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ORIGINAL ARTICLE

The rs2296651 (5267F) variant on NTCP (SLCT10AT)
is inversely associated with chronic hepatitis B and
progression to cirrhosis and hepatocellular
carcinoma in patients with chronic hepatitis B

Hui-Han Hu," Jessica Liu," Yu-Ling Lin," Wun-Sheng Luo,' Yu-Ju Chu,
Chia-Lin Chang," Chin-Lan Jen," Mei-Hsuan Lee,? Sheng-Nan Lu,? Li-Yu Wang,*
San-Lin You,' Hwai-I Yang,"? Chien-Jen Chen," > for the REVEAL-HBV Study Group

ABSTRACT

Objective The sodium taurocholate co-transporting
polypeptide (NTCP), encoded by SLCT0AT, was recently
identified as a receptor for HBV. We assessed the
association of the p.Ser267Phe variant (rs2296651) with
chronic hepatitis B (CHB) serostatus, cirrhosis and
hepatocellular carcinoma (HCC) in patients with CHB.
Design The variant was genotyped in 3801 patients
with CHB and 3801 matched hepatitis B surface antigen
(HBsAg) seronegative individuals. ORs with 95% Cls for
the variant's association with CHB, cirrhosis and HCC
were estimated using logistic regression.

Results In patients with CHB, the S267F variant was
observed in 515 (18.5%) controls, 40 (17.2%) cirrhosis
only cases, 49 (13.2%) non-cirrhotic HCC cases, and 52
(12.7%) cirrhotic-HCC cases. After adjustment for known
risk factors, S267F was significantly associated with
decreased risk for cirrhosis (OR 0.65 (95% Cl 0.49 to
0.86), p=0.002) and HCC (OR 0.55 (95% C1 0.42 to
0.72), p<0.001). This association persisted for non-
cirrhotic and cirrhotic-HCC. Compared with patients with
HBV DNA levels greater than 10° copies/mL who carried
the GG genotype, patients who had undetectable HBV
DNA and the GA or AA genotypes had a 25-fold
decreased risk of developing HCC (OR 0.04 (95% Cl
0.02 to 0.11), p<0.001). The AA genotype was also
associated with HBsAg seronegativity (OR 0.13 (95% Cl
0.05 to 0.34), p<0.001).

Conclusions The SLCT0AT (NTCP) S267F variant is
independently associated with decreased risk of cirrhosis
and HCC, and resistance to CHB infection. Together with
serum HBV DNA levels, S267F may help to identify
patients with CHB with very low risk of HCC.

INTRODUCTION

Chronic HBV infection is a serious public health
problem worldwide due to its geographically wide-
spread prevalence, particularly in the Asia-Pacific
and sub-Saharan Africa regions, and its potential to
cause liver cirrhosis, hepatocellular carcinoma
(HCC) and death.! 2 The natural history of chronic
hepatitis B (CHB) is characterised by changes in
seromarkers including alanine aminotransferase
(ALT), hepatitis B e antigen (HBeAg), HBV DNA
and hepatitis B surface antigen (HBsAg).> The

Significance of this study

What is already known on this subject?

» The sodium taurocholate co-transporting
polypeptide (NTCP), encoded by SLCT0A1, was
recently identified as a receptor for HBV.

» The p.Ser267Phe variant of SLCT0AT is an
Asian-specific variant which results in reduced
HBV entry and infection.

» Previous association studies on NTCP S267F
and HBV infection have yielded conflicting
results and the role of this variant in cirrhosis
and hepatocellular carcinoma (HCC) remains
unclear.

What are the new findings?

» The multivariate analyses adjusted for age,
gender, alanine aminotransferase and HBV
DNA levels show that the GA or AA genotypes
of the S267F variant had significantly
decreased risk for cirrhosis and HCC.

» The association of the S267F with HCC
persisted in non-cirrhotic and cirrhotic HCC.

» Compared with patients with HBV DNA levels
greater than 10° copies/mL who carried the GG
genotype, patients who had undetectable HBV
DNA and the GA or AA genotypes had a
25-fold decreased risk of developing HCC.

» Contrasting patients with chronic hepatitis B
(CHB) with non-HBV carriers, subjects who
carried the S267F AA genotype were associated
with HBsAg seronegativity.

How might it impact on clinical practice in

the foreseeable future?

» Together with serum HBV DNA levels, the
S267F variant may help to identify a group of
patients with CHB (5.5%) with very low risk of
developing HCC in Asian communities of
endemic HBV infection.

seroclearance and transition rates of seromarkers
have been studied,* * and their impact on disease
progression has also been evaluated recently.
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Refined prediction models incorporating these seromarkers have
been established to help predict the risk for cirrhosis and HCC
among patients with CHB.® 7

HBV is an enveloped virus carrying a partially double-
stranded DNA genome packaged in a nucleocapsid, which is
shielded by a lipid bilayer containing small (S), medium (M) and
large (L) surface glycoproteins.® The three proteins share a
common C-terminal S domain, but the L and M proteins have
different extensions of N-terminal domains. The N-terminal
extensions of the L and M proteins are pre-S1/S2 and pre-S2,
respectively.” The pre-S1 domain, especially amino acids 2-48,
of the L protein plays a critical role in HBV entry and infec-
tion.'” "' HBV exhibits prominent hepatotropism and only
human and Tupaia hepatocytes are susceptible to HBV infection.
A commonly accepted reason for this preference is specific
receptor recognition of the viral pre-S1 domain.'?

Recently, Yan et al? identified the sodium-dependent tauro-
cholate co-transporting polypeptide (NTCP) as a cellular recep-
tor for human HBV. NTCP is a transmembrane protein that is
exclusively expressed on the basolateral membrane of differen-
tiated hepatocytes, thus explaining the hepatotropism of HBV
infection. The expression of NTCP is critical for HBV infection,
and reduced expression of NTCP inhibits HBV infection of sus-
ceptible cells. Exogenous expression of human NTCP renders
non-susceptible HCC cell lines susceptible to HBV infection."?
Although monkey and mouse NTCPs are not functional recep-
tors for HBV, replacing amino acids 157-165 of the monkey
NTCP or 84-87 of the mouse NTCP with the corresponding
parts of human NTCR gives these NTCPs the ability to support
HBV entry and infection.'>* These findings suggest that amino
acids 157-165 and 8487 are critical for human HBV entry and
infection, also explaining the species-specificity of HBV
infection.

NTCP is encoded by the SLC10A1 gene, a member of the
solute carrier family SLC10, located on chromosome 14.
Several single nucleotide polymorphisms (SNPs) that alter the
physiological function of NTCP have been identified and most
of them show an ethnicity-dependent profile.'® 7 These func-
tional SNPs would be expected to impact bile salt homoeostasis,
liver function and HBV entry.

The p.Ser267Phe (S267F) variant (c.800G>A, rs2296651)
on SLC10A1 is an Asian-specific variant with a minor allele fre-
quency (MAF) ranging from 3.1% to 9.2% among different
Asian populations.’” The $267F mutant of NTCP has normal
cell surface expression but results in almost complete loss of bile
salt uptake. 16718

Previous association studies on NTCP S267F and HBV infec-
tion have yielded conflicting results,'® 2° and the role of this
variant in cirrhosis and HCC remains unclear. In addition, no
studies have focused on identifying genetic variants in the key
functional region between aal57 and 165 of NTCP among
patients with CHB. We conducted a genetic association study in
a large cohort of patients with CHB to assess the S267F variant
in association with cirrhosis, HCC, and the seroclearance of
HBeAg, HBV DNA and HBsAg. The SLC10A1 gene was also
partially sequenced to identify variants located in the aal57-
165 region of NTCP In addition, we compared this CHB
cohort to another matched non-carriers cohort to assess the
association between S267F variant and CHB serostatus.

METHODS

Study cohort

A total of 3801 CHB participants were used in this study,
including 3292 participants from the REVEAL-HBV cohort,

and 509 patients with HBV-related HCC obtained from the
Taiwan Liver Cancer Network (TLCN). The REVEAL-HBV
study is a community-based cohort of individuals aged 30-
65 years at baseline who were HBsAg-positive, anti-HCV nega-
tive, and free of liver cirrhosis and HCC at recruitment during
1991-1992. Participants were followed up every 6-12 months
with blood collection for future testing of HBV DNA, HBsAg,
HBeAg and ALT, and did not receive antiviral treatment during
the study period, as antiviral therapy was not reimbursed by the
national health insurance for the majority of the study period
and was only available under stringent criteria to higher-risk
patients at the end of the study period. Detailed information on
study procedures have been previously described.”’ The TLCN
is comprised of five major medical centres across Taiwan, and
aims to recruit patients with liver cancer from various socio-
economic and ethnic backgrounds. Participating centres follow
standard protocol to collect tumour tissues and blood samples,
as well as clinical, pathological and epidemiological information
from patients with liver cancer. Samples were obtained from
TLCN after application to the network and approval by the
research committee. Patients from both cohorts were infected
with HBV at birth, as in Taiwan, HBV is primarily transmitted
perinatally. All participants from the REVEAL-HBV study or the
TLCN provided written informed consent. In order to assess
the association between S267F and CHB infection, another
3801 HBsAg-seronegative individuals were selected from the
Taiwan Biobank, which were matched according to age and
gender of patients with CHB with a 1:1 ratio. The Taiwan
Biobank is a community-based cohort comprised of cancer-free
Taiwanese participants aged between 30 years and 70 years with
basic physical examination, questionnaire and genome-wide
genotype data.

Patients were divided into four separate groups, as shown in
figure 1. For the analysis of clinical outcomes, a total of 2789
individuals with no cirrhosis or HCC to be used as controls
(Group 1), 232 individuals who developed cirrhosis only
(Group 1II), 370 individuals who developed non-cirrhotic HCC
(Group III) and 410 individuals who developed cirrhotic-HCC
(Group IV) were included. Analysis of serological outcomes was
limited to patients in the REVEAL-HBV cohort. For the ana-
lysis of HBeAg seroclearance, the cohort was limited only to
HBeAg seropositive individuals. For the analysis of HBV DNA
and HBsAg seroclearance, the cohort was limited to HBeAg
seronegative individuals with complete seroclearance data
(figure 1).

Ascertainment of outcomes
Patients in the REVEAL-HBV cohort were tested for HBeAg,
HBsAg serostatus and HBV DNA levels every 6-12 months.
Seroclearance was defined as the first instance in which an indi-
vidual tested seronegative for HBeAg or HBsAg, or had
undetectable serum HBV DNA levels (<100 copies/mL) and
remained that way throughout the remainder of follow-up.
Cases of HCC and cirrhosis in the REVEAL cohort were
detected through abdominal ultrasonography and a-fetoprotein
testing, and through computerised linkages with the National
Cancer Registry and National Death Certification databases.
Identified cases were confirmed through chart reviews by gastro-
enterologists according to the following criteria: histopatho-
logical confirmation; positive lesions detected by at least two
different imaging techniques (such as abdominal ultrasonog-
raphy, angiogram or CT); or positive lesions detected by one
imaging technique combined with a serum a-fetoprotein level
greater than 400 ng/mL. Liver cirrhosis was determined with a
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Genotyped for S267F
N = 3801

REVEAL Cohort TLCN Cohort
N =3292 N =509
[
I I I |
Non-LC/Non-HCC Liver Cirrhosis Non-cirrhotic HCC || Cirrhotic HCC Non-cirrhotic HCC || Cirrhotic HCC
(Group 1) (Group 1) (Group IIl) (Group 1V) (Group II1) (Group IV)
N =2789 N =232 N =105 N =166 N =265 N =244

Seromarker Clearance
N =3292

I

I
HBeAg Positive HBeAg Negative

A
Association between
S267F and LC or HCC

HBeAg
Seroclearance HBV DNA HBsAg
N =447 Seroclearance Seroclearance
N = 1747 N = 2553

Figure 1

Grouping strategy for the study population. Group I: Patients with chronic hepatitis B without LC and HCC; Group II: Patients with

chronic hepatitis B who developed LC only; Group lll: Patients with chronic hepatitis B who developed non-cirrhotic HCC; Group IV: Patients with
chronic hepatitis B who developed cirrhotic HCC. HBeAg, hepatitis B e antigen; HCC, hepatocellular carcinoma; HBsAg, hepatitis B surface antigen;

LC, liver cirrhosis; TLCN, Taiwan Liver Cancer Network.

quantitative scoring system based on liver parenchymal texture,
intrahepatic blood vessel size and spleen size. In the TLCN
cohort, HCC cases and cirrhosis diagnosis were ascertained
through diagnosis and testing at participating hospitals.

Genotyping and sequencing

Genomic DNA was extracted from buffy coat using the QIAamp
DNA Blood Mini Kit (Qiagen, Valencia, California, USA)
according to the manufacturer’s protocol. The S267F variant
(c.800G>A, 1rs2296651) was genotyped using the TagMan
genotyping assay (Applied Biosystems, Foster City, California,
USA) (primer and probe sequences available on request). Exon
2 of the SLC10A1 gene was first amplified by PCR using 20 ng
of genomic DNA, deoxynucleotides (dNTPs) (0.2 mM each),
the specific primer pair (0.4 uM each) (primer sequences avail-
able on request), 2 mM MgCl, and 0.1U of SuperTherm Taq
(JMR Holdings, London, UK) in a final volume of 15 uL. The
PCR was carried out at 95°C for 3 min, 35 cycles of 95°C for
30s, 64°C for 30s, and 72°C for 1 min, and finally, 72°C for
10 min. The PCR product was purified by the GenepHlow Gel/
PCR kit (Geneaid Biotech). The PCR product was then
sequenced by Sanger sequencing on the ABI 3730XL DNA ana-
lyser, using a BigDye Terminator V.3.1 Cycle Sequencing Kit
(Applied Biosystems). Samples with variant calls from the first
sequencing run were verified by a second run of the PCR using
KAPA HIFI HotStart ReadyMix (Kapa Biosystems, Woburn,
Massachusetts, USA). The PCR was carried out at 95°C for
5 min, 30 cycles of 98°C for 30s, 62°C for 15 s, and 72°C for
30 s, and finally, 72°C for 7 min.

In silico prediction tool

The effects of SLC10A1 exon 2 variants on protein function
were predicted by the following in silico prediction tools: SIFT
(http:/siftdna.org), SNPs3D  (http:/www.snps3d.org) and

PolyPhen-2 (http:/genetics.bwh.harvard.edu/pph2). The mRNA
splicing effect of intronic variants was predicted by Splice Site
Prediction of Berkeley Drosophila Genome Project (BDGP)
(http:/www.fruitfly.org). Missense and intronic variants with
functional impact predicted by at least one of four prediction
tools were assigned as deleterious variants, while those without
any functional impact were considered as non-deleterious var-
iants. Nonsense mutations were directly classified as deleterious
variants.

Statistical analysis

Host and virological factors that were common to REVEAL and
TLCN cohorts were included as predictors in outcome analyses.
Differences in the distributions of host and virological
characteristics between patient groups were compared with the
x> test. Continuous variables were categorised for analysis. As
detailed time-to-event data were not available in the TLCN
cohort, all analyses of clinical outcomes (cirrhosis and HCC)
were performed using unconditional logistic regression. Analysis
of serological outcomes (ie, seroclearance of HBeAg, HBV
DNA and HBsAg) was performed with Cox proportional
hazards regression. Analysis of CHB infection was performed
using  univariate logistic regression, which compared
HBsAg-seropositive patients with CHB from our cohort and a
subset of HBsAg-seronegative individuals in the Taiwan Biobank
with available S267F genotype data. All analyses were per-
formed with SAS software V9.3 (SAS Institute, Cary, North
Carolina, USA), and statistical significance was determined using
two-tailed tests (p<0.05).

RESULTS

Baseline characteristics of study cohort

As shown in table 1, a total number of 3801 participants were
included in this study. The mean age (SD) was 46.4 years (10)
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Table 1 Baseline characteristics among four different groups of patients with chronic hepatitis B
Overall Non-LC/non-HCC* (Group ) LC caset (Group II) Non-LC HCC case# (Group IlI) LC-HCC case§ (Group IV)
(n=3801) (n=2789) (n=232) (n=370) (n=410)

Age, mean years 46.4 (10.0) 45.1 (9.64) 46.4 (9.89) 49.8 (11.0) 51.5 (9.44)
(SD)
Gender

Female 1418 (37.3) 1125 (40.3) 56 (24.1) 131 (35.4) 106 (25.9)

Male 2383 (62.7) 1664 (59.7) 176 (75.9) 239 (64.6) 304 (74.2)
Serum alanine aminotransferase level, U/L

<45 3372 (88.7) 2656 (95.2) 200 (86.2) 261 (70.5) 255 (62.2)

>45 429 (11.3) 133 (4.77) 32 (13.8) 109 (29.5) 155 (37.8)
HBV DNA level, copies/mL

<300 853 (22.4) 769 (27.6) 31 (13.4) 31 (8.38) 22 (5.37)

300-9999 1127 (29.7) 943 (33.8) 49 (21.1) 83 (22.4) 52 (12.7)

10 000-99 999 685 (18.0) 498 (17.9) 36 (15.5) 79 (21.4) 72 (17.6)

>100 000 1136 (29.9) 579 (20.8) 116 (50.0) 177 (47.8) 264 (64.4)
Serum HBsAg level, IU/mLY|

<100 939 (28.5) 855 (30.7) 31 (13.4) 24 (22.9) 29 (17.5)

100-999 911 (27.7) 800 (28.7) 60 (25.9) 19 (18.1) 32 (19.3)

>1000 1442 (43.8) 1134 (40.7) 141 (60.8) 62 (59.1) 105 (63.3)
HBeAg serostatus{|

Positive 491 (14.9) 320 (11.5) 55 (23.7) 41 (39.1) 75 (45.2)

Negative 2801 (85.1) 2469 (88.5) 177 (76.3) 64 (61.0) 91 (54.8)
Viral genotype**

C 1034 (35.5) 632 (31.2) 80 (41.7) 130 (41.1) 192 (50.7)

B+BC 1877 (64.5) 1392 (68.8) 112 (58.3) 186 (58.9) 187 (49.3)
Precore G1896A mutanttt

Wild type 478 (41.6) 313 (37.1) 64 (49.2) 31 (50.8) 70 (60.3)

Mutant 672 (58.4) 530 (62.9) 66 (50.8) 30 (49.2) 46 (39.7)
1s2296651 (S267F)

GG 3145 (82.7) 2274 (81.5) 192 (82.8) 321 (86.8) 358 (87.3)

GA 651 (17.1) 510 (18.3) 40 (17.2) 49 (13.2) 52 (12.7)

AA 5(0.13) 5(0.18) 0 (0) 0 (0) 0 (0)

*Patients with chronic hepatitis B without liver cirrhosis and HCC.

tPatients with chronic hepatitis B with liver cirrhosis but not yet developed HCC.
tPatients with chronic hepatitis B who developed non-cirrhotic HCC.

§Patients with chronic hepatitis B who developed cirrhotic HCC.

fiData were only available among the REVEAL-HBV cohort (n=3292).

**Data were available for individuals with detectable HBV DNA levels (>300 copies/mL) in the REVEAL-HBV cohort.
t1Data were only available among the REVEAL-HBV cohort with HBV DNA levels >10 000 copies/mL.
HBeAg, hepatitis B e antigen; HCC, hepatocellular carcinoma; HBsAg, hepatitis B surface antigen; LC, liver cirrhosis.

and the majority were male (62.7%), with serum ALT levels
<45 U/L (88.7%), HBV DNA levels <10* copies/mL (52.1%)
and serum HBsAg levels <1000 IU/mL (56.2%). Most of the
patients were HBeAg seronegative (85.1%), infected with HBV
genotype B or B+C (62.5%), carried the precore G1896A
mutant (64.5%) and carried the GG genotype of the S267F
variant (82.7%). The mean age of participants increased with
disease progression (from Group I to Group IV), as did the pro-
portion of participants with serum ALT levels >45 U/L, HBV
DNA levels >10* copies/mL, HBeAg seropositivity, HBV geno-
types B and B+C, precore G1896A mutant and the S267F GG
genotype.

The S267F variant was not statistically significantly associated
with age, gender, serum ALT, HBV DNA, HBsAg levels and
HBV genotype (see online supplementary table S1). Patients
who carried an S267F variant (GA/AA) had a lower proportion
of being infected by HBV with a stop codon mutation of
HBeAg in the HBV precore region (G1896A), and a higher pro-
portion of HBeAg seropositivity than those that carried a GG
genotype.

The association of S267F with liver cirrhosis

When patients who developed cirrhosis or cirrhotic-cHCC
during follow-up (Group II+Group IV) were compared with
participants without cirrhosis and HCC (Group I), multivariate
analyses showed that participants with the GA or AA genotype
of the S267F variant had significantly decreased risk of liver cir-
rhosis (OR 0.65 (95% CI 0.49 to 0.86), p=0.002), after adjust-
ment for age, gender, and serum ALT and HBV DNA levels
(table 2).

The association of $267F with HCC

To assess the association between S267F and HCC, participants
who developed HCC during follow-up (Group II+Group 1V)
were compared with participants without cirrhosis and HCC
(Group I) (table 2). Multivariate analyses adjusted for age,
gender, serum ALT levels and HBV DNA levels showed that par-
ticipants with the GA or AA genotype of the S267F variant had
significantly decreased risk of HCC (OR 0.55 (95% CI 0.42 to
0.72), p<0.001). In addition, when we subdivided HCC into
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Table 2 Multivariate adjusted ORs of liver cirrhosis and hepatocellular carcinoma (HCC)#

Liver cirrhosis

HCC

Group I1+Group IV vs Group I*

Group lll+Group IV vs Group I

Control (n=2789) Case (n=642) OR (95% CI) p Value Control (n=2789) Case (n=780) OR (95% Cl) p Value

1s2296651 (S267F)

GG 2274 (81.5) 550 (85.7) 1.00 2274 (81.5) 679 (87.1) 1.00

GA/AA 515 (18.5) 92 (14.3) 0.65 (0.49 to 0.86) 0.002 515 (18.5) 101 (13.0) 0.54 (0.41 t0 0.71)  <0.001
Age, mean years (SD) 45.1 (9.64) 49.7 (9.90) 1.07 (1.05 to 1.08) <0.001 45.1 (9.64) 50.7 (10.2) 1.08 (1.07 to 1.09)  <0.001
Gender

Female 1125 (40.3) 162 (25.2) 1.00 1125 (40.3) 237 (30.4) 1.00

Male 1664 (59.7) 480 (74.8) 1.94 (1.56 to 2.42) <0.001 1664 (59.7) 543 (69.6) 1.45 (1.18 to 1.77)  <0.001
Serum alanine aminotransferase level, U/L

<45 2656 (95.2) 455 (70.9) 1.00 2656 (95.2) 516 (66.2) 1.00

>45 133 (4.77) 187 (29.1) 4.99 (3.80 to 6.59) <0.001 133 (4.77) 264 (33.9) 7.11 (5.47 t0 9.23)  <0.001
HBV DNA level, copies/mL

<300 769 (27.6) 53 (8.26) 1.00 769 (27.6) 53 (6.79) 1.00

300-9999 943 (33.8) 101 (15.7) 1.68 (1.18 to 2.40) 0.004 943 (33.8) 135 (17.3) 2.35 (1.66 to 3.34)  <0.001

10 000-99 999 498 (17.9) 108 (16.8) 3.37 (2.35 to 4.84) <0.001 498 (17.9) 151 (19.4) 474 3.33t06.73) <0.001

>100 000 579 (20.8) 380 (59.2) 9.27 (6.68 t0 12.86)  <0.001 579 (20.8) 441 (56.5) 10.9 (7.83 to 15.15)  <0.001

*Comparison of patients with liver cirrhosis to patients without liver cirrhosis and HCC.
tComparison of patients who developed HCC to patients without liver cirrhosis and HCC.

+HBsAg titre, HBeAg serostatus and HBV genotype were not included in this analysis due to the unavailability of these data in the Taiwan Liver Cancer Network (TLCN) cohort.

non-cirrhotic and cirrhoticcHCC (table 3), the association
between the GA or AA genotype of the S267F variant with
HCC remained significant, with an adjusted OR (95% CI) of
0.66 (0.47 to 0.92) for non-cirrhotic HCC and 0.48 (0.33 to
0.69) for cirrhotic HCC.

HCC risk stratification according to viral factors and host
S267F variant

To assess the interaction between S267F and HBV virological
markers, associations with HCC were stratified by HBeAg

serostatus, HBV DNA levels and HBsAg levels. The reduced risk
of HCC associated with the S267F variant was not significantly
different between HBeAg seropositive and seronegative patients
(p=0.24), HBsAg levels <1000 IU/mL and >1000IU/mL
(p=0.32), or HBV DNA levels <10* 10*-10° and >10°
copies/mL (p=0.59) (data not shown). However, when com-
pared with patients with HBV DNA levels >10° copies/mL and
the GG genotype, patients who had undetectable HBV DNA
and the GA or AA genotypes of S267F had a 25-fold decreased
risk for developing HCC (see online supplementary table S2;
OR 0.04 (95% CI 0.02 to 0.10), p<0.001).

Table 3 Multivariate adjusted ORs of non-cirrhotic hepatocellular carcinoma (HCC) and cirrhotic-HCC#

Non-cirrhotic-HCC (Group Il vs Group 1)*

Cirrhotic-HCC (Group IV vs Group I)t

Control (n=2789) Case (n=370) OR (95% Cl) p Value Control (n=2789) Case (n=410) OR (95% Cl) p Value

152296651 (5267F)

GG 2274 (81.5) 321 (86.8) 1.00 2274 (81.5) 358 (87.3) 1.00

GA/AA 515 (18.5) 49 (13.2) 0.65 (0.46 to 0.91) 0.01 515 (18.5) 52 (12.7) 0.48 (0.33 to 0.69) <0.001
Age, mean years (SD)  45.1 (9.64) 49.8 (11.0) 1.06 (1.05 to 1.08) <0.001 45.1 (9.64) 51.5 (9.44) 1.10 (1.08 to 1.11) <0.001
Gender

Female 1125 (40.3) 131 (35.4) 1.00 1125 (40.3) 106 (25.9) 1.00

Male 1664 (59.7) 239 (65.6) 1.07 (0.84 to 1.38) 0.58 1664 (59.7) 304 (74.2) 2.03 (1.53 to 2.69) <0.001
Serum alanine aminotransferase level, U/L

<45 2656 (95.2) 261 (70.5) 1.00 2656 (95.2) 255 (62.2) 1.00

>45 133 (4.77) 109 (29.5) 6.64 (4.84 10 9.10)  <0.001 133 (4.77) 155 (37.8) 7.68 (5.60 to 10.53)  <0.001
HBV DNA level, copies/mL

<300 769 (27.6) 31 (8.38) 1.00 769 (27.6) 22 (5.37) 1.00

300-9999 943 (33.8) 83 (22.4) 2.45 (1.59 to 3.79) <0.001 943 (33.8) 52 (12.7) 2.27 (1.34 t0 3.83) 0.002

10 000-99 999 498 (17.9) 79 (21.4) 4.18 (2.68 to 6.52) <0.001 498 (17.9) 72 (17.6) 5.86 (3.51 to 9.79) <0.001

>100 000 579 (20.8) 177 (47.8) 7.42 (4.88 t0 11.29)  <0.001 579 (20.8) 264 (64.4) 16.32 (10.11 t0 26.36)  <0.001

*Multivariate analysis of the association between S267F and non-cirrhotic HCC was performed, comparing patients who developed non-cirrhotic HCC (Group Ill) to patients without liver

cirrhosis and HCC (Group I).

tMultivariate analysis of the association between S267F and cirrhotic HCC was performed, comparing patients who developed cirrhotic HCC (Group V) to patients without liver cirrhosis

and HCC (Group 1).

+HBsAg titre, HBeAg serostatus and HBV genotype were not included in this analysis due to the unavailability of these data in the Taiwan Liver Cancer Network (TLCN) cohort.

HBeAg, hepatitis B e antigen; HBsAg, hepatitis B surface antigen.
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Table 4 Association of S267F with chronic hepatitis B (CHB)
infection

Patients with

CHB* HBsAg-seronegative p
(n=3801) controlst (n=3801) OR (95% CI) Value
152296651 (5267)
GG 3099 (81.53) 3145 (82.74) 1.00

GA 665 (17.50) 651 (17.13)
AA 37 (0.97) 5(0.13)

*Those are patients with CHB from our cohort for analyses in this work.

tThe controls are a subset of HBsAg-seronegative individuals in the Taiwan Biobank
with available S267F genotype data, which are matched according to gender and age
of patients with CHB with a 1:1 ratio.

HBsAg, hepatitis B surface antigen.

0.96 (0.86 to 1.09)  0.553
0.13 (0.05 to 0.34)  <0.001

Association of S267F with CHB

When we compared our CHB cohort with the matched subset
of HBsAg-seronegative individuals selected from the Taiwan
Biobank, the AA genotype of the S267F variant was significantly
and negatively associated with CHB infection (table 4; OR 0.13
(95% CI 0.05 to 0.34), p<0.001). The GA genotype of the
variant also showed the same protective effect on CHB infec-
tion, although it was not statistically significant.

Association of S267F with serological outcomes

The association of S267F with HBeAg seroclearance, HBV
DNA undetectability and HBsAg seroclearance was also exam-
ined (see online supplementary table S3). However, after adjust-
ment for age, gender, serum ALT levels, HBV DNA levels,
HBsAg levels, HBV genotype and the HBV precore mutant,
there was no significant association between the S267F variant
and any serological outcomes.

Rare variants

Sequencing of exon 2 of the SLC10A1 gene identified no var-
iants in the region between aal57 and 165 of NTCP However,
a total of 19 variants were identified in the same exon but exter-
ior to the region between aal57 and 165 (see online supple-
mentary table S4). The frequency of the majority of these
variants was <19%, except for the p.Pro181Pro variant of which
the frequency was 3.42%. Among 19 variants, 12 were novel
variants that have never been described in the National Center
for Biotechnology Information (NCBI) SNP database, the 1000
Genomes project and the Exome Variant Server. There were one
nonsense, eight missense, seven silent and three intronic var-
iants. Among eight missense variants, six were predicted to be
deleterious, which may have functional protein effects, while
one of the intronic variants was predicted to be a splice variant
that could affect mRNA splicing. No association between these
rare variants and cirrhosis and HCC was observed.

DISCUSSION

In this study, we confirmed a high MAF of S267F (8.7%) in our
community-based CHB cohort. We uncovered the protective
association of the S267F variant of NTCP with cirrhosis and
HCC (overall, cirrhotic and non-cirrhotic), and patients with
GA or AA genotypes of S267F had lower risk of developing cir-
rhosis and HCC compared with those that carried GG genotype
in each stratum of serum HBV DNA level. However, we failed
to show the association between this genetic variant and the ser-
oclearance of HBeAg, HBV DNA and HBsAg. To the best of
our knowledge, this is the first association study demonstrating

the protective association of the SLC10A1 (NTCP) S267F
variant with cirrhosis, cirrhotic-HCC and non-cirrhotic-HCC in
a large cohort of patients with CHB.

Previous studies reported the MAF of S267F to be 7.5% in
Chinese-Americans,'® 3.1-5% in Koreans, 7.4% in Chinese
individuals and 9.2% in Vietnamese individuals.'” In our
cohort, the MAF was similar to those from previous studies.
However, the distribution of the minor allele was not in accord-
ance with the Hardy-Weinberg equilibrium (p<0.001), due to
less individuals being homozygous for S267F than the expected
value. A study of limited number of subjects showed that in the
Chinese Han population the S267F variant was associated with
HBV infection (OR 2.91 (95% CI 1.10 to 7.74), p=0.03)"%;
while a larger cohort study of 1899 patients with HBV showed
that S267F was associated with resistance to CHB (OR (95%
CI) 0.36 (0.29 to 0.44) and 0.16 (0.06 to 0.40) for heterozy-
gotes and homozygotes, respectively).?’ Our results showed that
S267F AA homozygotes were strongly associated with
HBsAg-seronegativity (OR 0.13 (95% CI 0.05 to 0.34),
p<0.001), which support the findings of the later report.

The major physiological function of NTCP is the uptake of
bile salts from portal blood into hepatocytes. The S267F variant
is located in a highly conserved extracellular loop of NTCP
which is important for bile salt interaction.'® ** Although the
$267F mutant shows normal cell surface expression, it results in
almost non-existent bile salt uptake and reduced HBV infec-
tion.'® ** Interestingly, cells cotransfected with wild type NTCP
and the S267F mutant at a 1:1 ratio can be infected by HBV
with an efficiency greater than 70%, suggesting that individuals
carrying a single allele of the S267F variant are still susceptible
to HBV infection.?® This explains the presence of patients carry-
ing the heterozygous S267F variant in our CHB cohort.
Individuals who were homozygous for S267F were thought to
lack a functional NTCP according to the in vitro study.?
However, five patients with CHB in our cohort carried the
homozygous S267F variant, and they had very low viral loads
and HBsAg levels with none of them developing cirrhosis or
HCC. Previous reports have found normal serum levels of bile
salts in individuals homozygous for S267F, and bile salt uptake
may be compensated by other transporters. '’ Therefore, the
presence of patients with CHB with homozygous S267F may
imply there exists minor alternative pathways for HBV entry. On
the other hand, it is also possible that these individuals were
infected by mutated forms of HBV. As the pre-S1 domain of
HBYV is highly polymorphic, variants or mutations of the HBsAg
open reading frame could lead to conformational protein
changes that affect binding with the S267F mutant of NTCR,
resulting in HBV entry.

The mechanism underlying the association between the
NTCP S267F variant and cirrhosis and HCC is still unknown.
The NTCP is a bona fide HBV receptor, and binds and/or trans-
ports molecules including bile salts, steroid hormones, thyroid
hormones, drug-conjugated bile salt and a variety of xenobio-
tics."> From our data, it seems unlikely to be through virological
factors, as the variant was associated neither with most of base-
line viral characteristics nor with the spontaneous clearance of
viral seromarkers. Multivariate analyses clearly showed that
even after adjustment for known virological risk factors, the
association between S267F and cirrhosis and HCC remained
significant, suggesting that the protective effect of S267F is inde-
pendent of virological factors.

We hypothesised that the possible pathway underlying our
observations may be through bile acids circulation. Bile acids are
potentially cytotoxic compounds, and elevated concentrations
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of bile acids within the liver trigger hepatocyte apoptosis by acti-
vating the death receptor pathway, thereby promoting liver
injury and the development of liver cirrhosis and liver failure.”*
Several lines of evidence showed that bile acid concentrations
that occur during cholestasis induce hepatocyte apoptosis, pro-
viding a cellular mechanism for bile acid-mediated liver
injury.>*?¢ The S267F mutant of NTCP may decrease the
uptake of bile salts within the hepatocytes, reducing the possibil-
ity of intrahepatic cytotoxic bile salt accumulation. This may
lower the likelihood of hepatic inflammation and oxidative
stress-mediated oncogenesis in such patients with CHB, result-
ing in decreased risk of developing liver cirrhosis and HCC.

Yan et al'? showed that aal57-165 of NTCP were critical for
HBV binding and infection. We confirmed their results by not
finding any genetic variants in the same region of NTCP in our
CHB cohort. According to the 1000 Genomes database, only
two variants exist in this region, but the allele frequency and
population background of these variants are unknown. It has
also been shown that alterations of residuals S162 and 1163,
which are conserved in human, mouse and monkey NTCPs, do
not affect NTCP-mediated bile salt uptake but do reduce HBV
infection.”> These findings suggest that the region between
aal57 and 165 of NTCP is important for HBV entry, and can
be a useful target for new antiviral agent development.

Several molecules and substrates that target NTCP can inhibit
HBV entry, and are expected to be potent candidates of
anti-HBV drugs. Myrcludex-B mechanically competes with the
natural L-protein for human NTCP binding,"® and strongly inhi-
bits HBV infection without severe impairment of bile salt
uptake.?” Ciclosporin A, an original immunosuppressive drug, its
analogue SCYX1454139, and ezetimibe were reported to inter-
act directly with NTCP and inhibit its bile salt uptake activity.**~
39 Other emerging compounds, including epigallocatechin-3-
gallate, azelastine hydrochloride, ursodeoxycholate, cholate,
progesterone and bromosulfophthalein, were reported to have
anti-HBV entry activity.”'? Based on our findings, these agents
may be useful for the inhibition of HBV infection, and hope-
fully for reducing risk of developing cirrhosis and HCC in
patients with CHB. Furthermore, it would be interesting to
study the response of patients carrying or not carrying the
SLC10A1 S267F variant treated with this new anti-HBV
strategy.

There are several limitations to be considered. First, the ascer-
tainment of cirrhosis based on ultrasound results only may not
satisfactorily identify all patients with cirrhosis and hence, some
individuals may be misclassified. Our finding on the association
between S267F and cirrhosis should be conservative due to this
non-differential misclassification. However, this issue may
reduce the power for the analysis on non-cirrhotic HCC, as
individuals with cirrhotic HCC may have been misclassified as
non-cirrhotic HCC. Second, only exon 2 and the S267F SNP
on the SLC10A1 gene were sequenced and genotyped in our
cohort. We did not conduct functional studies to assess the
effect of predicted splice variant IV1-1G>A on mRNA splicing,
or study the functional impact of the predicted deleterious rare
variants identified on exon 2 of SLC10A1. As there are other
SNPs and rare variants reported outside of this region, we may
have underestimated the effect of SLC10A1 (or NTCP) on CHB
infection and HBV disease progression. According to studies on
the effect of certain SLC10A1 mutations on NTCP cell surface
expression and substrate binding, it is reasonable to speculate
that different conformations depending on post-translational
modifications, membrane localisation and oligomerisation of

NTCP?® caused by other mutations or variants may have some
impact on HBV entry.

In conclusion, in this large cohort of Taiwanese patients with
CHB, we found that the SLC10A1 (NTCP) S267F variant was
significant and independently associated with cirrhosis,
cirrhoticcHCC and non-cirrhotic-HCC, after adjustment of
important risk factors including gender, age, and serum ALT,
and HBV DNA levels. Together with serum HBV DNA levels,
the S267F variant may help to identify a group of patients with
CHB (5.5%) with very low risk of developing HCC in Asian
communities of endemic HBV infection, and may also possibly
be incorporated into cirrhosis and HCC prediction models for
clinical use. Therapeutic agents targeting NTCP should be
examined for their effect on the prevention of long-term out-
comes including cirrhosis and HCC. Furthermore, we confirmed
that this variant was associated with resistance to CHB
infection.
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