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Background.  Spontaneous clearance of acute hepatitis C virus (HCV) infection is more common in women than in men, inde-
pendent of known risk factors.

Methods.  To identify sex-specific genetic loci, we studied 4423 HCV-infected individuals (2903 male, 1520 female) of European, 
African, and Hispanic ancestry. We performed autosomal, and X chromosome sex-stratified and combined association analyses in 
each ancestry group.

Results.  A male-specific region near the adenosine diphosphate–ribosylation factor–like 5B (ARL5B) gene was identified. 
Individuals with the C allele of rs76398191 were about 30% more likely to have chronic HCV infection than individuals with the 
T allele (OR, 0.69; P = 1.98 × 10−07), and this was not seen in females. The ARL5B gene encodes an interferon-stimulated gene that 
inhibits immune response to double-stranded RNA viruses. We also identified suggestive associations near septin 6 and ribosomal 
protein L39 genes on the X chromosome. In box sexes, allele G of rs12852885 was associated with a 40% increase in HCV clearance 
compared with the A allele (OR, 1.4; P = 2.46 × 10−06). Septin 6 facilitates HCV replication via interaction with the HCV NS5b pro-
tein, and ribosomal protein L39 acts as an HCV core interactor.

Conclusions.  These novel gene associations support differential mechanisms of HCV clearance between the sexes and provide 
biological targets for treatment or vaccine development.

Keywords.   HCV; GWAS; Sex; X chromosome; ARL5B; Septin 6; Host-genetics; infection; immune.

Hepatitis C virus (HCV) is a blood-borne pathogen that results 
in either spontaneous clearance or persistence of the virus with 
chronic hepatitis after an acute infection. Between 15% and 45% 
of individuals acutely infected with HCV will spontaneously 
clear the virus, and the others will have persistence of the HCV 
infection, which is a major cause of cirrhosis and hepatocellular 
carcinoma. Globally, >70 million people have persistent infec-
tion with HCV, and these infections are a major contribution to 
global mortality rates [1, 2].

Females are twice as likely as males to spontaneously clear 
HCV infection, and black individuals are 5-fold less likely than 
white individuals [3–6]. An estimated 6%–15% of the variation in 
spontaneous HCV clearance is explained by autosomal markers 
in the human genome [7–9]. The interferon lambda 3 and inter-
feron lambda 4 (IFNL3–IFNL4) locus, the major histocompati-
bility complex (MHC) class  II region and G protein–coupled 
receptor 158 (GPR158) gene are all autosomal regions associated 
with spontaneous clearance of HCV infection and explain in part 
differences between ancestral populations [7, 9]. However, the 
genetic explanation for the sex differences is unknown, because 
autosomal variants have not been tested for sex-specific effects 
and the X chromosome has not been systematically evaluated for 
association with HCV clearance despite the noted sex differences. 
We performed an autosomal genome-wide sex-stratified anal-
ysis and X chromosome analyses in the Extended HCV Genetic 
Consortium [9] to identify sex-specific loci associated with HCV 
clearance in populations of diverse ancestry.
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METHODS

Study Population

The analyzed population included 4423 individuals (2903 
male, 819 with clearance, and 1520 female, 500 with clearance) 
participating in the HCV Extended Genetics Consortium, as 
described elsewhere [9]. The distribution of the population by 
ancestry, sex, and HCV infection status (Table  1) is detailed 
elsewhere [9]. Based on principal components, we genetically 
determined participants’ ancestry, which was assigned to 4 data 
sets as having predominantly European ancestry (n = 1736; 701 
with HCV clearance), African ancestry (n = 2201; 445 with HCV 
clearance), distributed as 2 independent data sets depending on 
the genotyping platform (African ancestry [n = 1869; 340 with 
HCV clearance] and African Ancestry Group 2 [n = 332; 105 
with HCV clearance]), and Hispanics with multiancestry com-
ponents (n = 486; 173 with HCV clearance), as described else-
where [9]. Each individual study obtained consent for genetic 
testing from the governing institutional review board, and the 
Johns Hopkins School of Medicine Institutional Review Board 
approved the overall analysis.

Genotyping and Quality Control
Genotyping and Imputation
Genotypes on chromosomes 1–22 and the X chromosome 
pseudo-autosomal and non–pseudo-autosomal regions were 
derived from a genome-wide association study (GWAS) per-
formed in the HCV Extended Genetics Consortium, as de-
scribed elsewhere [9]. Briefly, individuals were genotyped using 
the Illumina Omni1-Quad BeadChip or Infinium Multi-Ethnic 
Global BeadChip (MEGA) (Illumina), and autosomal genotypes 
were processed using standard GWAS protocols for quality con-
trol for each platform. X chromosome–specific quality control 
was done using the protocol described in the XWAS tools [10, 
11] and included removing variants in the pseudo-autosomal 
regions and filtering out variants with significantly different 

minor allele frequency or missingness between male and fe-
male controls and those that were not in Hardy-Weinberg equi-
librium in females. Genotype imputation was performed using 
Minimac3 software [12] for each platform through the publicly 
available Michigan Imputation Server [13], as described else-
where [9]. Variants with imputation quality r2 < 0.3 [12, 14, 
15] and a minor allele frequency <5% for each sex category of 
each ancestry group were excluded. After quality control of the 
data sets in each ancestry and sex category, we included in the 
analysis 5 595 785 markers on chromosomes 1–22 and 134 908 
on the X chromosome. These markers were consistently geno-
typed/imputed across the data sets.

Population Stratification
We assessed and corrected for potential population stratifica-
tion via either autosomal-derived or X chromosome–derived 
principal component analysis, and we studied the inflation of 
test statistics in each association analysis to evaluate the most 
accurate correction for each model. This approach was imple-
mented given the sex-biased history of the populations, which 
is expected to lead to differential population structure on the X 
chromosome and the autosomes. The population structure on 
the X chromosome captures a 1:2 male-to-female contribution, 
while on the autosomes males and females contribute equally 
to the observed structure [10]. Principal component analysis 
was done using EIGENSOFT software, version 7.2.1 [16, 17], 
using a set of markers pruned for linkage disequilibrium and re-
moving large linkage disequilibrium blocks and regions of high 
linkage disequilibrium in PLINK software (version 2.0 alpha) 
[18, 19]. For the sex-stratified association tests in autosomes 
in all ancestry groups and in the X chromosome in Hispanics, 
we included 10 autosomal-derived principal components. For 
the X chromosome sex-stratified analysis in the European 
and African ancestry populations, we included 10 X chromo-
some–derived principal components because we obtained 

Table 1.  Distribution of Anayzed Populations by Ancestry Groups, Sex, Human Immunodeficiency Virus Infection Status, and Hepatitis C Virus Clearance 
or Persistence

Study Participants by 
Ancestry Group

Participants, Total  
 (Male:Female), 

No.

HCV Infection, No. of Participants (% HIV Positive) 

Male Participants Female Participants Total 

HCV Persistence HCV Clearance HCV Persistence Clearance HCV Clearance HCV Persistence 

Extended HCV  
Multi-Cohort Study

       

  African ancestry   
1869 (1245:624)

1054 (35.1) 191 (34.0) 475 (42.3) 149 (57.8) 1529 (37.3): 340 (44.4)

  European ancestry 1736 (1192:544) 703 (17.1) 489 (14.6) 332 (10.5) 212 (15.1) 1035 (14.9) 701 (14.7)

  Multiancestry Hispanic 486 (288:198) 197 (27.9) 91 (14.2) 116 (46.5) 82 (56.1) 313 (34.8) 173 (34.1)

African  
Ancestry Group 2

       

  African ancestry 332 (178:154) 130 (8.5) 48 (22.9) 97 (11.3) 57 (14.0) 227 (9.7) 105 (18.1)

Total 4423 (2903:1520) 2084 (26.7) 819 (19.5) 1020 (29.5) 500 (34.4) 3104 (26.7) 1319 (19.5)
Abbreviations: HCV, hepatitis C virus; HIV, human immunodeficiency virus.
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better correction of the inflation of test statistics, as observed in 
quantile-quantile (QQ) plots.

Statistical Analysis
Single-Nucleotide Polymorphism–Based Association Analysis
Association Tests in Autosomes. In each of the ancestry groups 
and sex categories (8 individual datasets), we performed an as-
sociation analysis of dosage of the variants using an additive lo-
gistic regression model, adjusting for population stratification 
and  human immunodeficiency virus (HIV) infection status 
using Mach2dat [20] in order to detect sex-based differences 
in allelic frequencies. Single-nucleotide polymorphism (SNP)–
based association testing compares the frequency of alleles 
(dosage) between HCV clearance and persistence groups to de-
termine whether a specific allele co-occurs with a phenotype 
more often than would be expected by chance.

Results of each sex in each ancestry group (4 data sets per 
sex) were meta-analyzed using a fixed-effect (inverse variance-
weighted) model, where the effect size estimates, are weighted 
by their estimated standard errors [21] yielding meta-analyzed 
sex-specific P values for association and corresponding sex-
specific effect estimates. Miami and QQ plots were used to 
visualize results using EasyStrata software, version 8.6 (www.
genepiregensburg.de/easystrata). We calculated the population-
specific effective number of independent tests for each geneti-
cally determined ancestral group included in the current study 
and for the fixed effects meta-analysis, as described in detail 
elsewhere [9]. To estimate the GWAS threshold we used the 
widely implemented method recommended by Sobota et al and 
others [22–26], which estimates the effective number of inde-
pendent tests in a genetic data set after accounting for linkage 
disequilibrium between SNPs using the linkage disequilibrium 
pruning function in the PLINK 2.0 alpha software package [18, 
19]. In the fixed effects meta-analysis for each sex, the GWAS 
significance level threshold was set at 2.05 × 10−07 and the sug-
gestive significance was set to P values between 5 × 10−05 and 
2.05 × 10−07.

Association Tests in the X Chromosome. We applied 2 ap-
proaches for the analysis of markers on the X chromosome: 
(1) sex-stratified analyses with meta-analysis across ancestry 
groups for each sex category and also in the total sample in-
cluding males and females from all ancestry groups; (2) sex-
combined analysis in the total sample incorporating biological 
data of X chromosome inactivation. Allelic dosages on the X 
chromosome were transformed to hard call genotypes using 
PLINK 2.0 alpha software [18, 19], and imputed markers with 
uncertainty greater than 0.1 were treated as missing.

For the sex-stratified analysis in each ancestry and sex cat-
egory (8 individual data sets), we performed an association 
analysis of hard call genotypes using an additive logistic re-
gression model including HIV infection status and 10 principal 

components. Males were coded as either having 0 or 2 copies of 
an allele and females were coded as having 0, 1, or 2 alleles of 
each marker. Standard errors and P values from each sex and 
ancestry group were genomic control (GC) corrected using 
lambda factors (λGC) and meta-analyzed using a fixed-effect 
(inverse variance–weighted) model using GWAMA software 
[21] yielding meta-analyzed sex-specific P values for association 
and corresponding sex-specific effect estimate (obtained from 4 
data sets in each sex category). Miami and QQ plots were used 
to visualize results of the sex-stratified meta-analysis for males 
and females using EasyStrata software (www.genepiregensburg.
de/easystrata) and R software, version 3.5.2 (https://cran.r-
project.org/). This method is not affected by the allele coding in 
males (eg, 0/2 copies or 0/1 copies of the effect allele) and aims 
to capture the information about markers that have similar ef-
fect size and direction across populations in each sex category 
(sex-specific associations).

Because this is the first association analysis of markers on 
the X chromosome in this multiancestry study, in addition to 
the sex-specific association, we evaluated the association in the 
complete population. Thus, summary statistics of the associ-
ations on the X chromosome in each sex and ancestry group 
(8 data sets) were meta-analyzed using the method described 
by Stouffer et  al [27], as implemented with METAL software 
[28] to produce a significance value for each SNP in the entire 
population (P value for all individuals). This method accommo-
dates the possibility of differential effect size and direction be-
tween males and females and is not affected by the allele coding 
in males.

In the sex-combined analysis, we implemented an X chromo-
some–specific approach that allows for modeling SNP effects 
depending on X chromosome inactivation status (inactivation vs 
escape) [29]. We used previously published biological data of in-
activation status across multiple studies and multiple tissue types 
for genes on the X chromosome [29, 30] to define regions likely to 
experience X chromosome inactivation or escape and model SNP 
effects. This approach assumes that under a given coding scheme, 
the SNP effect is the same in males and females. We used logistic 
regression models including hard call genotypes, HIV infection 
status and 10 principal components as covariates, similar to the 
sex-stratified analysis. However, in this approach we included 
males and females in a single analysis for each ancestry group (4 
data sets, each containing females and males). For females, SNPs 
on the X chromosome were coded as the number of copies of the 
minor allele (0, 1, 2)  irrespective of the biological inactivation 
status and, for males the coding depended of the biological inac-
tivation status (0 or 2 copies of the minor allele for regions under 
inactivation and 0 or 1 copy for regions with escape of inactiva-
tion) [29]. 

For regions with no biological data, we modeled the genotype 
variable under both coding schemes for males, and the Akaike 
information criterion was used to determine which inactivation/

http://www.genepiregensburg.de/easystrata
http://www.genepiregensburg.de/easystrata
http://www.genepiregensburg.de/easystrata
http://www.genepiregensburg.de/easystrata
https://cran.r-project.org/
https://cran.r-project.org/
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escape status led to the better fitting model in each ancestry group 
(lower Akaike information criterion indicates better model fit). If 
the better model fit was not consistent across the ancestry groups, 
then we assumed the region to be under inactivation, because most 
of the X chromosome is subject to inactivation [29]. The results 
of the sex-combined analysis for each ancestry group (4 data sets) 
were combined using Stouffer’s method [27] and METAL software 
[28] to produce a sex-combined P value.

Conditional Analysis and Evaluation of SNP × Sex Interaction
To determine whether the observed associations in autosomes 
or the X chromosome were independent and also to detect 
interaction between the loci, we performed conditional anal-
ysis using logistic regression models in each sex category and 
ancestry data set (8 data sets), adjusting for population strat-
ification, HIV infection status, and the associated loci using 
Mach2dat software [20]. Results of the conditional analysis 
in each data set were meta-analyzed, following the methods 
described before.

In addition, to evaluate whether the effect of the variants de-
pended on the sex, we evaluated the SNP × sex interaction by 
performing association analysis, using an additive logistic re-
gression model in each ancestry data set (4 data sets, each in-
cluding males and females), including population stratification, 
HIV infection status, sex, and the SNP × sex interaction term. 

Results of the SNP × sex interaction term were meta-analyzed 
with a fixed-effect model, as described elsewhere.

RESULTS

In the sex-stratified autosomal analysis we identified a region 
on Chr10p12. 31 that was associated with spontaneous clear-
ance of HCV in males with genome-wide significance (λGC, 
1.003) (Figure  1 and Supplementary Figure 1). This region is 
located 137 kb downstream of the 3’ end of the gene adenosine 
diphosphate–ribosylation factor–like 5B (ARL5B) and 229  kb 
upstream of the MAM and LDL receptor class A  domain–
containing 1 (MALRD1) gene (Figure  2). The lead marker is 
rs76398191 (C > T), and in males each copy of the allele C 
confers a 31% reduced likelihood of clearance compared with 
the T allele (OR, 0.69; P = 1.98 × 10−07) but this association 
was not seen in females (OR, 1.01; P = .94) (Table 2). The SNP 
× sex interaction confirmed the stratified analysis that males 
with the C allele rs76398191 (C > T) were less likely than fe-
males to spontaneously clear HCV infection (P = 3.4 × 10−04 for 
rs76398191 × sex interaction) (Supplementary Table 1).

In addition, 2 previously observed associated loci on 
Chr19q13.2 (IFNL4) and Chr6p21.32 (MHC) [9] were con-
firmed in both sexes independently. These associations 
were consistent in effect size, direction, and strength of 
association (Figure  1 and Supplementary Table 2). In 

ch
r1

–25

–10

–6

–4

–2

0

(–
) L

og
 (O

bs
er

ve
d 

P 
V

al
ue

)
(+

) L
og

 (O
bs

er
ve

d 
P 

V
al

ue
)

2

4

6

10

25

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

ch
r1

Chromosome

MALES (N = 2903)

Females (n = 1520)

ARL5B, rs76398191
P-value = 1.98×10–07

HLA-DQB1IHLADQA1
rs2647006, P-value = 2.9×10–11

HLA-DQB1/HLA-DQA1
rs2647006; P-value = 3.9×10–12

IFNL4, rs368234815
P-value = 5.03×10–21

IFNL4, rs368234815
P-value = 3.88×10–25

Figure 1.  Miami plot showing results of sex-stratified multiancestry genome-wide fixed-effects meta-analyses in chromosomes 1–22, highlighting a new significant locus 
in Chr10p12.31 in males and confirming known loci on chromosome 19 and 6 in both sexes. Association P values are shown for the female-specific (top) and male-specific 
(bottom) meta-analyses. The red line indicates a genome-wide association study (GWAS) significant threshold (P = 2.05 × 10−07), and the yellow line, to a GWAS suggestive 
threshold (P = 5 × 10−05). Abbreviations: ARL5B, adenosine diphosphate–ribosylation factor–like 5B; Chr, chromosome; IFNL4, interferon lambda 4.
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males, the Chr10p12.31 locus association and the effect 
size of the associated allele was not modified when con-
ditioned on either the IFNL4 (OR for rs76398191 condi-
tioned on rs368234815, 0.68; P = 3.4 × 10−07) or the MHC 
loci (OR for rs76398191 conditioned on rs2647006, 0.69; P 
= 3.61 × 10−07).

We also identified 3 suggestive regions associated with a 
40%–60% higher likelihood of spontaneous clearance of HCV in 
males. The previously described locus in GPR158 on Chr10p12.1 

[9], as well as 2 new regions, on Chr2q14.1 (rs1346763; T > C) 
upstream of the dipeptidyl peptidase–like 10 (DPP10) gene 
and on Chr20q11.22 (rs6087561; C > T) upstream of the 
Agouti signaling protein (ASIP) gene (Supplementary Material, 
Supplementary Figure 2, and Supplementary Table 2).

In the female sex-stratified autosomal analysis, except 
for chromosome 19 (IFNL4) and chromosome 6 (MHC), 
we did not find any genome-wide significant associations 
(λGC, 0.99). However, a suggestive association of 60% 
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Figure 2.  Locus zoom plot presenting the results of the fixed-effects multiancestry meta-analysis in Chr10p12.31 region in males and females. Each point represents a 
single-nucleotide polymorphism (SNP) passing quality control plotted with its P value for males or females as a function of genomic position (Genome Reference Consortium 
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r2 unknown). Abbreviations: ARL5B, adenosine diphosphate–ribosylation factor–like 5B; CACNB2, calcium voltage-gated channel auxiliary subunit beta 2; NSUN6, NOP2/Sun 
RNA methyltransferase 6; MALRD1, MAM and LDL receptor class A domain containing 1.

Table 2.  Top Associated Variants With Hepatitis C Virus Spontaneous Clearance in Multiancestry Meta-analyses in Male and Female Participants

Nearby Gene and Associated SNPs

Chromosome: 
Position   

(GRCh37/  
hg19) Effect allele

Males Participants (n = 2903) Female Participants (n = 1520)

Effect Allele Frequency OR P Value Effect Allele Frequency OR P Value 

HLA-DQB1, HLA-DQA2         

  rs2647006 6:32 660 582 C 0.64 1.69 2.9 × 10–11 0.63 1.97 3.93 × 10−12

  rs2858319 6:32 661 294 C 0.64 1.68 4.0 × 10−11 0.63 1.98 3.0 × 10−12

  rs9275521 6:32 674 952 C 0.64 1.69 2.6 × 10−11 0.64 1.96 6.9 × 10−12

ARL5B         

  rs76398191 10:19 108 059 C 0.31 0.69 1.9 × 10−07 0.32 1.01 0.94

  rs12573426 10:19 081 778 A 0.30 0.69 3.7 × 10−07 0.31 1.04 0.65

IFNL3–IFNL4         

  rs12979860 19:39 738 787 C 0.54 2.48 5.8 × 10−24 0.52 2.46 2.5 × 10−20

  rs778086851 19:39 739 153 CT 0.52 2.52 7.4 × 10−25 0.51 2.50 4.6 × 10−21

  rs74597329 19:39 739 155 T 0.52 2.53 3.9 × 10−25 0.51 2.50 5.0 × 10−21

Abbreviations: ARL5B, adenosine diphosphate–ribosylation factor–like 5B; GRCh37/hg19, Genome Reference Consortium Human genome build 37/Human Genome version 19; IFNL4, in-
terferon lambda 4; IFNL3, interferon lambda 3; OR, odds ratio for hepatitis C virus spontaneous clearance; SNP, single-nucleotide polymorphism.
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higher likelihood of clearance was observed on Chr7p12.1 
(rs1649709; G > A), in an intergenic region upstream of 
the gene POM121 transmembrane nucleoporin–like 12 
(POM121L12). This signal is not present in males even 
though the minor allelic frequency of the lead SNP is the 
same. Other potential signals in females were observed, as 
described in the Supplementary Materials (Supplementary 
Figure 3 and Supplementary Table 2).

In the sex-stratified analysis of X chromosome, the meta-
analysis of the 4 ancestry groups in each sex category, did 
not reveal any significant sex-specific associated SNPs 
(Supplementary Figure 4). However, in the X chromosome 
meta-analysis of the complete sample we found a suggestive 
association with rs12852885 (G > A; ChrX:118 886 370 [P 
= 2.46 × 10−06 in all individuals]; allele G: OR, 1.46 in males 
[P =5.7 × 10−04] and 1.36 in females [P = 3.4 × 10−03]) along 
with markers in high linkage disequilibrium spanning a 20.2-
kb region on ChrXq24 (ChrX: 118 883 490–118 903 763), as 
displayed in Figure  3. Rs12852885 is located in an intergenic 
region 77.6 kb upstream of the septin 6 (SEPT6) gene and 34 kb 
downstream from the ribosomal protein L39 (RPL39) gene 
(Supplementary Figure 5) (λGC, 0.99).

The suggestive association with rs12852885 was also 
observed in the sex-combined analysis incorporating bi-
ological data of X inactivation. However, the strength of 
the significance was lower using this model (sex combined 
analysis for rs12852885, P = 1.21 × 10−05) (Supplementary 
Figure 6).

DISCUSSION
In this analysis, we present a sex-stratified genome-wide anal-
ysis of spontaneous HCV clearance in autosomes and the X 
chromosome in multiancestry populations. We demonstrate 
that previously identified associations in the MHC region, 
IFNL4, and GPR158 [9] have a similar magnitude and direc-
tion of effect in males and females; therefore, they do not ex-
plain differences in spontaneous clearance rates between the 
sexes. We discovered a novel association in males near ARL5B 
on chromosome 10. ARL5B is an interferon (IFN)–stimulated 
gene [31] up-regulated in murine hepatocytes after treatment 
with IFN-λ1 and IFN-α2a [32]. Arl5B binds to the C-terminal 
domain of melanoma differentiation–associated protein 5 
(MDA5) inhibiting its activation by double-stranded RNA [5, 
33]. Because MDA5 stimulates antiviral IFNs in response to 
viral RNAs, the net effect of Arl5B appears to be to restrain that 
cascade. Kitai et al [34] reported that overexpression of Arl5B  
repressed IFN-β promoter activation by MDA5 in HEK293 cells 
and Arl5B-knockdown enhanced MDA5-mediated responses. 
In addition, Arl5B-deficient mouse embryonic fibroblast cells 
exhibited increased type I IFN expression in response to MDA5 
agonists such as poly (I:C) and encephalomyocarditis virus. 
Mechanistically, Arl5B binds to the C-terminal domain MDA5 
and prevents its interaction with double-stranded RNA, acting 
as a negative regulator for MDA5 [34].

In this context, our finding suggests a model in which differ-
ences in ARL5B or its expression contribute to the net antiviral 
response to HCV in men, but not women. Because our finding 
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was not in the gene itself, differences in regulation may explain 
the association. In fact, differences in expression of ARL5B have 
already been linked to regional SNPs. Specifically, dendritic cells 
from peripheral blood monocytes of healthy individuals homo-
zygous for the allele A of rs11015435 had higher expression of 
ARL5B after stimulation with Escherichia coli lipopolysaccha-
ride, influenza, or IFN-β [25]. The identified chromosome 10 
locus in our study led by the association of rs76398191 is 133 kb 
upstream from rs11015435, which was neither associated with 
HCV clearance in males in our study (P = .43; minor allele fre-
quency, 0.21) nor is in linkage disequilibrium with rs76398191 
(r2 = 0.001–0.002). Nonetheless, while the finding is consistent 
with the notion that host genetic differences in ARL5B expres-
sion may exist, the HCV effect appears distinct. In addition, our 
model implies that the differential regulation of ARL5B occurs 
only in men, which might occur if the specific regulatory region 
was silenced only in women, resulting in a differential effect. 
Our model is consistent with the recent work of Schmiedel and 
colleagues [35], who not only linked SNPs with expression of 
immune genes but who also demonstrated that such findings 
were cell specific and, especially, sex specific.

Another interesting finding is a suggestive association of 
HCV clearance with a region harboring SEPT6 and RLP39 
genes on the X chromosome. Septins belong to a family of 
guanosine triphosphate–binding proteins that function as a 
dynamic scaffold recruiting other proteins [36–39]. Kim et  al 
[40] described that NS5b, septin 6, and heterogenous nuclear 
ribonucleoproteins A1 form a complex that facilitates HCV rep-
lication. Thus, SEPT6 codes for a host protein playing an impor-
tant role in the replication of HCV through RNA-protein and 
protein-protein interactions. Moreover, knockdown of septin 6 
and overexpression of an N-terminally truncated septin 6 in-
hibited HCV replication [40].

Similarly, RPL39 encodes a protein that has been identi-
fied as an HCV core interactor [41] with differential expres-
sion in human hepatic cells that are highly permissive versus 
nonpermissive to HCV infection [42]. Other functionally 
related genes in the region include NF-κB repressing factor 
(NKRF) and NF-κB activating protein (NKAP). NKRF is 
a transcriptional silencer implicated in the basal silencing 
of specific NF-κB targeting genes, including INOS, IFN-β, 
interleukin 8 (IL-8)/CXCL8, and interferon gamma-induced 
protein 10 (IP-10) [43, 44]. NKAP encodes a transcriptional 
repressor in T regulatory cells required for conventional T-cell 
maturation [45]. Interestingly, the position of the associ-
ated markers completely overlaps with a regulatory element 
(GH0XJ119753) of those nearby genes. The direction and size 
of the effect for the associated allele was the same in males 
and females, but the statistical significance appeared higher in 
males despite loss of power when analyzing haploid genotypes. 
The different analytical models used in the evaluation of the X 

chromosome helped identify variants that may be under dif-
ferent states of chromosome inactivation or escape in a model 
that is more biologically accurate than the standard statistical 
models without biological inactivation data. Further analysis 
is needed to determine whether the promoter/enhancer that 
harbors the signal modulates the expression of the genes and 
whether the variant or variants in linkage disequilibrium in 
the region alter the functionality of this regulatory element.

One limitation of this study is that we did not include a 
separate replication cohort. However, this is the first genome-
wide study to examine a host genetic basis for sex-specific dif-
ferences in spontaneous HCV clearance and uses the largest 
group of genotyped HCV-infected individuals. This limitation 
is also offset by the careful characterization and homogeneity 
of hepatitis C infection, the large sample size of both men and 
women, and the diverse ancestry of the cohorts. Another po-
tential limitation is the inclusion of individuals with HIV-
HCV–coinfection, which commonly occurs owing to routes 
of transmission. However, by including HIV infection status 
as a covariate in the models, the potential confounding effect 
of HIV infection in the observed sex-specific association is de-
creased. We also did not have any information about hepatitis 
B infection status or specific age at infection, so we were not 
able to evaluate the effect of these SNPs with hepatitis B virus 
coinfection or age.

In summary, we identified new genetic associations that sup-
port mechanisms of spontaneous HCV clearance that differ 
between males and females. These associations are hypothesis 
generating, and further studies that include men and women 
in other populations of different ancestral background are war-
ranted. In addition, studies that translate these results to func-
tional models in vitro may contribute to the identification of 
biological mechanisms of clearance of HCV infection that are 
sex specific.
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