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Abstract
Background/aim—Interferon signaling pathway genes (IPGs) and interferon stimulated genes
(ISGs) are associated with the host response to hepatitis C virus (HCV) infection. We studied single
nucleotide polymorphisms (SNPs) in IPGs and ISGs for their associations with response to pegylated
interferon α-2a (Peg-IFN-α) plus ribavirin therapy in HCV genotype-1 infected patients.

Methods—A two-stage study design was used. First, 91 SNPs from 12 IPGs and 9 ISGs were
genotyped in a cohort of 374 treatment-naïve HCV patients and assessed for association with
sustained viralogic response (SVR). Next, 14 potentially functional SNPs from the OASL gene were
studied in this cohort.

Results—Three OASL SNPs (rs3213545 and rs1169279 from stage I, and rs2859398 from stage
II), were significantly associated with SVR [rs3213545: p=0.03, RR=1.27 (1.03–1.58); rs1169279:
p=0.02, RR=1.32 (1.05–1.65); rs2859398: p=0.02, RR=1.29 (1.04–1.61)] after adjusting for other
covariates. Further analysis showed these 3 SNPs independently associated with SVR. Additionally,
a similar trend towards the associations of these 3 SNPs with SVR was observed in a smaller,
independent HCV cohort consisting of subjects from a number of clinical practice settings.
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Conclusions—Our study suggests that OASL variants are involved in the host response to IFN-
based therapy in HCV patients.

Keywords
pharmacogenetics; hepatitis C; interferon therapy; interferon signaling pathway genes; interferon-
stimulated genes

Introduction
With approximately 170 million people infected worldwide, hepatitis C virus (HCV) is a major
cause of chronic liver disease and the most common indication for liver transplantation in the
United States [1]. Pegylated interferon-alfa (Peg-IFN-α) in combination with ribavirin is
currently the standard-of-care treatment. Unfortunately, successful viral eradication occurs in
only 50% of those treated [2]. Variation in response to interferon (IFN)-based therapy is
consistently observed; specifically a lower response rate in African Americans (AA) compared
to Caucasian Americans (CA) [3]. The biological mechanisms associated with response to Peg-
IFN-α are not well understood, although host genetic factors are believed to play a role [2,4].

The administration of exogenous interferon provides antiviral action against HCV by signaling
interferon stimulated gene (ISG) expression through IFN receptors and the Jak–STAT pathway
[2], creating an anti-viral effect [5]. In addition, ribavirin is believed to regulate several ISGs
leading to enhanced STAT1 binding to DNA [6].

Data from microarray or other gene expression studies have highlighted the importance of ISGs
as well as genes of the interferon signaling pathway (IPGs) in the host response to HCV
infection [7–11]. Furthermore, association studies have suggested that polymorphisms in these
genes may play a role in differential drug response [12,13].

In the present study, we investigated associations between IPG and ISG candidate genes and
the response to peginterferon-2a+ribavirin among treatment-naïve, chronic HCV genotype-1
infected patients.

Patients and Methods
Study Cohorts

1. HCV Cohort 1: Virahep-C Cohort—This study utilized patients from the Study of Viral
Resistance to Antiviral Therapy of Chronic Hepatitis C (Virahep-C), a prospective, multi-
center clinical study sponsored by the National Institutes of Health, conducted to gain a greater
understanding of the mechanisms of resistance to antiviral therapy for chronic HCV infection.
The details of this study have been described elsewhere [14]. Briefly, 401 HCV genotype-1
infected (196 AA and 205 CA) (Table 1), interferon treatment-naïve individuals were recruited
from 8 clinical centers. All were treated with 180 mcg weekly pegylated interferon alpha-2α
(Roche) plus 1000–1200 mg daily ribavirin, depending upon patient weight per standard
protocol [14]. Patients were defined as having a sustained virologic response (SVR) if they
had undetectable serum HCV-RNA (Roche Amplicor™ Assay; Alameda, CA) levels 6 months
after the discontinuation of treatment. All other patients were defined as non-responders (NRs).
Out of the 401 HCV patients from the Virahep-C cohort, 374 patients (180 AA and 194 CA)
consented to the host genetic study. The genetic study protocol was approved by Institutional
Review Board at each participating clinical center as well as Cedars-Sinai Medical Center.

2. HCV Cohort 2: Independent HCV Cohort—To evaluate associated gene(s) identified
in Virahep-C cohort, we utilized data from a second cohort of chronic HCV patients receiving
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IFN-based treatment from several clinical centers across the U.S. DNA samples were collected
from 228 patients (68 AA and 160 CA) (Table 2) who were treated at (1) Liver Diseases Branch,
National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health;
(2) University of Maryland; or (3) University of Colorado Health Sciences Center. These
patients were chronically infected with HCV genotype-1, received IFN-based therapy (IFN-
α only, the combination of standard IFN-α + ribavirin, or the combination of pegylated-IFN-
α + ribavirin), and provided written consent to participate in studies of host genetics.

Two-stage Genotyping Strategy
In stage I, a total of 118 SNPs from 17 IPGs and ISGs were selected from the NCBI dbSNP
database. These genes included: STAT1, STAT2, IFNaR1, IFNaR2, IRF9, MX1, MX2, OAS1,
OAS2, OAS3, OASL, IRF7, G1P2, G1P3, IFI35, PKR and IP10. SNPs were selected with an
average density of one per 3–5 kb interval, spanning a broad region including 5 kb flanking
both 5’- and 3’- ends of the gene. In addition, selected SNPs had an overall minor allele
frequency of ≥5% or nonsynonymous SNPs with an overall minor allele frequency of ≥0.5%.
Illumina BeadArray technology (Illumina, San Diego) was used to genotype the selected SNPs.
All SNPs were evaluated for their association with SVR. Any genes containing SNPs with a
significant association (nominal p<0.05) with SVR after adjusting for other covariates were
further investigated in stage II.

Based on the significant associations observed in stage I between two OASL SNPs and SVR,
all known potentially functional OASL SNPs were evaluated in stage II. Specifically, we
identified potential functional SNPs through a comprehensive database search that included:
1) a web-based database (TFSEARCH v1.3
http://www.cbrc.jp/research/db/TFSEARCH.html) scan for all SNPs in the region of a
potential transcription factor binding site in the OASL gene promoter region, which included
5kb away from the transcription site of the OASL gene; 2) Ensembl Genomic Seqence
Alignment database search for SNPs in any OASL intron regions conserved between human
and mouse (http://www.ensembl.org/Homo_sapiens/geneseqalignview); 3) identification of
all dbSNP catalogued SNPs in OASL exons; and 4) SNPs located at the intron-exon borders
or potential splice sites. The 16 identified SNPs were genotyped using ABI TaqMan technology
as previous described [15]. The probes and primers used are provided in Supplemental table
1.

Evaluation of Population Structure
We have previously evaluated population structure of the Virahep-C cohort [16]. Briefly, we
used the structured association method developed by Pritchard and colleagues [17], employing
genotyping data from 161 unlinked ancestry-informative SNPs and observed a strong
correlation between self-reported race and individual admixture [16]. Consequently, we
conducted our analyses using both self-reported race and estimates of individual admixture.
Since we observed no significant differences in association results using either self-reported
race or individual admixture estimates, we have chosen to report the results from self-reported
race in the present study.

Statistical Methods
Proportions of SVR by baseline demographic and clinical characteristics were compared using
the two-sided race-adjusted Mantel-Haenszel Chi-square test. The Cochran-Armitage test was
used to examine a statistical trend between ordinal data and SVR. Modified Poisson regression
with sandwich estimators of the variance were used for multivariable analyses and to adjust
for potential confounders [18]. Results are reported in terms of relative risks (RR) with 95%
confidence intervals (CI) along with the corresponding p-values. Statistical analyses were
performed using SAS 8.02 (SAS Institute, Cary NC). Statistical significance was set at the
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conventional level of α=0.05. Pairwise linkage disequilibrium (LD; D’ and r2) between SNPs
were calculated with Haploview software [19].

Results
Demographic and clinical characteristics

Among Virahep-C participants, 374 (180 AA and 194 CA) consented to participate in host
genetics studies. The characteristics of this group are presented in Table 1. AA patients had a
significantly lower SVR (27.2%) as compared with CA patients (53.6%) (p=0.0001). Stratified
by race, we observed significant associations between SVR and gender, baseline HCV viral
level, Ishak fibrosis score, and proportion maximum Peg-IFN-α dosage.

Stage I: Associations between IFN signaling pathway and IFN stimulated genes with SVR
Out of the 118 selected SNPs, a total of 91 SNPs were genotyped successfully in 5 interferon
signaling pathway genes and 12 interferon stimulated genes (Supplementary table 2). Three of
the 91 SNPs (rs1141746 and rs1316896 from GIP3 and rs2066816 from STAT2) were non-
polymorphic in both racial groups and 3 SNPs (PKR rs2307478, STAT2 rs2228259, and
OAS1 rs12298890) were non-polymorphic among CAs.

Out of the 91 SNPs genotyped successfully, 11 SNPs were observed to have a p-value less
than 0.1 in univariable analysis with SVR in either the AA or CA group (Supplemental table
2), In race-adjusted analysis on these 11 SNPs, we observed two OASL SNPs (rs3213545 RR=
1.32; 95%CI: 1.04–1.67; p=0.03 and rs1169279 RR= 1.30; 95%CI: 1.01–1.67; p=0.04) and 1
STAT2 SNP (rs2066811 RR=1.59; 95%CI: 1.02–1.47; p=0.04) to be significantly associated
with SVR (Table 3). To determine if these three SNPs were independently associated with
SVR, we included the SNPs along with other covariates previously reported to be significantly
associated with SVR [14] in a multivariable regression model (Table 4). A statistically
significant association remained after adjustment for other covariates for carriers of the
OASL rs3213545 T allele (RR=1.27; 95%CI: 1.03–1.58; p=0.03) and for carriers of the
OASL rs1169279 A allele (RR=1.32; 95%CI: 1.05–1.65; p=0.02). However, the carriers of
STAT2 rs2066811-G failed to retain its statistical significance (RR=1.40; 95%CI: 0.94–2.10;
p=0.10).

Since the STAT2 rs2066811-G allele is common in AAs (16.9%) and very rare in CAs (0.3%),
we performed multivariable regression analysis for G allele carriage in the AA group alone,
but did not observe a statistically significant association between this SNP and SVR after
adjusting for other covariates (RR=1.41; 95%CI: 0.91–2.17; p=0.12).

Stage II: High density genotyping of the OASL gene
In order to further explore the potential functional significance of OASL gene polymorphisms
in relation to SVR, we genotyped all known SNPs of potential functional significance in the
OASL gene (Supplemental table 3). Among the 16 identified SNPs, 14 SNPs were successfully
genotyped; rs12811390 of intron 2 and rs10083129 in the promoter region failed genotyping.
Among the 14 successfully genotyped SNPs, 3 SNPs were not polymorphic in our cohort
(rs12315068, rs28360476 and rs3861793). Of the remaining 11 SNPs, 2 resulted in
synonymous amino acid changes; 4 were located in the promoter region and are believed to be
within potential transcriptional factor biding sites; 1 SNP was located in the 3’ untranslated
region (3’-UTR); 1 SNP was in the downstream 3’ end, and 3 SNPs were located in introns
are considered potentially functionally significant because they are also located in a conserved
region in the mouse.
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We observed only one SNP (rs2859398), located in the promoter region at position −2875bp,
to be significantly associated with SVR but only in CAs and not in AAs. The frequency of the
C allele differed significantly between responders (22.2%) and non-responders (14.4%)
(P=0.04; Supplemental table 3) before adjustment for covariates. In multivariable regression
analysis adjusting for potential confounding variables, carriage of the rs2859398-C allele was
significantly associated with SVR (RR=1.29; 95%CI: 1.04–1.61; p=0.02) (Table 4).

In order to understand whether the three associated OASL SNPs are in strong linkage
disequilibrium (LD) with each other or whether each contributes to the association with SVR
independently, we first performed LD analysis. As shown in Supplemental table 4, among
CAs, all 3 SNPs are moderately associated with each other (r2 ranges from 0.46–0.75). In AAs,
only SNPs rs3213545 and rs2859398 showed moderate linkage (r2 =0.77), while these two
SNPs are not associated with the third SNP rs1169279 (r2 =0.12–0.13). Thus it is likely that
some of these SNPs may contribute to the association with SVR independently.

To evaluate the association between SVR and the OASL gene as a whole, we performed analysis
by grouping patients into two groups: those carrying no minor allele of associated SNPs
(value=0) and those carrying at least one minor allele of the three associated SNPs (value=1).
As show in Table 5, there was a significant association between patients with at least one minor
allele of the three SNPs and SVR after adjusting for other covariates (RR=1.31; 95%CI: 1.03–
1.66; p=0.03).

Three OAS L SNPS association with SVR in the HCV cohort 2
Table 2 presents the basic demographic profile of the HCV cohort 2. Among the 228 individuals
receiving IFN-based therapy for chronic HCV genotype 1 infection, 30% were AA. We
observed a similar trend of association for carriage of the rs1169279-A, rs3213545-T and
rs2859398-C alleles and SVR in this validation cohort, although the p-values were of borderline
significance, p=0.09 after adjusting for other covariates, respectively for the same categorical
groupings described above (Table 5).

Discussion
With a two-stage genotyping strategy and two sets of samples, we observed positive
associations between three alleles in the OASL gene (rs1169279-A allele, rs3213545-T allele
and rs2859398-C allele) and SVR. This association was consistent in both AA and CA patients
and the significance was improved after adjustment for potential confounding variables. There
was independent association with SVR among these 3 associated alleles. A similar trend of
association for these SNPs with SVR was also observed in a smaller independent HCV patient
cohort.

Generally speaking, the present study supports previous reports that polymorphisms in ISGs
may be important in the clearance of hepatitis C virus, both naturally and in the context of
therapy [12,20,21]. In addition to the OASL gene, we also observed statistically significant
associations with SVR in either AA or CA alone for several SNPs in the ISPs as well as the
ISGs. For example, a nonsynonymous SNP rs2066811 in STAT2 was significantly associated
with SVR in AA patients, but not in CA patients even though there is a similar trend in both
groups. It should be noted that the G allele of this SNP was very rare among CA patients and
more common in AA patients (G allele frequency: 0.3% in CA and 16.9% in AA). Therefore,
for some genes tested in the current study, although a robust significant result was not obtained,
they deserve further evaluation in additional HCV cohorts. Such genes include STAT1, STAT2,
OAS2, PKR, MX2, IFNαR1 and IFNαR2.
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The interferon-induced 2’-5’- oligoadenylate synthetases (OAS) are important in the antiviral
response [22]. The human OAS family contains OAS1, OAS2, OAS3 and OASL [23]. With
the 2’-5’ oligoadenylate catalytic activity in innate viral clearance and its induction by
interferon, OASL is recognized as a significant molecule in antiviral response. IFN-α/IFN-β
and IFN-γ bind to their cognate receptors, and lead to the formation of IFN-stimulated gene
factor 3, a protein that activates transcription of the STAT1 gene and, by doing so, induces the
formation of homodimers between STAT1, STAT2, and p48, (or of STAT1 homodimers,)
respectively. These homodimer complexes translocate to the nucleus and produce
transcriptional up-regulation of OAS family members. OAS is only activated by double-
stranded RNA (dsRNA) while RNase L is activated by 2’-5’-oligoadenylate (2–5 A), which
degrades dsRNA. OASL is postulated to interfere with the 2–5A system through blocking OAS
activation [23–25]. Therefore, OASL may have a negative effect on anti-viral function of the
OAS isozymes.

In the current study, three OASL SNPs were observed to be associated with SVR. Among them,
one is a silent mutation located in the exon 2 at codon 136. In sequence comparison analysis
using ESE Finder V3.0 (Cold Spring Harbor Laboratory) [26], the sequence surrounding this
SNP was predicted to be a binding site for SF2/ASF splicing factor protein as reported by
Yakub [25]. The sequence with the allele C matched with a 7-nt exonic splicing enhancer (ESE)
consensus sequence, ctctCgt. When the sequence of rs3213545 changed to allele T, as ctctTgt,
this specific region was no longer recognized as SF2/AFF consensus ESE site. Mutation within
an ESEs has been reported to result in reduction of the level of full-length transcripts and the
corresponding proteins [27]. Thus, it is likely that T allele carriers of this SNP may have lower
expression of OASL as compared with C allele carriers. Such lower OASL activity may
consequently increase the antiviral activity of OAS isozymes due to their inhibitory effect,
leading to an increased clearance of virus.

Another SNP (rs2859398) associated with increased SVR is located in the OASL promoter
region at position −2875bp. Through a bioinformatics sequence comparison analysis using
Transcription Element Search System (TESS v6.0) (http://www.cbil.upenn.edu/tess/), several
human transcription element binding sites were observed within the specific sequence around
the T allele of the SNP. In contrast, after this SNP was changed from T to C, this specific
sequence was no longer recognized as human transcription elements binding site. Some of
these transcription element binding sites, such as C/EBP beta, are important in the regulation
of genes involved in immune and inflammatory responses, such as the IL-1 response element
in the IL-6 gene and the regulatory regions of several acute-phase and cytokine genes [28,
29]. This polymorphism may represent another mechanism for the OASL gene to influence the
antiviral effect during IFN-based therapy.

The associations and trends observed in the Virahep-C sample were also identified in the second
sample (HCV cohort 2). There were several important differences with respect to these two
cohorts. First, cohort 2 was comprised of a smaller proportion of AAs (30%) and a smaller
sample size (N=228), compared to the Virahep-C cohort (AAs=48.1% and N=374).
Additionally, cohort 2 consisted of a more heterogeneous group of patients attending clinical
centers throughout the U.S. and was not composed of a specially selected group of patients
who fulfilled specific criteria for entry in to a clinical study. Furthermore, this cohort sample
consisted of individuals who were treated with IFN-α only, the combination standard IFN-α +
ribavirin, or pegylated-IFN-α + ribavirin, and consisted of individuals who were both
treatment-naïve and treatment-experienced. Even with such a diverse patient sample, we still
observed a borderline significant association between these three SNPs and SVR. Such robust
association supports an important role for the OASL gene in a patient’s response to IFN-based
therapy.
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It is also important to note a couple of limitations to our study. We have adjusted for the most
important and commonly utilized clinical confounding variables such as baseline viral level in
our analyses. However, additional factors such as interferon sensitivity determining region
(ISDR) and NS5A sequences may play an important role on therapeutic response. However
without systematic and complete data on these variables on the participants in our study for
multivariable analyses, residual confounding from these factors may exist. Additionally, future
studies will need to address the biological function of the SNPs identified in the study. In
particular, such studies will need to take in to account the complexity of polymorphisms and
gene expression, taking in to account post-translational modifications that may also affect
expression.

In summary, we report three SNPs of the OASL gene to be associated with sustained viral
response in patients with chronic HCV infection. Two of these SNPs are predicated to influence
gene expression through bioinformatics analyses. We observed a similar trend of associations
with SVR for these SNPs in another HCV study cohort. Further functional studies are warranted
to demonstrate whether these SNPs influence the expression of the OASL and to understand
the mechanism by which these polymorphisms might influence an individual’s response to
INF-based therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HCV, hepatitis C virus; AA, African Americans; CA, Caucasian Americans; SVR, sustained
virologic response.
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Table 5
Multiple regression analyses of any minor allele carrier from OASL 3 SNPs and clinical factors with IFN treatment
response in 2 HCV Cohorts.

HCV Cohort 1 (Virahep-C Cohort) HCV Cohort 2 (HCV V
Cohort)

Variables RR (95%CI) P-value RR (95%CI)

At lease one allele carrier from rs3213545-C
or rs1169279-A or rs2859398-C

1.31 (1.03–1.66) 0.03 2.56 (0.86–7.57)

Race(CA) 2.05 (1.53–2.75) <0.0001 1.91 (0.61–6.03)
Baseline viral level* (per log10 IU/ml) 0.56 (0.43–0.73) <0.0001 0.03 (0.004–0.31)
Interaction of CA race with baseline viral level
(log10 IU/ml)

1.47 (1.10–1.96) 0.009 12.94 (1.50–111.73)

Gender (male) 0.73 (0.60–0.91) 0.004 0.65 (0.38–1.14)
Ishak fibrosis score (per unit increase) 0.90 (0.83–0.97) 0.004 0.89 (0.73–1.10)
Proportion maximum interferon dose taken for
first 24 weeks (per 0.1 increase)

1.40 (1.20–1.64) <0.0001

*
Centered at cohort mean baseline viral level (6.3 log10)

**
Data concerning IFN dose taken were not collected in cohort 2.
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