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A B S T R A C T

Background: The rs17618244 G>A b-Klotho (KLB) variant has been associated with increased risk of ballooning and inﬂammation in pediatric patients with metabolic associated fatty liver disease (MAFLD), by reducing
KLB expression. In hepatocytes, KLB downregulation induced fat accumulation and the expression of inﬂammatory and lipotoxic genes. We aimed to examine ﬁrstly the impact of the KLB rs17618244 variation on liver
damage in adult patients with MAFLD and secondly its effect on hepatic stellate cells (HSCs) activation.
Methods: The impact of the KLB rs17618244 variant on histological liver damage was surveyed in a retrospective cohort of 1111 adult patients with MAFLD. Subgroup analysis was performed according to the presence
of obesity (BMI>35; n = 708). Immortalized HSCs (LX-2) were transfected with the KLB wild type (LX2_KLBwt), or with the mutant one carrying the rs17618244 (LX-2_KLBmut).
Findings: At ordinal regression analysis the KLB rs17618244 variant was associated with hepatic ﬁbrosis (OR
1.23, 95% C.I.1.004 1.51; p = 0.04), but not with steatosis, inﬂammation and ballooning. By stratifying
patients according to the presence of obesity, the KLB A allele was further associated with lobular inﬂammation (OR 1.32, 95% C.I.1.02 1.72; p = 0.03) and cirrhosis (OR 2.51, 95% C.I.1.23 5.05; p = 0.01) Moreover,
hepatic KLB expression correlated with that of ﬁbrogenic genes. LX-2_KLBmut cells showed reduced KLB protein levels paralleled by an induction of pro-ﬁbrogenic genes and enhanced proliferative rate.
Interpretation: The KLB rs17618244 variant is associated with hepatic ﬁbrosis, inﬂammation and cirrhosis
mainly in obese patients with MAFLD and HSCs which carry this mutation are highly proliferative and
acquire a myoﬁbroblast-like phenotype.

Abbreviations: aSMA, Alpha-smooth muscle actin; BA, Bile acids; BMI, body mass index; CHX, cycloheximide; COL1A1, collagen type I alpha 1 chain; COL3A1, collagen type III
alpha 1 chain; CYP7A1, cholesterol 7a-hydroxylase; ER, endoplasmic reticulum; FBS, fetal bovine serum; FGF19, Fibroblast Growth Factor 19; FGF21, Fibroblast Growth Factor 21;
FGFR, Fibroblast Growth Factor Receptor; GAPDH, Glyceraldehyde3-Phosphate Dehydrogenase; HDL, high-density lipoprotein; HCC, hepatocellular carcinoma; HSCs, hepatic stellate
cells; IGT, impaired glucose tolerance; IR, insulin resistance; KLB, b-Klotho; LDL, low-density lipoprotein; MAFLD, nonalcoholic fatty liver disease; MBOAT7, Membrane Bound OAcyltransferase Domain Containing 7; MTTP, microsomal triglyceride transfer protein; Mut, mutant; NASH, nonalcoholic steatohepatitis; PDGF, platelet-derived growth factor;
PNPLA3, Patatin-like Phospholipase domain-containing 3; PM, plasma membrane; PPARa, peroxisome proliferator-activated receptor; SHP-1, short heterodimer partner; TGFb,
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Research in Context
Evidence before this study: Nonalcoholic fatty liver disease
(NAFLD) or as recently redeﬁned metabolic associated fatty
liver disease (MAFLD) is strongly associated with obesity and
type 2 diabetes, and it is the leading cause of liver disease
worldwide. Inherited genetic factors play a major role in the
development of MAFLD and in its progression towards endstage conditions.
The rs17618244 G>A b-Klotho (KLB) variation has been previously associated with enhanced risk of ballooning and inﬂammation in pediatric MAFLD patients. The mechanism whereby
KLB mutation causes liver injuries seems to be due to KLB
reduced expression, that fosters the expression of inﬂammatory
and lipotoxic genes.
Added value of this study: We examined relationship
between the rs17618244 KLB variant and histologically proven
liver damage in a cohort of adult MAFLD patients and in an in
vitro model of hepatic stellate cells (HSCs), responsible for ﬁbrosis. We showed that only in obese MAFLD patients, this variation is associated with lobular inﬂammation and ﬁbrosis and
that HSCs carrying the A allele display a higher proliferation
rate and acquire a myoﬁbroblast-like phenotype.
Implications of all the available evidence: The KLB
rs17618244 genetic variant is associated with liver damage in
adult patients with MAFLD and more so after stratiﬁcation for
the presence of obesity. Moreover, the mutated KLB modulates
the expression of genes involved in collagen deposition in
HSCs, partly explaining the impact of the rs17618244 variation
on hepatic ﬁbrosis. These ﬁndings may provide novel insight
into the pathogenesis and progression of MAFLD.

1. Introduction
Nonalcoholic or more recently re-deﬁned metabolic associated
fatty liver disease (MAFLD) [1,2], deﬁned as ectopic fat accumulation
in the liver, is closely related to obesity and insulin resistance (IR)
[3,4]. MAFLD is the most common chronic liver disease worldwide
ranging from simple steatosis to nonalcoholic steatohepatitis (NASH),
which may progress to ﬁbrosis, cirrhosis and hepatocellular carcinoma (HCC) [5]. MAFLD is a multifactorial disease whose pathogenesis is driven by environmental and genetic factors. The common
variant rs738409 I148M in the Patatin-like Phospholipase domaincontaining 3 (PNPLA3) gene is the major genetic determinant of
hepatic fat content, ﬁbrosis, cirrhosis and HCC [6-8]. In the last years,
strong risk variants for fatty liver, NASH and advanced ﬁbrosis have
also been identiﬁed in the Transmembrane 6 Superfamily member
gene 2 (TM6SF2) and Membrane Bound O-Acyltransferase Domain
Containing 7 (MBOAT7) genes [9,10].
We have recently demonstrated that the rs17618244 G>A variant
in the b-Klotho (KLB) gene, which leads to reduced KLB expression, is
associated with increased risk of ballooning and inﬂammation in
pediatric patients with biopsy-proven MAFLD [11]. KLB plasma levels
were lower in patients who carried the rs17618244 KLB minor A
allele and were associated with lobular inﬂammation, ballooning and

ﬁbrosis. Finally, KLB downregulation in in vitro models induced intracellular lipid accumulation and the expression of genes involved in
inﬂammation and lipotoxicity [11].
An association between KLB reduction and ﬁbrosis has been
recently reported by Somm et al. who demonstrated that KLB deﬁcient mice exhibited a pro-inﬂammatory status and onset of ﬁbrosis
[12]. However, the role of KLB in inducing inﬂammation and ﬁbrosis
and the impact of the rs17618244 variant on KLB expression are not
fully investigated.
KLB gene encodes for a transmembrane protein which complexes
with Fibroblast Growth Factor Receptors (FGFRs) to bind the hormones FGF21 and FGF19, which are released by the liver and adipose
tissue and by the intestine respectively [13]. FGF21 and FGF19 play
important roles in lipid and glucose metabolism and their biosynthesis results impaired in obesity [14,15]. The former is involved in glucose and triglycerides uptake by white and brown adipose tissue
through the interaction with FGFR1 [16]. FGF19, whose synthesis is
induced by postprandial bile acids (BA), is transported to the liver
and interacts with the FGFR4-KLB complex, leading to cholesterol 7ahydroxylase (CYP7A1) downregulation and to the repression of BA
synthesis [11]. This process is tightly regulated since BA accumulation
in the liver can lead to hepatotoxicity [17,18]. Indeed, adults and children with MAFLD exhibit elevated hepatic and circulating concentrations of BA that correlate with the severity of disease, mainly with
ﬁbrosis [19,20].
Both FGF19 and FGF21 have been involved in the pathogenesis of
obesity and type 2 diabetes mellitus (T2DM) representing potential
therapeutic targets for the treatment of metabolic diseases [21].
FGF21 is paradoxically increased in obese patients and in those with
MAFLD suggesting that obesity is a FGF21-resistance state [22,23].
Conversely, several studies reported a signiﬁcant decrease of FGF19
circulating levels in obese patients with metabolic syndrome and
MAFLD [24,25]. In our previous study, we found decreased plasma
levels of FGF19 in children with MAFLD who carried the rs17618244
KLB minor A allele [11]. Moreover, at multivariate analysis FGF19 levels were associated not only with the KLB variant, but also with ballooning and ﬁbrosis. However, the impact of this new genetic variant
on liver damage in adults with biopsy-proven MAFLD who display a
histologically more severe pattern when compared to children [26]
has not been investigated yet.
Therefore, in the present study we ﬁrstly aimed to conﬁrm the
effect of the KLB rs17618244 variant on liver disease severity, previously observed in the pediatric cohort, in adult patients with biopsyproven MAFLD, stratiﬁed according to the presence of obesity. Secondly, in order to clarify the mechanisms through which the
rs17618244 polymorphism impact on liver damage, we evaluated
the effect of exogenous overexpression of the wild-type or mutant
form of KLB in an in vitro model of hepatic stellate cells (HSCs) whose
activation represents the primary driver of hepatic ﬁbrogenesis.

2. Materials and methods
2.1. Hepatology service cohort
We analyzed 1111 unrelated Italian patients with MAFLD (Hepatology service cohort). Patients were consecutively enrolled from the
Metabolic Liver Diseases outpatient service at Fondazione IRCCS Ca’
Granda of Milan between January 1999 and December 2019 [10].
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Inclusion criteria were liver biopsy for suspected NASH (Liver
Clinic) or severe obesity (Bariatric Surgery) and availability of DNA
samples and clinical data. Other causes of liver disease including
increased alcohol intake (>30/20 g/day in males/females), viral and
autoimmune hepatitis, hereditary hemochromatosis, alpha1-antitrypsin deﬁciency, and history infection with hepatitis B or hepatitis
C were excluded.
The study conformed to the Declaration of Helsinki and was

approved by the Institutional Review Board of the Fondazione Ca
Granda of Milan. All patients gave written informed consent.
The demographic, anthropometric, genetic and clinical features of
the Hepatology service cohort, stratiﬁed according to enrollment criteria are shown in Table S1. Analyses were also performed in the previously described cohort of pediatric patients with biopsy-proven
MAFLD [9].
2.2. Biochemical and anthropometric parameters
Body mass index (BMI) and waist circumference were measured
using standard procedures. Obesity was deﬁned by BMI>35. The
presence of T2DM was diagnosed when impaired fasting glucose tolerance is present and fasting glucose >110 mg/dL. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), triglycerides,
total cholesterol, high-density lipoprotein (HDL) and low-density
lipoprotein cholesterol (LDL) were measured by standard laboratory
methods.
2.3. Histological evaluation
The scoring of hepatic biopsies was performed by independent
pathologists unaware of patient status and genotype. Steatosis was
graded into the following four categories based on the percentage of
affected hepatocytes: 0, 0% 4%; 1, 5% 32%; 2, 33% 65%; and 3,
66% 100%. Disease activity was assessed according to the MAFLD
activity score (NAS), with systematic evaluation of hepatocellular ballooning and lobular inﬂammation; ﬁbrosis was also staged according
to the recommendations of the MAFLD Clinical Research Network.
NASH was diagnosed in the presence of steatosis, lobular inﬂammation, and hepatocellular ballooning [27].
2.4. Genotyping
The Hepatology service cohort was genotyped for the rs738409
C>G (PNPLA3 I148M), rs58542926 C>T (TM6SF2 E167K), rs641738
C>T MBOAT7, rs17618244 A>G (KLB R728Q) variants as previously
described [9,28]. Genotyping was performed in duplicate using TaqMan 50 - nuclease assays (QuantStudio 3, Thermo Fisher, Waltham,
MA, USA). Results of the rs17618244 KLB genetic frequencies were
compared to those obtained in not-Finnish European healthy individuals included in the 1000 Genome project Table S2.
2.5. Gene expression analysis in liver biopsies
KLB gene expression was measured in percutaneous liver biopsies
of a subset of 125 severely obese patients from the Milan cohort (Bariatric surgery), whose clinical features are shown in Table S3 [29].
RNA was extracted from liver biopsies using RNeasy mini-kit (Qiagen,
Hulsterweg, Netherlands). RNA quality was assessed through Agilent
2100 Bioanalyzer and samples with RNA integrity numbers (RIN)
greater than or equal to 7 were used for library preparation (Riboreduction libraries). RNA sequencing was performed in paired-end
mode with a read length of 150 nt using the Illumina HiSeq 4000
(Novogene, Hong Kong, China). The RNA sequencing detailed protocol and data analysis approach are described in the Supplementary
materials and methods.
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2.6. Assessment of circulating KLB and FGF19
Circulating KLB and FGF19 levels were evaluated in a subset of
MAFLD adult patients (n = 175), belonging to the Hepatology service
cohort, who were enrolled at the Metabolic Liver Diseases outpatient
 Granda, Ospedale Policlinico, Milan,
service, Fondazione IRCCS Ca
Italy, stratiﬁed according to the KLB rs17618244 at risk A allele (GG:
n = 59; GA/AA: n = 116) and liver disease severity and matched for
age and sex. KLB and FGF19 were measured on a serum aliquot collected after overnight fasting and stored at 80 °C which did not
undergo any freeze-thaw cycles prior to the present study. The dosage was performed in duplicate using enzyme-linked immunosorbent assays (ELISA) colorimetric (LS-F11894 - LifeSpan BioSciences,
Seattle, WA, USA; RD-191107R - BioVendor, Prague, Czech Republic,
respectively), according to the manufacturer's instructions. Speciﬁcations of the kit were: detection range, 15.6 1000 pg/ml; inter-assay
precision, coefﬁcient of variability (CV) <7.9%; intra-assay precision,
CV <4.4%. Our range data for intra- and inter-assay CV were 1.8 4.3%
and 1.7 7.2%, respectively. The clinical characteristics of these
patients are listed in Table S4.
2.7. Cell lines and treatments
LX-2 cells were purchased with certiﬁcated authentication by Merck
Millipore (Darmstadt, Germany), and HepG2 cells purchased with certiﬁcated authentication by ATCC (Manassas, VA, USA). HepG2 cells
were grown as previously described [11]. LX-2 cells were maintained
in DMEM with FBS at different percentage (10%, 2% and 0.5%). For the
experiments LX 2 cells were grown for 24 hours in normal medium
(10% FBS), and two fasting mimicking conditions (0.5% and 2% FBS).
To visualize kinetic degradation of KLB protein, LX-2 cells were
treated with 20 mg/mL cycloheximide (CHX, Sigma-Aldrich, St. Louis,
MO, USA) for 3 or 6 h; to induce HSCs activation, LX-2 cells were
stimulated with 15 ng/mL platelet-derived growth factor (PDGF) for
24 h, while to induce the activation of FGF19/KLB signaling, LX-2 cells
were exposed to 50 ng/mL recombinant FGF19 for 24 hour, both
products were purchased by PeproTech (Rocky Hill, NJ, USA).
2.8. Cell transfection
For site-directed mutagenesis of KLB, was used the QuickChange II
XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara,
CA, USA). Two complimentary oligonucleotides containing the
rs17618244 mutation (Forward: CTGGCGCCTCTACGACCAGCAGTTCAGGCCCTCAC;
Reverse:
GTGAGGGCCTGAACTGCTGGTCGTAGAGGCGCCAG) were designed to mutate speciﬁed nucleotides of a
sequence within a plasmid vector containing a wild type (WT)
sequence of KLB gene (RG211186, OriGene Technologies, Inc. Rockville, MD USA). PCR product was digested with DpnI enzyme and
transformed into XL-10 Gold competent E. Coli cells. Transformed
cells were selected on LB agar plates with 100 mg/mL ampicillin. Plasmids were extracted by HiSpeed Maxi Kit (Qiagen, Valencia, CA, USA)
and the mutation were conﬁrmed by DNA sequencing.
LX-2 cells were seeded at a density of 300,000 cells/well in a 6wells plate and were transfected with 0.5 mg of a plasmid vector containing a WT sequence of KLB gene, of a plasmid vector containing a
rs17618244 G>A KLB variant or with empty vector, using Lipofectamine Reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. All transfection experiments were
performed with 80% conﬂuent cells. Cells were collected at 48 h to
perform the experiments.
2.9. Cell proliferation assay
LX-2 cells were seeded at a density of 20,000 cells/well in 96-well
plates and then cultured for 48 h. The Dissociation-Enhanced
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Lanthanide Fluorescent Immunoassay (Delﬁa) Cell Proliferation Assay
was performed following the manufacturer instructions (PerkinElmer, Waltham, MA, USA). The europium-labeled antibody was
used to detect incorporated BrdU following Delﬁa Cell Proliferation
Assay protocol. The dissociation of europium ions from the anti-BrdU
antibody and the formation of their ﬂuorescent chelates were
obtained by DELFIA inducer reagent. The ﬂuorescence, which is proportional to DNA synthesis, was measured by time-resolved ﬂuorometer 2100 EnvisionTM Multilabel Reader (PerkinElmer).
2.10. Immunoﬂuorescence
HepG2 and LX-2 were seeded at a density of 20,000 cells/well in
4-well chamber slides and ﬁxed in cold methanol/acetone (3:1). The
slides were incubated with the primary antibodies: KLB (dilution
1:100; Code: ab107794 Abcam, Cambridge, MA, USA), smooth muscle
actin alpha (aSMA) (dilution 1:100; code:14 9760 82 Invitrogen),
SMAD2/3 (dilution 1:100; code:5678 Cell Signaling, Danvers, Massachusetts, USA).
Detection of the primary antibodies was performed using goat
anti-rabbit Alexa FluorÒ 488 (dilution 1:500; Cat. No. A-11,070, Invitrogen) and goat anti-mouse Alexa FluorÒ 555 (dilution 1:500; Cat.
No. A-21,425, Invitrogen) conjugated secondary antibodies, respectively. Nuclei were counterstained with Hoechst. The images were
captured and analyzed using Olympus FluoView FV1000 confocal
microscope equipped with FV10-ASW version 2.0 software, using,
40x objective.
2.11. Quantitative real-time (qRT-PCR)
Total RNA was extracted using Total RNA Mini Kit Blood/Cultured
Cell (Cat.No. RDB100, Geneaid, New Taipei City, Taiwan) according to
the manufacturer’s protocol. Reverse transcription was performed
using SuperScript VILO cDNA Synthesis (Ref. 11754 050, Invitrogen).
qRT-PCR ampliﬁcation, detection and analysis were performed by
ABI Prism 7900HT Fast Real-Time PCR System (Applied Biosystems,
Carlsbad, CA, USA) using SensiFast Probe HiROX Kit (2X) (Bioline,
London, UK).
TaqMan
gene
assay
(Applied
Biosystems)
for
KLB
(Hs01573147_m1), aSMA (Hs00909449_m1), collagen type I alpha 1
chain, COL1A1 (Hs00164004_m1), collagen type III alpha 1 chain,
COL3A1 (Hs00943809_m1), short heterodimer partner, SHP-1
(Hs00222677_m1) and Transforming Growth Factor-beta (TGF-b) Hs.
PT.49.1806981 probe by Integrated DNA Technologies (Coralville, IA,
USA) were used. Glyceraldehyde3-Phosphate Dehydrogenase
(GAPDH; Hs.PT.39a.22214836; by Integrated DNA Technologies)
housekeeping gene was used as a reference control for normalization.
Applied Biosystems 7900HT Fast Real-Time PCR System (Applied Biosystems) was used for the analyses. Based on the DDCt method, relative amounts of mRNA were expressed as fold changes versus control.
2.12. Western blotting
Total protein extraction was performed by homogenizing cells in
Ripa lysis buffer (Sigma-Aldrich) and Halt Protease & Phosphate
Inhibitor Cocktail (100X) (Thermo Scientiﬁc, Carlsbad, CA, USA. The
homogenates were incubated on ice for 30 min and then centrifuged
at 13,000 rpm for 10 min. The resulting supernatant was collected
and quantiﬁed using the BCATM Protein Assay (Thermo Scientiﬁc).
The samples were then diluted in the sample buffer 4X and resolved
in 8% SDS-PAGE, then transferred and immobilized onto the nitrocellulose membranes (GE Healthcare, Munich, Germany). The membranes were blocked using 5% non-fat dry milk for 30 min and
incubated with the appropriate primary and secondary antibodies.
Protein expression was quantiﬁed by densitometric analysis using
Image J v3.91 software. The following antibodies were used: i) rabbit

anti-KLB (dilution 1:1000; code: ab106794; Abcam); ii) mouse antiaTubulin (dilution 1:5000; code: nb100 690; Novus Biologicals, Littleton, Colorado, USA).
2.13. Statistical analysis
For descriptive statistics, continuous variables were shown as
mean and SD or median and interquartile range for highly skewed
biological variables (i.e. ALT, AST, triglycerides, KLB and FGF19 circulating levels). Variables with skewed distributions were log-transformed before analyses in order to achieve a normal distribution.
Categorical variables were presented as number and percentages.
Genetic analyses were performed under additive or recessive models.
Analyses were performed by ﬁtting data into generalized linear
regression models. In particular, general linear models were ﬁt to
examine continuous traits (i.e. age, BMI, total cholesterol, LDL, HDL,
triglycerides, ALT, AST, insulin levels). Logistic regression models
were ﬁt to examine binary traits (NASH, severe ﬁbrosis stage F3-F4),
and ordinal regression models were ﬁt for categorical traits (components of the MAFLD activity score: severity of steatosis, lobular
inﬂammation and hepatocellular ballooning, stage of ﬁbrosis). The
regression models were adjusted for gender, age, BMI, PNPLA3
I148M, TM6SF2 E167K and MBOAT7 rs641738 T alleles.
In these analyses, we set the Overall Cohort (n = 1111) as the reference group to determine the primary outcome of the study. Subgroup analysis was performed according to the presence of obesity
(BMI>35; n = 708 obese patients). Mean values were compared
by ANOVA or by 2-tailed Student’s t-test (for continuous traits) and
by Pearson’s chi-square test for binary (IGT/T2D) o categorical traits
(genetic data), where appropriate. For the in vitro study, results were
expressed as means § SD, and differences between samples were
analyzed by 2-tailed t tests or two-way ANOVA with Bonferroni correction, as post hoc test for multiple comparisons.
Statistical analyses were performed using JMP 14.0 (SAS, Cary,
NC), R statistical analysis software version 3.3.2 (http://www.R-proj
ect.org/) and Prism software (version 6, GraphPad Software). P< 0.05
(two-tailed) was considered statistically signiﬁcant. All data generated or analyzed during this study are included in this manuscript
and in the supplementary ﬁles.
3. Results
3.1. KLB rs17618244 variant affects hepatic ﬁbrosis in adult patients
with MAFLD
The demographic, anthropometric and clinical features of the
Hepatology service cohort stratiﬁed according to the KLB rs17618244
genotype are shown in Table 1. Firstly, we analyzed the association
between the rs17618244 A risk allele and the histological features of
MAFLD. At ordinal regression analysis adjusted for age, gender, BMI,
T2DM, PNPLA3 I148M, TM6SF2 E167K and MBOAT7 rs641738 T
alleles, the KLB rs17618244 variant was associated with hepatic ﬁbrosis (beta 1.23, 95% C.I. 1.004 1.51; p = 0.04), whereas there was no
association with steatosis, lobular inﬂammation and ballooning
(Table 2; Fig. 1a-d).
3.2. The association between KLB rs17618244 variant and hepatic
ﬁbrosis seems to be obesity-related
We next investigated whether the presence of obesity may modify the impact of the KLB rs17618244 variant on liver damage. By
stratifying patients according to the presence of obesity (Fig. 2a-d
BMI<35; Fig. 2e-h BMI>35), the association between the KLB
rs17618244 variant and hepatic ﬁbrosis was even stronger (OR 1.34,
95% C.I. 1.02 1.73; p = 0.03) (Table 3, Fig. 2h). In obese patients the
KLB rs17618244 variant was further related to lobular inﬂammation
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Table 1
Demographic, anthropometric and clinical features of Hepatology service cohort
(n = 1111) stratiﬁed by KLB rs17618244 G>A genotype.

Sex, M
Age, years
BMI, kg/m2
IFG/T2D, yes (%)
HOMA-IR
Insulin, IU/mL
Total cholesterol, mmol/L
LDL cholesterol, mmol/L
HDL cholesterol, mmol/L
Triglycerides, mmol/L
ALT, IU/L
AST, IU/L

GG (n = 698)

GA (n = 351)

AA (n = 62)

P-value

428 (54)
47.9 § 12.9
34.6 § 8.9
176 (22.2)
5.10§6.70
20.4 § 19.4
5.17§1.10
3.20§0.98
1.27§0.35
1.61§0.88
31{20 53}
23{18 35}

196 (50.3)
48.6 § 13.5
34.9 § 8.6
96 (24.7)
4.80§3.30
19.9 § 13.6
5.17§1.06
3.20§0.90
1.29§0.42
1.61§0.84
31.5{19 56}
24{18 34}

37 (51.5)
47.8 § 13.7
33.9 § 9.6
22 (29.2)
4.20§2.80
18.3 § 13.6
5.07§1.09
3.02§1.00
1.24§0.35
1.83§1.90
37{23 68}
27 {21 38}

0.62
0.87
0.81
0.73
0.68
0.87
0.66
0.48
0.52
0.92
0.15
0.28

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 KLB, rs17618244 genotypes by using ANOVA
or Pearson analyses.

(OR 1.32, 95% C.I. 1.02 1.72; p = 0.03) (Table 3, Fig. 2f) and higher risk
of cirrhosis (OR 2.51, 95% C.I. 1.23 5.05; p = 0.01) (Table 3).
Moreover, we found an association between the KLB rs17618244
variant and steatosis in obese patients by using a recessive model
(OR 1.43, 95% C.I. 1.03 2.01; p = 0.03) (Table 3). The effect on lobular
inﬂammation was even stronger by applying this model (OR 1.55,
95% C.I. 1.09 2.20; p = 0.01) whereas the impact on ﬁbrosis remain
unchanged (OR 1.46, 95% C.I. 1.03 2.05; p = 0.03) (Table 3).
To conﬁrm whether the impact of the KLB rs17618244 variant on
liver damage is related to obesity, we stratiﬁed the previously studied
cohort of pediatric patients with biopsy-proven MAFLD [11], according to the presence of obesity. The KLB rs17618244 variant was even
more associated with lobular inﬂammation (OR 2.74, 95% C.I.
1.35 5.70; p = 0.005) and remained associated with ballooning (OR
1.93, 95% C.I. 0.97 3.93; p = 0.05) in obese children whereas we
didn’t ﬁnd any effect on ﬁbrosis (Table S5) probably due to the less
severe hepatic disease in children compared to adults.
3.3. The KLB rs17618244 gene variant impacts on hepatic and
circulating expression of KLB
We previously demonstrated that the KLB 17618244 variant was
associated with lower circulating KLB and with a reduced hepatic
expression in pediatric patients with MAFLD. KLB gene expression
was evaluated in percutaneous liver biopsies of a subset of 125 obese
patients from the Hepatology service cohort who underwent bariatric
surgery. Transcriptomic data were available for these patients who
were stratiﬁed according to KLB rs17618244 genotype which was
available in 121 subjects (GG: n = 78; GA+AA=43).
KLB hepatic mRNA levels were reduced in obese patients who carried the rs17618244 A allele compared to non-carriers (6.06§0.27 vs
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6.25§0.32 p = 0.004 log transformed). Notably, also the hepatic
expression of CYP7A1, the ﬁrst and rate-limiting enzyme of bile acid
synthesis which is a direct target of the KLB-FGFR4 complex, was
reduced in subjects who carried the rs17618244 A allele (5.77§
0.92 vs 6.12§0.72; p = 0.036 log transformed) (Fig. 3a-b).
Moreover, we found a strong correlation between the hepatic
expression of KLB and CYP7A1 (y = 1.20+0.77x; p<0.0001 log transformed), TGF-b (y = 7.14 0.32x; p = 0.012 log transformed), COL1A1
(y = 6.44 0.0007x; p = 0.0009 log transformed) and COL3A1
(y = 7.20 0.0005x; p = 0.036 log transformed) (Fig. 3c-f). In addition,
hepatic KLB correlated with MTTP (y = 5.85+0.35x; p<0.0001 log
transformed) and PPARa (y = 7.47+0.0003x; p = 0.02 log transformed)
(Fig. S1).
These ﬁndings conﬁrmed the association between a low hepatic
expression of KLB and pro-ﬁbrogenic genes.
We next evaluated the concentrations of circulating KLB and
FGF19 in a subgroup of MAFLD patients (n = 175), belonging to the
Hepatology service cohort, stratiﬁed according to the presence of the
KLB rs17618244 at risk A allele. At the bivariate analysis, we found
that KLB and FGF19 serum levels were lower in patients carrying the
A allele of the KLB rs17618244 variant (p = 0.019 and p = 0.048 vs
non-carriers, respectively) (Fig. 3g-h). In addition, at the multivariate
generalized linear model, adjusted for sex, age, BMI, T2DM and
PNPLA3 genotype, KLB and FGF19 serum levels remained signiﬁcantly
associated with KLB rs17618244 variant (Estimate b= 0.17§0.07;
95% CI 0.32 0,02; p = 0.018 and Estimate b= 0.07§0.03; 95% CI
0.14 0,007; p = 0.029, respectively). Moreover, circulating KLB and
FGF19 decreased in NASH patients compared to non-NASH (p = 0.029
and p = 0.0002, respectively; data not shown). Likewise, in a multivariate generalized linear model, adjusted for sex, age, BMI, T2DM,
PNPLA3 genotype and the KLB rs17618244 variant, reduced KLB
serum levels remained associated with lobular inﬂammation (Estimate b= 0.62§0.30; 95%CI-1.24 0.06; p = 0.039), ballooning (Estimate b= 0.75§0.30; 95%CI-1.38 0.21; p = 0.012) and ﬁbrosis
(Estimate b= 0.51§0.27; 95%CI-1.05 0.01; p = 0.048), while those of
FGF19 with steatosis (Estimate b= 0.79§0.35; 95%CI-1.48 0.12;
p = 0.025), lobular inﬂammation (Estimate b= 0.73§0.36; 95%CI1.47 0.04; p = 0.043) and ballooning (Estimate b= 0.83§0.42;
95%CI-1.68 0.04; p = 0.047) (Table S6).

3.4. The KLB gene/protein expression is downregulated in hepatic
stellate cells under fed condition
The activation of HSCs is the main driver of hepatic ﬁbrosis [30].
Therefore, the evaluation of the KLB gene/protein expression in HSCs
could explain its role in MAFLD-related ﬁbrosis.
We investigated the expression of KLB gene/protein in LX-2 cells,
a human HSC cell line which is GG homozygous for the KLB
rs17618244 variant. LX-2 cells were exposed to a set of different culture conditions (10% FBS and 0.5 2% FBS to mimic a fasting

Table 2
Associations between the KLB rs17618244 variant and the independent predictors of liver damage in patients from the Hepatology Service cohort (n = 1111).
Steatosis

Age, years
Gender, M
BMI, Kg/m2
IFG/T2DM, yes
PNPLA3, I148M
TM6SF2, E167K
MBOAT7 rs641738 T
KLB, R728Q

Lobular inﬂammation

OR

95% CI

P

OR

95% CI

1.003
1.43
1.49
1.34
1.62
2.34
1.09
1.09

0.99
1.26
1.03
1.15
1.36
1.68
0.94
0.89

0.54
<0.0001
0.0001
0.0002
0.0001
<0.0001
0.22
0.37

1.02
1.38
1.34
1.03
1.45
1.72
1.03
1.17

1.007 1.03
1.19 1.57
1.14 1.57
1.02 1.05
1.22 1.70
1.26 2.34
0.88 1.21
0.96 1.43

1.01
1.63
1.06
1.57
1.90
3.22
1.28
1.32

P
0.001
<0.0001
0.0003
<0.0001
<0.0001
0.0007
0.68
0.12

Ballooning
OR

95% CI

1.02
1.45
1.40
0.99
1.23
1.28
1.01
1.19

1.009 1.04
1.22 1.72
1.16 1.68
0.98 1.02
1.003 1.52
0.88 1.86
0.83 1.23
0.93 1.51

Fibrosis
P
0.0007
<0.0001
0.0002
0.89
0.045
0.18
0.89
0.16

OR

95% CI

1.03
1.58
1.72
1.09
1.63
1.54
1.09
1.23

1.02 1.04
1.38 1.82
1.46 2.01
0.95 1.03
1.38 1.95
1.13 2.10
0.93 1.28
1.004 1.51

P
<0.0001
<0.0001
<0.0001
0.21
<0.0001
0.006
0.27
0.04

OR: odd ratio; CI: conﬁdence interval. Values were obtained at multivariate ordinal regression analysis adjusted for sex, age, BMI (body mass index), T2DM (type 2 diabetes
mellitus) and PNPLA3 I148M alleles, TM6SF2 E167K alleles and MBOAT7 rs641738 T allele. The independent variable was the KLB rs17618244 genotype (continuous trait).
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Fig. 1. The KLB rs17618244 variant is associated with ﬁbrosis in patients with MAFLD. Association of the KLB rs17618244 variant with steatosis (a), lobular inﬂammation (b) ballooning grade (c) and ﬁbrosis stage (d) in MAFLD patients from the Hepatology service cohort (n = 1111). Multivariable ordinal regression analysis adjusted for age, sex, BMI, T2D,
presence of PNPLA3 I148M, TM6SF2 E167K and MBOAT7 T alleles at additive model.

condition) previously reported to affect the pro-ﬁbrogenic activation
in this cell type [31].
We found that KLB mRNA and protein expression levels were signiﬁcantly lower in fed condition (10% FBS) than in fasting ones
(Fig. 4a-b, adjusted p<0.05 and p<0.01 vs LX-2 2% FBS, and Fig. S2).
The KLB expression was progressively reduced from 0.5% to 10% FBS
(Fig. 4a-b, adjusted p<0.01 and p<0.001 vs LX-2 0.5% FBS; Fig. S2).
The decrease in KLB protein observed under 2% and 10% FBS was conﬁrmed also by immunoﬂuorescence assay (Fig. 4c). Moreover, immunoﬂuorescence images showed an increase of a-SMA expression
concomitantly with KLB protein downregulation (Fig. 4c). Interestingly, the subcellular distribution of KLB in LX-2 cells was different
from that observed in HepG2 cells (Fig. S3). Indeed, in LX-2 cells KLB
was diffusely expressed in plasma membrane (PM) and into the cytoplasm, showing a granular pattern distribution, while in HepG2 cells
KLB protein is mainly localized in PM, endoplasmic reticulum (ER)
and Golgi compartments, where post-translational modiﬁcations
occur.
LX-2 cells showed also a signiﬁcant increase of cell proliferation
rate at 2% and 10% FBS (Fig. 4d, adjusted p<0.01 and p<0.001 vs LX-2
0.5% FBS). The expression of aSMA, TGF-b, COL1A1 and COL3A1
(Fig. 4e, adjusted p<0.01 vs LX-2 0.5% FBS) was higher in LX-2 cells
cultured under 10% FBS thus suggesting the activation pro-ﬁbrogenic
genes in fed status. Similarly, LX-2 cells exposed to a pro-ﬁbrogenic
stimulus, induced by PDGF [32], exhibited a myoﬁbroblast-like phenotype, characterized by increased proliferation rate and a-SMA
induction (adjusted p<0.001 and p<0.01 vs LX-2 + vehicle, respectively) paralleled by reduced expression of KLB (adjusted p<0.01 vs

LX-2 + vehicle), thus suggesting that fed condition may be a good
model to reproduce a physiological activation of HSCs (Fig. S4a-d).
3.5. Mutant KLB affects KLB protein expression/stability and induces a
pro-ﬁbrogenic phenotype in LX-2 cells
To examine the effect of the KLB rs17618244 variant on the proﬁbrogenic phenotype in HSCs, we transfected LX-2 cells maintained
at 10% FBS with a control empty vector plasmid (LX-2_Vector), a plasmid containing the wild type sequence of KLB (LX-2_KLBwt), or a
plasmid containing the mutant KLB (LX-2_KLBmut).
KLB mRNA levels were strongly increased after transfection of
either KLBwt or KLBmut plasmids, although the higher levels
were observed in cells transfected with the KLBwt one (Fig. S5a,
adjusted p<0.001 vs LX-2_Vector). Protein expression was signiﬁcantly upregulated in LX-2_KLBwt cells compared to empty vector, thus conﬁrming KLB overexpression (Fig. S5b). Notably, the
overexpression of KLB mutant form did not upregulate the KLB
protein levels, resembling the effect of the rs17618244 variant
(Fig. S5b and Fig. 5a, adjusted p<0.05 vs both LX-2_Vector and
LX-2_KLBwt). To possibly explain the differences in KLB expression between wt and mutated forms, LX-2 cells were treated
with a moderate dose of CHX (20 mg/mL) which led to a more
pronounced protein degradation in LX-2_KLBmut (Fig. S5c). Interestingly, immunoﬂuorescence images showed higher KLB levels,
mainly distributed in the ER and Golgi compartments, and a concomitant downregulation of aSMA in LX-2_KLBwt compared to
LX-2_KLBmut cells (Fig. 5b). Conversely, the overexpression of
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Fig. 2. The KLB rs17618244 variant is associated with lobular inﬂammation and ﬁbrosis in patients with obese MAFLD patients. Association of the KLB rs17618244 variant with steatosis, lobular inﬂammation, ballooning grade and ﬁbrosis stage in MAFLD patients from the Hepatology service cohort (n = 1111) stratiﬁed according to the absence (a-d) or presence (e-h) of obesity (BMI>35). Multivariable ordinal regression analysis adjusted for age, sex, BMI, T2D, presence of PNPLA3 I148M, TM6SF2 E167K and MBOAT7 T alleles at
additive model.

the mutated plasmid was not able to induce exogenous KLB protein levels and we didn’t ﬁnd differences in its localization compared to endogenous form in LX-2_Vector cells. Finally, we
observed that soluble KLB is slightly released only by KLBwt cells

and not by mutated ones as a possible consequence of reduced
KLB protein levels in the latter (Fig. S5d).
The decrease of KLB expression and the higher degradation rate in
LX-2_KLBmut cells could be due to the impact of the transition from
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Table 3
Associations between the allelic risk variants and the independent predictors of liver damage in the Hepatology service cohort stratiﬁed according to the presence of obesity (n = 403
no obese patients and n = 708 obese patients).
Steatosis
Obesity no (n = 403)
KLB, R728Q
Obesity yes (n = 708)
KLB R728Q

Lobular inﬂammation

Fibrosis

Cirrhosis

95% CI
0.62 1.22

P
0.42

OR
0.98

95% CI
0.70 1.36

P
0.92

OR
1.19

95% CI
0.81 1.75

P
0.34

OR
1.07

95% CI
0.77 1.48

P
0.68

OR
1.09

95% CI
0.38 2.85

P
0.87

1.21

0.95 1.57

0.12

1.32

1.02 1.72

0.03

1.25

0.89 1.73

0.18

1.34

1.02 1.73

0.03

2.51

1.23 5.05

0.01

Steatosis
Obesity no (n = 403)
KLB 728Q homozygous
Obesity yes (n = 708)
KLB 728Q homozygous

Ballooning

OR
1.14

Lobular inﬂammation

Ballooning

Fibrosis

Cirrhosis

OR
0.98

95% CI
0.64 1.49

P
0.91

OR
0.99

95% CI
0.65 1.51

P
0.98

OR
1.26

95% CI
0.76 1.97

P
0.33

OR
0.89

95% CI
0.58 1.36

P
0.59

b
2.16

95% CI
0.72 5.42

P
0.12

1.43

1.03 2.01

0.03

1.55

1.09 2.20

0.01

1.21

0.79 1.80

0.35

1.46

1.03 2.05

0.03

2.01

0.89 3.97

0.06

OR: odd ratio; CI: conﬁdence interval. Values were obtained at multivariate ordinal regression analysis adjusted for sex, age, BMI (body mass index), T2DM (type 2 diabetes mellitus)
and PNPLA3 I148M alleles, TM6SF2 E167K alleles and MBOAT7 rs641738 T allele. The independent variable was the KLB rs17618244 genotype (continuous trait).

Arg728 to Gln728 on protein stability. DynaMut, a web server that
assesses the impact of a mutation on protein dynamic and stability
resulting from changes of vibrational entropy energy (VEE), predicted
a DVEE between KLBwt and KLBmut that suggests a decrease of
molecular ﬂexibility [33]. However, since Arg728 is poorly conserved

(Fig. 5c) and fully exposed on the surface of the glycosyl hydrolase 2
(GH2) domain (Fig. 5d), it seems to be not relevant for protein folding.
Notwithstanding, Arg728 is at the border of a patch of hydrophobic
residues on the surface of the GH2 domain, and also near to Asn611
in the consensus NxS/T motif (residues 611-NLS-613) targeted by

Fig. 3. KLB mRNA levels are higher in patients who carry the at risk A allele and correlate with the expression of genes involved in ﬁbrogenesis. KLB (a) and CYP7A1 (b) mRNA levels
in carriers of the rs17618244 A allele compared to non-carriers. Correlation analyses between hepatic KLB gene expression and CYP7A1 (c), TGF-b (d), COL1A1 (e) and COL3A1 (f)
mRNA levels evaluated by transcriptome analysis on liver biopsies (n = 125). Circulating levels of KLB (g) and FGF19 (h) in 175 NAFLD adult patients. Bar graphs represents KLB and
FGF serum levels stratiﬁed according to the presence of the KLB at risk A allele (GG=59; GA/AA=116). Data were logarithmically transformed and analyzed by 2-tailed T-tests,
Adjusted *p<0.05.
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Fig. 4. Analysis of KLB gene/proteinr expression in LX-2 cells under normal or fasting condition. In this experimental setting LX-2 cells were cultured in fasting (0.5% and 2% FBS) or
normal medium (10% FBS) for 24 h. Analysis of relative KLB gene expression evaluated by qRT-PCR (a). Relative expression of KLB protein levels against a-tubulin determined by
densitometric analysis of Western blots. The intensity of the bands was analyzed by ImageJ software (b). Representative immunoﬂuorescence images of cellular distribution of KLB
(green) and aSMA (red). Nuclei are reported in blue. Magniﬁcation 60X (c). Cell proliferation evaluated by a BrdU incorporation and expressed as Europium (Eu) counts (d). Expressions of aSMA, TGF-b, COL1A1 and COL3A1 genes were measured by qRT-PCR (e). Data are the mean § SD of 2 independent experiments repeated at least in triplicate. Data were
analyzed by 2-tailed t tests, Adjusted *p<0.05; ** p<0.01; ***p<0.001.

N-glycosylation. We next modelled the mannose(x3)-GlcNAc(x2)
core N-linked to Asn611. The resulting model supports the hypothesis that Arg728Gln substitution may alter the enzymatic insertion or
trimming of the glycan at Asn611(Fig. 5e).
Finally, we investigated the mechanism though which the
rs17618244 mutation may impact on liver damage. We found that
the proliferation rate signiﬁcantly decreased in LX-2_KLBwt cells
compared to LX-2_Vector (Fig. 5f, adjusted p<0.01), whereas LX-

2_KLBmut cells were highly proliferative with respect to both control
and LX-2_KLBwt ones (Fig. 5f, adjusted p<0.001). The pro-ﬁbrogenic
genes aSMA and COL1A1 were speciﬁcally modulated by exogenous
KLB. In particular, KLBwt induced a signiﬁcant downregulation of
these genes (Fig. 5g, p<0.01 and p<0.001 vs LX-2_Vector), whilst
KLBmut upregulated their expression (Fig. 5g, adjusted p<0.001 vs
LX-2_Vector and LX-2_KLBmut). As shown in Fig. 5h, we hypothesized that KLBwt in LX-2 cells may mediate the increased FGF19-
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Fig. 5. Analysis of the effect of wild-type and mutant KLB overexpression in LX-2 cells. In this experimental setting LX-2 cells were transiently transfected with pCMV6 plasmid (LX2_Vector), KLB wild-type plasmid (LX-2_KLBwt), or KLB mutant plasmid (LX-2_KLBmut), and all analyses were performed after 48 h. Relative expression of KLB protein levels was
determined by densitometric analysis of Western blots. The intensity of the bands was analyzed by ImageJ software (a). Representative immunoﬂuorescence images of cellular distribution of KLB (green) and aSMA (red). Nuclei are reported in blue. Magniﬁcation 60X (b). Multiple sequence alignment around the site of the Arg728Gln variant among orthologues of KLB and the human Klotho paralogue. Consensus and similar residues are respectively in black and gray background. The consensus residues NxS/T (where “x” can be any
residue except proline) for the N-glycosylation of Asn611 are indicated (c). The structure of the KLB GH2 domain isolated from the Protein Data Bank entry 5VAN and the modelled
to show the position of Arg728, the N-glycosylable Asn611 (d). Same KLB GH2 domain structure as in D represented as molecular surface colored by residue hydrophobicity,
highlighting the surface-exposed protein hydrophobic patch (left) and showing a modelled mannose(x3)-GlcNAc(x2) glycan N-linked to Asn611 (e). Cell proliferation was evaluated
by a BrdU incorporation kit and expressed as Eu counts (f). mRNA levels of aSMA, TGF-b, COL1A1 and COL3A1 were evaluated by qRT-PCR (g). Hypothesis of mechanism by which
KLB exert the inhibition of pro-ﬁbrogenic genes after LX-2 cells stimulation with FGF19 (h). mRNA levels of SHP-1 and COL1A1 were evaluated by qRT-PCR (i). Representative
immunoﬂuorescence images of cellular distribution of SMAD3 (red). Magniﬁcation 40X (j). Quantitative data are the mean § SD of 2 independent experiments repeated at least in
triplicate. Data were analyzed by two-way ANOVA with Bonferroni post hoc test for multiple comparisons. Adjusted *p<0.05; **p<0.01; ***p<0.001.
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dependent transcription of the SHP-1, which in turn may bind
SMAD3 impairing its nuclear translocation and abrogating its transcriptional activity on pro-ﬁbrogenic genes [34]. On the contrary
KLBmut may block this molecular network. This hypothesis was supported by the evidence that after 24 h of treatment with FGF19,
KLBwt cells exhibited upregulation of SHP-1 gene expression (Fig. 5i,
adjusted p<0.001 vs LX-2_Vector with or without FGF19 and vs LX2_KLBmut), and repressed nuclear translocation of SMAD3 (Fig. 5j),
while KLBmut was unable to induce these effects (Fig. 5i-j).

4. Discussion
In our previous study we demonstrated that the KLB rs17618244
variant was associated with pediatric MAFLD, and particularly with
higher risk of ballooning and lobular inﬂammation whereas it did not
impact on ﬁbrosis [11]. To conﬁrm these ﬁndings, we evaluated the
effect of the KLB rs17618244 variant on the entire spectrum of liver
damage in adults with biopsy proven MAFLD and we found that it
was associated only with hepatic ﬁbrosis. However, by stratifying
adult patients according to the presence of obesity, the rs17618244
variant was signiﬁcantly associated with lobular inﬂammation, ﬁbrosis and cirrhosis. Moreover, we conﬁrmed that the impact of KLB
rs17618244 variant on hepatic inﬂammation was even stronger in
the cohort of MAFLD children stratiﬁed by obesity. It has been demonstrated that KLB expression is reduced in obese mice [35] and it
may be the underlaying cause of FGF21 resistance and of MAFLD
development [36]. Therefore, it could be speculated that the effect of
the variant on liver damage progression could be related to obesity.
In addition, plasma levels of KLB and FGF19 were reduced in children with MAFLD and more so in those who carried the rs17618244
KLB minor A allele [11] and correlated with ballooning and ﬁbrosis.
Consistently, circulating KLB and FGF19 levels were reduced in adult
patients, carrying the at-risk A allele and their concentrations were
related to the histological spectrum of MAFLD. All of these ﬁndings
support the association between the KLB rs17618244 variant, which
leads to reduced KLB levels, and liver damage thus conﬁrming what
previously observed in pediatric patients with MAFLD [11].
Differently from children who have a less severe hepatic injury, in
adults with MAFLD the KLB rs17618244 variant is associated with
ﬁbrosis. This effect is consistent with the study by Somm et al. [12],
which reported an association between KLB reduction and ﬁbrosis in
mice although the role of KLB in inducing MAFLD-related ﬁbrosis in
humans remains to be clariﬁed. In keeping with these results, transcriptomic data revealed that the KLB rs17618244 variant was associated with a reduced hepatic expression of KLB which negatively
correlated with that of TGF-b, COL1A1 and COL3A1 transcripts suggesting a role of KLB downregulation in inducing pro-ﬁbrogenic
genes.
Therefore, in order to investigate whether the KLB rs17618244
variant exerts a pro-ﬁbrogenic effect compared to the ancestor KLB
protein which may have an opposite anti-ﬁbrogenic action, we evaluated the effect of the rs17618244 G>A mutation in HSCs whose activation represents the primary driver of hepatic ﬁbrogenesis. We
previously demonstrated that the expression of the KLB rs17618244
variant in hepatocytes caused a downregulation of KLB protein and
increased intracellular lipid accumulation, whereas the ancestral
allele exerted a protective effect against lipids overload, lipotoxicity
and inﬂammation [11]. In the present study, we observed that LX-2
cells which acquire a pro-ﬁbrogenic phenotype after serum or PDGF
supplementation, showed reduced KLB mRNA and protein levels thus
conﬁrming a strong correlation between low KLB expression and the
trans-differentiation from resting to myoﬁbroblast activated cells.
Interestingly, in LX-2 cells KLB protein is mainly localized in plasma
membrane and into the cytoplasm, with a more pronounced granular
pattern distribution that resembles vesicles, compared to HepG2
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cells, which showed even an ER and Golgi localization, where the
post-translational modiﬁcations occur.
In order to understand the role of KLB in HSCs activation, we
transfected LX-2 cells with wild type or mutated form of KLB. Similar
to data obtained in HepG2 cells [11], the overexpression of exogenous KLBmut caused a downregulation of KLB protein and a concomitant increase of protein degradation, thus suggesting that
rs17618244 G>A mutation may cause instability of protein, without
affecting intracellular redistribution. Indeed, immunoﬂuorescence
images showed higher KLB protein in LX-2_KLBwt cells and it was
mainly distributed in the ER and Golgi compartments. Conversely,
the overexpression of the mutated plasmid was not able to induce
exogenous KLB protein levels and we didn’t ﬁnd differences in its
localization compared to endogenous form in LX-2_Vector cells.
Moreover, we observed that LX-2 cells don’t release KLB at the
extracellular level compared to hepatocytes [11] which may exert a
potential paracrine effect on surrounding cells and the soluble KLB is
slightly released only by KLBwt cells and not by mutated ones as a
possible consequence of reduced KLB protein levels in the latter. We
cannot rule out that KLB may exert an intracellular function as coreceptor of nuclear or cytoplasmic receptor, however it is also possible
that the translocation of KLB to PM in LX-2 cells may be mediated by
vesicles or its inactivation may be mediated by endocytosis processes.
All these assumptions are merely speculative and further studies are
required to better understand the role of different KLB intra- and
extra-cellular distribution.
To further investigate the effect of the KLB rs17618244 mutation
on protein stability we performed in silico analyses. The dramatic
drop in KLB expression due to the overexpression of mutant KLB
gene in LX-2 cells cannot be attributed to structural local destabilization induced by the Arg728Gln per se. Indeed, prediction modeling
indicates that this residue is localized on the protein surface and fully
exposed to the solvent, thus appearing to be not relevant for the
domain fold. However, due to the short distance, the Arg728Gln substitution might interfere with the N-glycosylation at residue Asn611
that is located in a hydrophobic patch exposed on the protein surface.
This ﬁnding suggests that the N-glycosylation at this asparagine site
might be necessary to ensure hydration over the hydrophobic patch
to avoid protein aggregation phenomena. Indeed, Asn611 in KLB has
been effectively found N-glycosylated in liver cells [37]. Since alterations in N-glycosylation patterns are known to cause changes in proteins’ stability [38], the impaired N-glycosylation at residue Asn611
could explain the reduced KLB expression and the higher degradation
rate induced by the Arg728Gln mutation although further experiments are required to conﬁrm this hypothesis. In addition, as well as
other secretory proteins, KLB that is putatively N-glycosylated in 11
residues, could be stabilized in ER and a defective N-glycosylation of
protein due to the Arg728Gln substitution might alter its cellular distribution and abundance39.
Finally, in vitro data demonstrated that the proliferation rate and
the expression of pro-ﬁbrogenic genes as aSMA and COL1A1 were
speciﬁcally modulated by exogenous KLB. Indeed, we found that LX2_KLBwt cell were less proliferative and showed reduced aSMA and
COL1A1 mRNA levels whilst mutated KLB upregulated both proliferation rate and the expression of the mentioned genes, thus conﬁrming
a shift towards a myoﬁbroblast-like phenotype. Since the impairment
of the SHP-1/SMAD3 network seems to be involved in ﬁbrosis resolving in HSCs [34], we hypothesized that it could play a role also in
modulating the KLB-mediated pro-ﬁbrogenic phenotype in LX-2
cells. Preliminary data suggests that FGF19 interaction with exogenous wild type KLB induced the increased transcription of SHP-1 that
binds and inhibits SMAD3 nuclear translocation, thus abrogating its
transcriptional activity on pro-ﬁbrogenic genes. Conversely, in the
presence of KLBmut the SHP-1 expression is reduced and its binding
with SMAD3 is abolished, thus inducing ﬁbrogenesis. However, further studies are required to better explore this mechanism.
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In conclusion, the KLB rs17618244 genetic variant is associated
with liver damage in adult patients with MAFLD and more so after
stratiﬁcation for the presence of obesity. The Arg728Gln mutation
possibly alters the N-glycosylation pattern reducing KLB stability and
its levels. Moreover, the mutated KLB modulates the expression of
genes involved in collagen deposition partly explaining the impact of
the rs17618244 variation on hepatic ﬁbrosis.
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