Fig.5E and
Table S7).

We next analyzed the frequency rate of mutations in patients who belong to the al-
tered group compared to the unaltered one, as shown in the volcano plot in Fig.5F. Among
the most mutated genes, we highlighted that TP53 has the highest rate of mutation in the
group of patients with altered expression of PSRC1. Indeed, among patients belonging to
the altered group, 17 cases (68%) displayed TP53 putative driver mutations, including 10
missense and 7 truncating pathogenic mutations, while among the others (unaltered
group) only 91 (27%) showed mutation in TP53 (p=5.11%*e-5). Along with TP53 several
other genes implicated in cell proliferation (CTNNB1 (p=0.32), CSMD3 (p=0.01), PCLO
(p=0.04), MUC16 (p=0.40), TRPS1 (p=2.8*e-3) and SETD2 (p=0.01)) or cardiovascular dam-
age (TTN (p=0.04), RYR2 (p=0.028), OBSCN (p=0.08)) have been found to be enriched in
mutation rate in the altered group (Fig.5G).

Finally, to investigate which genes were deregulated in the context of PSRC1 overex-
pression, we performed a gene expression differential analysis of the whole hepatic tran-
scriptome of patients belonging to the altered group compared to the unaltered one. We
found 3794 differentially expressed genes, 2129 being up-regulated and 1665 down-regu-
lated in the altered group of patients (4<0.05, at Benjamini-Hochberg FDR correction).
Pathway-enriched analysis confirmed that up-regulated genes were mainly involved in
cell proliferation (Fig.S5A-B and Table S8), whereas down-regulated in metabolic path-
ways, metabolism of lipids and lipoproteins and in mitochondrial fatty acid $-oxidation
(Fig.S6A-B and Table S9). Overall, these findings may support the hypothesis that the
hyper-activation of PSRC1 transcription may promote tumor growth, de-differentiation
and invasion and they may explain the loss of significant correlation between PSRC1 and
TP53 in patients carrying PSRC1 altered expression, as an escape from the mechanism of
tumor suppression.

4. Discussion

In this study, we examined the impact of the rs599839 A>G variant which is located
in the genetic cluster of CELSR2-PSRC1-SORT1 on metabolic phenotypes and liver dam-
age in a large cohort of histologically characterized NAFLD patients, in individuals from
UKKBC and in HCC patients from TCGA. We found that the minor G allele was associ-
ated with a protection from atherogenic dyslipidemia, carotid plaque formation and hy-
pertension in NAFLD patients, which are at higher risk of cardiovascular comorbidities.
Consistently, the presence of the G allele was related to protection against hypercholes-
terolemia and several cardiovascular outcomes also in the UKKBC, which is representa-
tive of the general population.

The rs599839 variant has been previously identified through GWAS and then inves-
tigated in epidemiological studies which revealed its strong association with CAD, myo-
cardial infarction, abdominal aortic aneurysm and lipid traits [10,29-33]. Its impact on
CAD risk factors has been further validated in the Sikh Diabetes Study [34,35] and in the
Indian Atherosclerosis Research Study (IARS) [13]. Furthermore, the association between
GG homozygosity and the protection against hypertension has been confirmed in a cohort
of 5,460 Japanese individuals [36].

We endorsed the strong impact of the rs599839 variant on circulating lipids through
the linkage disequilibrium analysis at the region spanning 50.00 Kb in the 1p13.3 locus
(chrl: 109,800,000-109,850,000; Human (GRCh37.p13)), using data from 1000 genomes
project. Indeed, we revealed that the rs599839 variant is in strong linkage disequilibrium
with other 10 common SNPs (rs1277930, rs583104, rs4970836, rs602633, rs7528419,
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15629301, rs646776, rs12740374, rs3832016, rs660240), all localized in the genomic region
ranging from the 3'UTR of CELR?2, the intergenic region and the PSRC1 3'UTR oriented in
opposite direction. All these SNPs have been found to be correlated with reduced TC lev-
els, with the same direction and strength of the rs599839 variant. Thus, the impact of the
entire 1p13.3 locus on TC modulation which has been observed in previous studies may
be translated even in NAFLD patients.

Concerning liver damage, the rs599839 variant did not have a significant impact on
hepatic fat accumulation, lobular inflammation, ballooning or fibrosis. The lack of any
significant association between liver failure or hepatic fibrosis and cirrhosis and the
15599839 variant has been supported by UKBBC data. Notwithstanding, the rs599839 mu-
tation was related to higher risk to develop HCC in NAFLD patients through a mechanism
which seems to be independent of fibrogenic processes and the presence of cirrhosis.

Therefore, in attempt to decipher the role of this locus in lipid handling, cardiovascu-
lar protection and HCC predisposition, we demonstrated that patients who carry the
15599839 G allele showed higher mRNA levels of SORT1, CELSR2 and PSRC1. It has also
been previously assessed that rs599839 variant strongly correlated with SORT1, PSRC1
and CELSR?2 transcript levels in human liver [11,37,38], and we further reinforced this
data with transcriptional studies and network analysis by STRING. In addition, the anal-
ysis of the expression of quantitative trait loci (eQTLs), confirmed the correlation between
the rs599839 variant and hepato-specific PSRC1, SORT1 and CELSR2 expressions (Table
$10). However, it remains unclear how the rs599839 genetic variation affects the expres-
sion of genes at this locus. Indeed, we did not find any transcription factor binding site in
the proximity of the rs599839 polymorphism. Nonetheless, given the high linkage dise-
quilibrium with the other 10 SNPs, we could speculate that they can impact on essential
regulatory regions thus providing gene expression alterations. For instance, the
rs12740374 SNP has been predicted to alter a binding site for CCAAT/enhancer-binding
protein (C/EBP) transcription factors, resulting in a significantly increased SORT1 hepatic
expression [17]. Notably, we demonstrated that the enhanced hepatic expression of
SORT1 mainly affected circulating lipid profiles, lipoprotein turnover and release, while
PSRC1 expression most strongly impacted on genes implicated in cell proliferation and
survival thus possibly explaining the opposite effect of the rs599838 variation which pro-
tects against cardiovascular complications and as one predisposes to HCC, respectively.
The rs599839 variant induces the expression of these genes whose effect is even more
strong in homozygous status. Conversely, CELR2 expression neither impact on lipid levels
nor proliferation.

It has been reported that Sortilin 1, encoded by SORT1 gene, is directly involved in
lipid metabolism and lipoprotein uptake [17,39]. It is a multi-ligand receptor mainly ex-
pressed in hepatocytes and macrophages, where it mediates the trafficking of diverse en-
dogenous or exogenous proteins between the Trans-Golgi network and lysosomes, endo-
somes and plasma membranes [17,40]. As sorting receptor, Sortilin 1 may regulate the
hepatic expression of various genes, including LPL and APOE and lipid-related ones [41-
43]. Specifically, hepatic Sortilin 1 translocates Apolipoproteins, mainly APOB to lyso-
somes for the autophagy-related degradation thus limiting VLDL/LDL formation and se-
cretion and enhancing in turn their clearance. Thus, it mediates the reduction of circulat-
ing VLDL, TC and TG levels [44,45]. Similarly, Sortilin 1 mediates the uptake of native
LDL in macrophages for subsequent lysosomal hydrolysis [46]. We could speculate that
the improved lipid profile associated with the lack of hepatic fat accumulation in NAFLD
patients carrying the rs599839 genetic variation may be explained by the enhanced LDL
lysosomal degradation in hepatocytes and macrophages, due to the increased Sortilin 1
expression.

Conversely, PSRC1 gene encodes a proline-rich protein, that play a crucial role in
mitosis by recruiting and regulating microtubule depolymerases (i.e. KIF2A) which de-
stabilizes microtubules. PSCR1 may act as oncogene by different mechanisms: it enhances
[-catenin activation and cyclins production by binding to adenomatous polyposis coli 2
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(APC2) and inhibits p53-binding protein 2 (ASPP2) [47]. It is targeted for regulation by
the tumor suppressor protein p53, that is a well characterized transcription factor that
mediates DNA repair, cell cycle arrest and apoptosis [16,48-50]. In particular, Hsieh and
colleagues demonstrated that P53 suppresses the expression of both human PSRC1
mRNA and protein levels, specifically binding to a motif in PSRC1 5’ region [16]

Interestingly, in TCGA dataset the overexpression of PSRC1 has been strictly corre-
lated with poor prognosis, tumor stage, advanced grade, and increased size of liver can-
cers, further reinforcing what we have observed in our cohort of NAFLD-HCC patients.
Indeed, PSRC1 mRNA levels positively correlated with those of genes involved in cell
proliferation and cell cycle progression, confirming our results from transcriptomic anal-
yses. According to these findings, patients who overexpress PSRC1 showed an enhanced
loss-of-function mutation rate in TP53 gene, possibly explaining the absence of correlation
between PSRC1 and TP53 expressions in HCC samples, as an escape from the TP53-me-
diated mechanisms of tumor suppression. Likewise, PSRC1 overexpression has been pre-
viously detected in tumor liver tissues and in hepatoma cells, where it is associated with
HCC recurrence after resection [16]. Nonetheless, the mechanisms through which HCC
tissues overexpress PSRC1, independently of the genetic background, remain to be fully
elucidated and TP53 mutations may partially explain this effect.

Overall, the evidence reported here points out PSRC1 as a possible novel biomarker
or molecular target for HCC diagnosis and therapy. Indeed, this study, for the first time,
highlighted a possible link between the rs599839 variant and HCC development in a large
series of histologically characterized NAFLD patients. However, there are some limita-
tions, in UKKBC there is not individual data available about cancer history, thus preclud-
ing a formal evaluation of the interaction between PSRC1 and the risk of HCC in this pop-
ulation. Moreover, the real proof-of-concept of the interaction between PSRC1 and TP53
is lacking.

In conclusion, the rs599839 variant is associated with protection against atherogenic
dyslipidemia and with increased HCC risk in NAFLD individuals. Several lines of evi-
dence indicate that the mechanisms underlying these associations may involve the effect
of the rs599839 variant on SORT1 and PSRC1 expressions, although prospective and func-
tional studies are required.

List of abbreviations: APOB; Apolipoprotein B; BMI, body mass index; CAD, coronary artery dis-
ease; CCN, cyclin; CDK, cyclin dependent kinases; CELSR2, Cadherin EGF LAG Seven-Pass G-Type
Receptor 2; DGAT?2, Diacylglycerol O-acyltransferase 2; FDR, False Discovery Rate; IGT, impaired
glucose tolerance; GWAS, genome wide association study; HDL, high-density lipoprotein; HCC,
hepatocellular carcinoma; IMT, intima-media thickness; LDL, low-density lipoprotein; LPL, Lipo-
protein lipase; MBOAT7, Membrane Bound O-Acyltransferase Domain Containing 7; MTTP, Micro-
somal Triglyceride Transfer Protein; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic
steatohepatitis; PCNA, Proliferating cell nuclear antigen; PNPLA3, Patatin-like Phospholipase do-
main-containing 3; PSRC1, Proline And Serine Rich Coiled-Coil 1; SREBP1, Sterol Regulatory Ele-
ment-binding Protein-1; SORT1, sortilin-1; TCGA-LIHC, The Cancer Genome Atlas-Liver Hepato-
cellular Carcinoma; TM6SF2, Transmembrane 6 Superfamily member gene 2; TP53, Tumor pro-
tein p53; T2D, type 2 diabetes mellitus; UKBBC, UK Biobank Cohort.

Novelty and Impact: Dyslipidemia is hallmark of nonalcoholic fatty liver disease (NAFLD) and the
rs599839 variant in the CELSR2-PSRC1-SORT1 cluster, has been associated with a protection against
cardiovascular events. Here, we revealed a novel link between the rs599839 variant and hepatocel-
lular carcinoma (HCC) whose onset in the context of NAFLD is rapidly increasing. The rs599839
variant disentangles the risks of HCC and cardiovascular abnormalities by modulating SORT1 and
PSRC1 expressions. The latter emerged as potential modifier in liver carcinogenesis.
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