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ORIGINAL INVESTIGATION

Genome-wide association study identifies a PSMD3 variant
associated with neutropenia in interferon-based therapy

for chronic hepatitis C
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Abstract Cytopenia during interferon-based (IFN-
based) therapy for chronic hepatitis C (CHC) often
necessitates reduction of doses of drugs and premature
withdrawal from therapy resulting in poor response to
treatment. To identify genetic variants associated with
IFN-induced neutropenia, we conducted a genome-wide
association study (GWAS) in 416 Japanese CHC patients
receiving IFN-based therapy. Based on the results, we
selected 192 candidate single nucleotide polymorphisms
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(SNPs) to carry out a replication analysis in an independ-
ent set of 404 subjects. The SNP rs2305482, located in
the intron region of the PSMD3 gene on chromosome 17,
showed a strong association when the results of GWAS
and the replication stage were combined (OR = 2.18,
P = 3.05 x 1077 in the allele frequency model). Logis-
tic regression analysis showed that rs2305482 CC and
neutrophil count at baseline were independent predic-
tive factors for IFN-induced neutropenia (OR = 2.497,
P = 0.0072 and OR = 0.998, P < 0.0001, respectively).
Furthermore, rs2305482 genotype was associated with
the doses of pegylated interferon (PEG-IFN) that could
be tolerated in hepatitis C virus genotype 1-infected
patients treated with PEG-IFN plus ribavirin, but not
with treatment efficacy. Our results suggest that genetic
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testing for this variant might be useful for establishing
personalized drug dosing in order to minimize drug-
induced adverse events.

Introduction

Chronic hepatitis C virus (HCV) infection is a significant
risk factor for progressive liver fibrosis and hepatocellular
carcinoma. Antiviral treatment improves the natural course
in chronic hepatitis C (CHC) (George et al. 2009; Yoshida
et al. 2004). Newly-developed treatments involving direct-
acting antivirals (DAAs), including nonstructural (NS)
3/4A protease inhibitors have shown promising outcomes
in combination with pegylated interferon (PEG-IEN) plus
ribavirin (RBV) in several clinical trials. Thus, >70 % of
patients infected with HCV genotype 1 are reported to
achieve sustained virological responses (SVR) (Jacobson
et al. 2011; Poordad et al. 2012; Zeuzem et al. 2011). Fur-
thermore, interferon-free (IFN-free) therapies are expected
to be useful especially in IFN-resistant patients and may
become the standard of care in the near future. However,
IFN-based regimens have been standard-of-care therapies
over the last couple of decades.

IFN-based therapies are associated with various adverse
effects. Cytopenia is common due to bone marrow suppres-
sion cased by IFN or DAA and hemolysis by RBV. This is
particularly the case in patients with advanced hepatic fibro-
sis, but can sometimes also occur in those with mild fibrosis.
This then often necessitates dose reduction or premature with-
drawal from therapy, resulting in poor response to treatment.
For instance, it was reported that rates of viral clearance were
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significantly reduced in patients who could not be maintained
on at least 80 % of their drug doses for the duration of PEG-
IFN/RBYV therapy (McHutchison et al. 2002). Therefore, pre-
treatment prediction of possible adverse effects in order to
avoid them and undergo therapy safely is desirable.

Recent genome-wide association studies (GWASs) have
identified two important host genetic variants influenc-
ing CHC treatment: (1) single nucleotide polymorphisms
(SNPs) near the interleukin-28B (/L28B) gene, which are
strongly associated with response to therapy for chronic
HCV genotype 1 infection (Ge et al. 2009; Suppiah et al.
2009; Tanaka et al. 2009), and (2) SNPs in the inosine
triphosphatase (/TPA) gene, which accurately predict RBV-
induced anemia in European—American (Fellay et al. 2010)
and Japanese population (Ochi et al. 2010). We validated
the association between this /7PA genetic variant and RBV-
induced anemia (Sakamoto et al. 2010), and reported that
the ITPA genotype affects the tolerated doses of RBV and
treatment response in a stratified group (Kurosaki et al.
2011; Matsuura et al. 2014). Additionally, our GWAS
showed that DDRGK I/ITPA variants are strongly associated
with IFN-induced thrombocytopenia as well as anemia dur-
ing PEG-IFN/RBV therapy (Tanaka et al. 2011). Thomp-
son et al. (2012) also reported that the ITPA genetic variant
was associated with anemia and thrombocytopenia during
PEG-IFN/RBV therapy. However they identified no genetic
determinants of IFN-induced neutropenia at the level of
genome-wide significance by their GWAS in populations of
European Americans, African Americans and Hispanics.

Hence, to identify genetic variants associated with IFN-
induced neutropenia, we conducted a GWAS in Japanese
CHC patients.
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Materials and methods
Patients

From 2007 to 2012, samples for the GWAS were obtained
from 416 CHC patients who were treated at 22 hospitals
(liver units with hepatologists) throughout Japan. In the
following stage of replication analysis, samples were col-
lected in an independent set of 404 Japanese CHC patients.
Most patients were treated with PEG-IFN-a2b (1.5 pg/kg
body weight subcutaneously once a week) or PEG-IFN-
a2a (180 pg once a week) plus RBV (600-1,000 mg daily
according to body weight) for 48 weeks for HCV genotype
1 and 24 weeks for genotype 2. Treatment duration was
extended in some patients up to 72 weeks for genotype 1
and 48 weeks for genotype 2 according to physicians’ pref-
erences. Other patients were treated with PEG-IFN-a2a or
IFN monotherapy, or IFN-a2b plus RBV in standard doses
of the regimens. The doses of drugs were reduced accord-
ing to the recommendations on the package inserts or the
clinical conditions of the individual patients. Erythropoietin
or other growth factors were not given. Patients chronically
infected with hepatitis B virus or human immunodeficiency
virus, or with other causes of liver disease such as autoim-
mune hepatitis and primary biliary cirrhosis, were excluded
from this study. Written informed consent was obtained from
all individual participants in this study and the study proto-
col conformed to the ethics guidelines of the Declaration of
Helsinki and was approved by the institutional ethics review
committees.

Inclusion criteria of neutropenia

In the initial stage of GWAS, we defined the inclusion cri-
teria of the case group as minimum neutrophil counts of
<750/mm? at week 2 or 4 during IFN-based therapy, since
the dose reduction of IFN is recommended at those levels
on the package inserts. Thereafter we did it as minimum
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neutrophil counts of <600/mm?® at week 2 or 4 in the fol-
lowing GWAS and the replication stages.

SNP genotyping and data cleaning

We conducted two stages of GWAS using the Affym-
etrix Genome-Wide Human SNP Array 6.0 (Affymetrix,
Inc. Santa Clara, CA) according to the manufacturer’s
instructions. The cut-off value was calculated to maxi-
mize the difference, which was also close to median
change. At GWAS, the average overall call rate of
patients in the case and the control group reached 98.66
and 98.79 %, respectively. We then applied the following
thresholds for SNP quality control (QC) in data cleaning:
SNP call rate >95 % for all samples, minor allele fre-
quency (MAF) >1 % for all samples. A total of 601,578
SNPs on autosomal chromosomes passed the QC filters
and were used for association analysis. All cluster plots
of SNPs showing P < 0.0001 in association analyses
by comparing allele frequencies in both groups were
checked by visual inspection and SNPs with ambiguous
genotype calls were excluded. In the replication study,
the genotyping of 192 candidate SNPs in an independ-
ent set of 404 Japanese HCV-infected patients was car-
ried out using the DigiTag2 assay (Nishida et al. 2007).
Successfully genotyped SNPs in the replication analysis
had a >95 % call rate, and cleared Hardy—Weinberg equi-
librium (HWE) P > 0.001. One SNP could not be geno-
typed, and hence we obtained data on 191 SNPs includ-
ing rs9915252. Three SNPs, rs4794822, rs3907022, and
rs3859192 located around the proteasome 26S subunits
non-ATPase 3 (PSMD3) gene and rs8099917 near the
IL28B gene were genotyped by TagMan SNP Genotyping
Assays (Applied Biosystems, Carlsbad, CA) following
the manufacturer’s protocol.

Laboratory and histological tests

Blood samples were obtained at baseline and at appro-
priate periods after the start of therapy and for hemato-
logic tests, blood chemistry, and HCV RNA. Fibrosis was
evaluated on a scale of 0—4 according to the METAVIR
scoring system. The SVR was defined as an undetectable
HCYV RNA level by Roche COBAS Amplicor HCV Mon-
itor test, v.2.0 (Roche Molecular Diagnostics, Pleasanton,
CA) with a lower detection limit of 50 IU/ml or Roche
COBAS AmpliPrep/COBAS TagMan HCV assay (Roche
Molecular Diagnostics, Pleasanton, CA) with a lower
detection limit of 15 IU/ml 24 weeks after the completion
of therapy. Serum granulocyte colony-stimulating fac-
tor (G-CSF) levels were analyzed using Human G-CSF
Quantikine ELISA Kit (R&D Systems, Inc., Minneapo-
lis, MN).
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Expression quantitative trait locus analysis

Expression quantitative trait locus analysis (eQTL) was
conducted using the web-based tool, Genevar (http://www.
sanger.ac.uk/resources/software/genevar) (Yang et al.
2010). We evaluated the correlations between rs2305482
genotypes and the expression of transcripts of PSMD3 or
colony-stimulating factor 3 (CSF3) by the Spearman’s rank
correlation coefficient.

Statistical analysis

In the GWAS and the replication stages, the observed
association between a SNP and neutropenia induced by
IFN-based therapy was assessed by the Chi square test
with a two-by-two contingency table in three genetic
models: the allele frequency model, the dominant-effect
model and the recessive-effect model. Significance lev-
els after Bonferroni correction for multiple testing were
P =831 x 107 (0.05/601,578) in the GWAS stage and
P =2.62 x 107*(0.05/191) in the replication stage. Cat-
egorical variables were compared between groups by the
Chi square test, and non-categorical variables by the Stu-
dent’s t test or the Mann—Whitney U test. Multivariate
logistic regression analysis with stepwise forward selec-
tion was performed with P < 0.05 in univariate analysis as
the criteria for model inclusion. To evaluate the discrimi-
natory ability of neutrophil counts at baseline to predict
neutropenia during IFN-based therapy, receiver operating
characteristic curve (ROC) curve analysis was conducted.
Changes of serum G-CSF levels from baseline to the
period with neutropenia during IFN-based therapy were
compared by the repeated measure analysis of variance

(ANOVA). Correlations between neutrophil counts and
serum G-CSF levels were analyzed using Pearson’s corre-
lation coefficient test. P < 0.05 was considered significant
in all tests.

Results
Genetic variants associated with IFN-induced neutropenia

We conducted two stages of GWAS by changing the
terms of neutrophil counts, followed by the replica-
tion analysis (Fig. 1). The characteristics of the patients
in each group for the GWAS and the replication stage
are summarized in Table I. At the first stage of GWAS
(GWAS-1st), we genotyped 416 Japanese CHC patients
with minimum neutrophil counts of <750/mm? (Case-
G1, n = 114) and >1,000/mm?® (Control-G, n = 302) at
week 2 or 4 during IFN-based therapy. Here there may
still be mixed with undesirable samples that should be
removed from the case group. Therefore, we designed
and carried out the second stage of GWAS (GWAS-2nd)
comparing the patients with more severe neutropenia to
the control group: in patients with minimum neutrophil
counts of <600/mm? (Case-G2, n = 50) and >1,000/mm>
(Control-G, n = 302) at week 2 or 4 using the same sam-
ples as used in GWAS-1st. Supplementary Fig. 1 shows
a genome-wide view of the single-point association data
based on allele frequencies in GWAS-1st and GWAS-
2nd. No association between SNPs and IFN-induced
neutropenia reached a genome-wide level of significance
[Bonferroni criterion P < 8.31 x 107% (0.05/601,578)].
Therefore, we selected the candidate SNPs principally

Fig. 1 Outline of the study Genome-wide association study 601,578 SNPs passed QC filters
deSIgn.. Neut ncutrqphll counts, 1st stage SNP selection 1 selection 2
SNP single nucleotide polymor- — ___ ~ e e,
phism, QC quality control, OR Case-G1 {OR<0.7 0r>15 H peipt
odds ratio Neut <750 mm? |vs. Q | 6,315 SNPs 4 !
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Control-G E EL——---—-—————---'
2nd stage Neut(i {030(?2;\%3 : ORenhanced | __selection3
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Case-R Control-R | |\ fTTTTmmommmoeee
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Table 1 Clinical characteristics of patients in GWAS and the replication study

GWAS

Replication study

Case-G1 (n =114) Case-G2 (n =50) Control-G (n = 302)

Case-R (n = 50) Control-R (n = 354)

At baseline

Gender, male/female 48/66 21/29
Age, years 57.9 (8.7) 57.1(8.3)
Neutrophil count, /mm> 1,800 (777) 1,662 (897)
Hemoglobin, g/dL 13.6 (1.3) 13.5(1.3)
Platelet count, x 10°/L 141 (42) 132 (46)
ALT, IU/L 82.9 (88.6) 70.4 (53.1)
HCV genotype, 1/2/ND 95/18/1 40/10/0
HCV RNA, log IU/mL 5.9(0.8) 5.9(1.0)
Liver fibrosis, FO-2/F3-4/ND 62/22/30 25/10/15
rs8099917, TT/TG + GG/ND 74/39/1 35/15/0
Regimen
PEG-IFN + RBV/IFN + RBV/PEG-  112/0/0/2 48/0/0/2
IFN/IFN mono
At week 4
Neutrophil count, /mm? 606 (126) 496 (104)

170/132 24/26 208/146
57.2(11.2) 59.1 (10.2) 56.7 (9.6)
2,750 (984) 1,570 (552) 2,724 (985)
14.2 (1.5) 13.6 (1.6) 14.3 (1.5)
164 (54) 140 (47) 162 (60)
81.5(77.9) 87.8 (82.7) 85.2(71.1)
250/51/1 45/5/0 27717710
6.1(0.8) 6.1(0.9) 6.1(0.8)
168/70/64 21/6/23 229/87/38
189/109/4 31/17/2 278/70/6
277/9/9/7 44/4/2/0 351/0/3/0
1,551 (501) 501 (89) 1,533 (484)

Data are expressed as number for categorical data or the mean (standard deviation) for non-categorical data

GWAS genome-wide association study, ALT alanine transaminase, ND not determined, PEG-IFN pegylated interferon, /FN mono, interferon

monotherapy, RBV ribavirin

by comparing between GWAS-1st and GWAS-2nd as
follows. There were 6,315 and 5,736 SNPs with odds
ratios (ORs) <0.7 or >1.5 at GWAS-1st and GWAS-2nd,
respectively. Of these, the ORs of 135 SNPs were more
notable at GWAS-2nd than at GWAS-1st. In addition to
the 135 SNPs, we selected 15 and 33 SNPs with P < 1074
at GWAS-1st and GWAS-2nd, and added 9 SNPs which
are located around the candidate genetic regions identi-
fied by the GWAS stage and are non-synonymous or
related to diseases in previous reports. Consequently, we
carried out the replication analysis focusing on this total
of 192 SNPs.

In the subsequent replication analysis, we carried out
genotyping of the 192 candidate SNPs in an independent
set of 404 Japanese HCV-infected patients with minimum
neutrophil counts of <600/mm?> (Case-R, n = 50) and
>1,000/mm? (Control-R, n = 354) at week 2 or 4 during
IFN-based therapy (Table 1; Fig. 1). The results in the rep-
lication stage combined with GWAS-2nd are shown in Sup-
plementary Table 1. Several SNPs such as rs11743919 and
1s2457840 showed strong associations with low P value,
however, the MAF of them were <5 %. In general, low
frequent SNPs tend to show unsettled associations, espe-
cially in statistical analysis with small number of samples.
Therefore, we excluded these SNPs from the final candi-
dates. Consequently, we determined the SNP rs2305482,
located in the intron of PSMD3 gene on chromosome 17,
as the most promising candidate, which showed a strong

association with IFN-induced neutropenia in the combined
results of GWAS-2nd and the replication stage (OR = 2.18;
95 % CI = 1.61-2.96, P = 3.05 x 107 in the allele fre-
quency model) (Table 2).

Association of SNPs located in PSMD3-CSF3
with neutropenia

A previous GWAS showed that rs4794822 located between
the PSMD3 and CSF3 genes was associated with neutrophil
counts in Japanese patients including 14 different disease
groups (Okada et al. 2010). As shown in Fig. 2, rs4794822
is in strong linkage disequilibrium (LD) with rs2305482
which we identified in the present study. Thus, the pairwise
LD (%) in the HapMap JPT: Japanese in Tokyo, Japan, is
0.66. Because the SNP rs4794822 is not included in the
Affymetrix Genome-Wide Human SNP Array 6.0, we
additionally genotyped it together with three other SNPs
(rs9915252, rs3859192 and rs3907022) located in the same
LD block around the PSMD3 gene (Fig. 2). The allele fre-
quency of each SNP was compared between patients with
minimum neutrophil counts of <600/mm? (Case-G2 + R:
Case-G2 plus Case-R, n = 100) and > 1,000/mm?> (Control-
G + R: Control-G plus Control-R, n = 656) at week 2 or
4 during IFN-based therapy. This showed that, rs4794822
was also strongly associated with neutropenia during
IFN-based therapy (OR = 2.24; 95 % CI = 1.63-3.07,
P =3.63 x 107 in the allele frequency model) (Table 3).

A\ Springer

- 109 -



Hum Genet

P value®

OR* (95 % CI)

Control
22 11 12 22

12

11

Case

Allele Stage
1/2)

Risk
allele

Nearest
gene

Table 2 SNP associated with interferon-induced neutropenia

dbSNP rsID
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295 x 1073

1.61 (1.17-2.20)
2.37 (1.54-3.65)

1.99 (1.30-3.06)

2.18 (1.61-2.96)

133 (44.0)
133 (44.0)
179 (51.4)
312 (48.0)

143 (47.4)
143 (47.4)
136 (39.1)

52 (46.0) 38 (33.6) 26 (8.6)
28 (57.1) 26 (8.6)

20 (40.8)
48 (49.0)

GWAS-1st 23 (20.4)

C C/A

PSMD3

1s2305482

6.47 x 1073

9 (18.4)
17 (34.7)
26 (26.5)

12 (24.5)

GWAS-2nd

1.46 x 1073

33(9.5)
59 (9.1)

12 (24.4)
24 (24.5)

Replication

3.05 x 1077

279 (42.9)

Combined®

Data of allele distribution represent number (%). Data of subjects whose genotypes were not determined were excluded

SNP single nucleotide polymorphism

4 (QOdds ratio for the allele frequency model

b P value by the Chi square test for the allele frequency model

¢ Allele distributions in GWAS-2nd and replication were combined

Predictive factors for IFN-induced neutropenia

The following analyses were carried out for rs2305482
and rs4794822 using the subjects in Case-G2 + R and
Control-G + R. Neutrophil counts at baseline correlated
with 1s2305482 and rs4794822 genotypes (Supplementary
Fig. 2), and strongly affected IFN-induced neutropenia as
shown by ROC analysis (area under the curve = 0.860)
(Supplementary Fig. 3). Furthermore, gender, hemoglobin
level, and platelet count at baseline were also significantly
associated with IFN-induced neutropenia by univariate
analysis (Table 4). Therefore, we analyzed pretreatment
predictive factors for IFN-induced neutropenia in logistic
regression models that included the following variables:
gender, neutrophil count, platelet count, and rs2305482
or rs4794822 genotypes. In addition to neutrophil count,
152305482 CC was an independent predictive factor for
IFN-induced neutropenia (OR = 2.497; 95 % CI = 1.281-
4.864, P = 0.0072) (Table 5) as was rs4794822 CC
(OR = 2.272; 95 % CI = 1.337-3.861, P = 0.0024) (Sup-
plementary Table 2).

Impact of PSMD3-CSF3 SNPs on tolerated drug doses
and treatment efficacy

To evaluate the impact of PSMD3-CSF3 SNPs on doses
of drugs given, and on treatment efficacy, we selected 380
HCV genotype 1-infected patients treated with PEG-IFN/
RBV for 48 weeks. They were selected as having infor-
mation available on the doses of PEG-IFN/RBV that they
had received (Supplementary Table 3). It was reported
that rates of viral clearance were significantly reduced in
patients who could not be maintained on at least 80 % of
their drug doses for the duration of PEG-IFN/RBV ther-
apy (McHutchison et al. 2002). In reference to this result,
we stratified the patients into three groups according to
the doses of PEG-IFN or RBV administered, as follows:
<60 %, >60 to <80 %, >80 % of the planned doses for
48 weeks. The proportion of patients in the <60 % group
for PEG-IFN was significantly higher in patients possess-
ing rs2305482 CC than in those with AA/AC (P = 0.005),
whereas there was no association for RBV (Fig. 3). The
same results were found in the analysis of rs4794822
(Supplementary Fig. 4). However, the univariate analysis
of pretreatment factors associated with SVR showed that
there was no association between SVR and rs2305482 or
154794822 genotypes (Supplementary Table 3).

Candidate SNP-gene association analysis in IFN-induced
neutropenia

To investigate whether the SNPs associated with neutro-
penia affect the expression of nearby genes, we conducted
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Fig. 2 Position on chromosome and pairwise linkage disequilibrium (%) diagrams in the HapMap JPT around the PSMD3-CSF3 locus

an eQTL analysis. The C allele of rs2305482, a risk for
neutropenia, was associated with higher expression levels
of PSMD3 in the populations of LWK: Luhya in Webuye,
Kenya (rho = 0.30, P = 0.006), and MEX: Mexican ances-
try in Los Angeles, California (tho = 0.36, P = 0.015)
(Supplementary Fig. 5a), whereas it was associated
with lower expression levels of CSF3 in CHB: Han Chi-
nese in Beijing, China, in the probe of ILMN_1655639
(tho = —0.48, P = 5.5 x 1079) (Supplementary Fig. 5b),
and in MEX in that of ILMN_1706852 (tho = —0.33,
P = 0.028) (Supplementary Fig. 5c).

CSF3 encodes a cytokine, known as G-CSF which is
produced by different type of cells such as macrophages,

monocytes, stromal cells in the bone marrow, fibroblast,
and endothelial cells. The eQTL analysis is based on the
whole-genome gene expression variations in lymphoblas-
toid cell lines derived from HapMap individuals. Therefore,
it was still necessary to analyze gene expression in G-CSF
producing cells, as well as expression at the protein level.
Hence, we measured serum G-CSF levels at baseline and
week 2 or 4 (at the time of minimum neutrophil counts)
in 127 CHC patients receiving IFN-based therapy. There
were no differences in serum G-CSF levels at baseline and
the time of minimum neutrophil counts as well as in their
changes according to rs2305482 or rs4794822 genotypes
(Supplementary Fig. 6a, b). In addition, neutrophil counts
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Table 3 Association of SNPs located in PSMD3-CSF3 with interferon-induced neutropenia

s

OR® (95 % CI) P value!

22

12

Control-G + R® (n = 656)

22

12

Allele Case-G2 + R* (n = 100)
allele (1/2) T

Risk

Nearest
gene

dbSNP rsID

Springer

9.64 x 1077

2.13 (1.57-2.89)

2.24 (1.63-3.07)
2.11 (1.54-2.89)

47 (49.0) 26 (27.1) 57 (8.9) 276 (43.3) 304 (47.7)
45 (45.9) 130 (21.2)

45 (45.9)

44 (44.9)

23 (24.0)
42 (42.9)
41 (41.8)
37 (37.8)

G/C

PSMD3

rs9915252
14794822

3.63 x 1077

176 (28.7)
170 (28.1)
181 (29.3)

308 (50.2)

306 (50.6)

11(11.2)

C/IT
AIG

C
A

PSMD-CSF3

2.31 x 1076

129 (21.3)

12.(12.2)
17 (17.3)

GSDMA-PSMD
GSDMA

1s3907022

1.04 x 107

1.82 (1.34-2.48)

313 (50.7)

123 (19.9)

C/IT

rs3859192

Data of allele distribution represent number (%). Data of subjects whose genotypes were not determined were excluded

SNP single nucleotide polymorphism
4 Case-G2 + R: Case-G2 plus Case-R

® Control-G + R: Control-G plus Control-R
¢ Odds ratio for the allele frequency model

4" P value by the Chi square test for the allele frequency model

did not correlate with serum G-CSF levels at baseline and
the time of minimum neutrophil counts (Supplementary
Fig. 7a), and there was no difference in the changes of
serum G-CSF levels from baseline to the time of minimum
neutrophil counts between patients with minimum neutro-
phil counts of >1,000/mm® and <600/mm?* (Supplementary
Fig. 7b).

Discussion

The present GWAS first showed a strong association
between genetic variant and IFN-induced neutropenia,
namely, with rs2305482 in PSMD3 on chromosome 17.
Although neutrophil counts at baseline were associated
with the rs2305482 genotype and the incidence of neu-
tropenia during IFN-based therapy, the logistic regression
analysis revealed that the rs2305482 genotype was inde-
pendently associated with IFN-induced neutropenia.

Intriguingly, the PSMD3-CSF3 locus was reported to be
associated with total white blood cell (WBC) counts based
on GWAS of populations with European ancestry (Crosslin
et al. 2012; Soranzo et al. 2009) and in Japanese (Kama-
tani et al. 2010). These findings were replicated in African
Americans (Reiner et al. 2011). Moreover, another GWAS
by Okada et al. (2010) showed that rs4794822 in PSMD3-
CSF3 was associated with neutrophil counts in 14 differ-
ent groups of diseases in Japanese patients who were not
undergoing chemotherapy. In the present study, rs4794822
as well as rs2305482 was also associated with pretreatment
neutrophil counts in CHC patients (Supplementary Fig. 2).
However, there have been no reports showing an associa-
tion between PSMD3-CSF3 variants and reduction of WBC
or neutrophil counts following treatments such as IFN and
chemotherapy. The pairwise LD diagram for PSMD3-CSF3
by HapMap JPT shows that rs4794822 is in strong LD
with rs2305482, which we identified here (Fig. 2). In the
present study, both rs2305482 and rs4794822 were associ-
ated with IFN-induced neutropenia. Collectively, previous
reports together with our results imply that the PSMD3-
CSF3 locus is associated with neutropenia in CHC patients
under IFN-based therapy as well as with neutrophil counts
in healthy individuals and patients without bone marrow
suppressive therapy.

In further clinical investigation, the rs2305482 and
rs4794822 genotypes were associated with the doses of
PEG-IFN that could be given to HCV genotype 1-infected
patients treated with PEG-IFN/RBV (Fig. 3; Supple-
mentary Fig. 4). Unfortunately, we could not collect the
detailed information about the reason for the reduction of
PEG-IFN in this group. However, we highly suppose that
these SNPs affected the doses of PEG-IFN through neutro-
penia in some cases, since neutropenia is one of the major
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Table 4 Univariate analysis of pretreatment factors associated with interferon-induced neutropenia

Case-G2 + R? (n = 100) Control-G + R (n = 656) P value®
Gender, male/female 45/55 378/278 0.018
Age, years 58.1(9.3) 56.9 (10.4) 0.262
Neutrophil count, /mm? 1,614 (735) 2,742 (979) <0.001
Hemoglobin, g/dL 13.5(1.5) 14.2 (1.5) <0.001
Platelet count, x 10°/L 136 (46) 163 (57) <0.001
ALT, TU/L 79.1 (69.7) 83.5 (74.3) 0.574
HCV RNA, log IU/ml 6.0 (0.9) 6.1(0.8) 0.164
Liver fibrosis, FO-2/F3-4/ND 46/16/38 397/157/102 0.674
rs2305482, AA + AC/CC/ND 74/24/2 591/59/6 <0.001
rs4794822, TT + TC/CC/ND 56/42/2 484/130/42 <0.001

Data are expressed as number for categorical data or the mean (standard deviation) for non-categorical data

ALT alanine transaminase, ND not determined
# Case-G2 + R: Case-G2 plus Case-R
b Control-G + R: Control-G plus Control-R

¢ Categorical variables were compared between groups by the Chi square test and non-categorical variables by the Student’s ¢ test

Table 5 Logistic regression analysis of pretreatment factors associ-
ated with interferon-induced neutropenia

OR (95 % CI) P value

0.4331
<0.0001
0.8604
0.0072

Gender, female 1.229 (0.734-2.059)
0.998 (0.997-0.998)
1.005 (0.953-1.059)

2.497 (1.281-4.864)

Neutrophil count, /mm?
Platelet count, x 10°/L
rs2305482, CC

PEG-IFN RBV
P=0.005

100
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Fig. 3 Administered doses of PEG-IFN and RBV according to
rs2305482 genotypes. The patients were stratified into three groups
according to the doses of PEG-IFN or RBV administered, as follows:
<60 %, >60 to <80 %, >80 % of the planned doses for 48 weeks.
The proportion of patients receiving <60 % of the PEG-IFN doses
was significantly higher in patients with rs2305482 CC than in those
with AA/AC (P = 0.005, by the Chi square test). PEG-IFN pegylated
interferon, RBV ribavirin

reasons for the dose reduction of PEG-IFN in PEG-IFN/
RBYV therapy. While, there were no associations between
SVR and rs2305482 or rs4794822 genotypes (Supplemen-
tary Table 3).

PSMD3 encodes the proteasome 26S subunit, non-
ATPase 3, a member of the 26S proteasome family, and is
involved in the control of cell cycle transition via the ubig-
uitin—proteasome pathway (Bailly and Reed 1999). CSF3
encodes G-CSF, which controls the production, differen-
tiation, and function of granulocytes (Nagata et al. 1986).
Recombinant G-CSF is widely used to treat patients with
severe neutropenia during chemotherapy. Therefore, we
hypothesize that PSMD3-CSF3 variants may influence neu-
trophil counts through affecting the process of endogenous
G-CSF synthesis during IFN-based therapy or other bone
marrow suppressive therapies. However, eQTL analysis
by Okada et al. (2010) showed that rs4794822 was sig-
nificantly associated with the expression level of PSMD3,
rather than that of CSF3 in the JPT and CHB populations.
Our eQTL analysis showed that the risk allele for neutrope-
nia at rs2305482 correlated with higher expression levels
of PSMD3 in LWK and MEX populations (Supplementary
Fig. 5a), whereas with lower expression levels of CSF3 in
MEX and especially in CHB populations (Supplementary
Fig. 5b, c). However, these results were not replicated in
the other probe of CSF3. Additionally, we analyzed serum
G-CSF levels in CHC patients receiving IFN-based therapy.
Although serum G-CSF levels were thought to be increased
in response to neutropenia regardless of rs2305482 and
rs4794822 genotypes, there was no evidence that they were
lower in patients with a risk allele of these SNPs at baseline
and during the neutropenic period (Supplementary Fig. 6).
Moreover, neutrophil counts did not correlate with serum
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G-CSF levels at baseline and the time of minimum neu-
trophil counts (Supplementary Fig. 7a). Further functional
analyses of these genes and polymorphisms are required to
elucidate the reason for the association between PSMD3-
CSF3 and IFN-induced neutropenia as well as neutrophil
counts in healthy individuals.

In previous reports, PLBC4, DARC, CXCL2, and CDK5
loci have also been associated with neutrophil or WBC
counts in healthy individuals or patients who were not
under chemotherapy (Crosslin et al. 2012; Kamatani et al.
2010; Okada et al. 2010; Reiner et al. 2011). However,
there were no associations with these loci discernible in our
GWAS.

The important limitation of this study is that the asso-
ciation between rs2305482 and IFN-induced neutropenia
was not statistically significant in a genome-wide level.
Thompson et al. (2012) also identified no genetic deter-
minants of IFN-induced neutropenia during PEG-IFN/
RBYV therapy at the level of genome-wide significance by
their GWAS. Unlike our study design, they analyzed the
association between the reduction of neutrophil counts at
week 4 and any SNPs. Indeed, we analyzed the associa-
tion between the reduction of neutrophil counts at week 2
or 4 and rs2305482 or rs4794822, but there was no signifi-
cant association. Therefore, further independent replication
analyses which are designed in the similar way as our study
are desirable.

IFN-free therapies are expected to be useful especially in
IFN-resistant patients and may become the standard of care
in the near future. However, combination therapies of DAA
and IFN will continue to be used for some time. Our find-
ings contribute to our understanding of the genetic factors
influencing IFN-induced neutropenia. Furthermore, these
genetic variants may be associated with neutropenia during
chemotherapies for various malignant diseases as well as
IFN-based therapy for CHC. Therefore, genetic testing of
these variants might be useful for establishing personalized
doses of such therapies to minimize drug-induced adverse
events. Additionally, our results might contribute to the elu-
cidation of the mechanism of drug-induced neutropenia.
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