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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, Jmm?® 1,614 (735) 2,742 (979) <0.001
Hemoglobin, g/dL 13.5(1.5) 142 (1.5) <0.001
Platelet count, x10°/L 136 (46) 163 (57) <0.001
ALT, IU/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
152305482, AA 4+ AC/CC/ND 7412412 591/59/6 - <0.001
154794822, 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
® 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

1.229 (0.734-2.059)
0.998 (0.997-0.998)
1.005 (0.953-1.059)
2.497 (1.281-4.864)

Gender, female
Neutrophil count, /mm?>
Platelet count, x 10°/L
1s2305482, CC

PEG-IFN RBV
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Fig. 3 Administered doses of PEG-IFN and RBV according to
1s2305482 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/
RBV therapy. While, there were no associations between
SVR and 152305482 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 ubiq-
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 152305482 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 CDKS
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 152305482 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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Abstract

Background Solid-pseudopapillary neoplasm (SPN), a
rare neoplasm of the pancreas, frequently harbors muta-
tions in exon 3 of the cadherin-associated protein beta 1
(CTNNBI) gene. Here, we analyzed SPN tissue for
CTNNBI mutations by deep sequencing using next-gener-
ation sequencing (NGS).

Methods Tissue samples from 7 SPNs and 31 other
pancreatic lesions (16 pancreatic ductal adenocarcinomas
(PDAC), 11 pancreatic neuroendocrine tumors (PNET), 1
acinar cell carcinoma, 1 autoimmune pancreatitis lesion;
and 2 focal pancreatitis lesions) were analyzed by NGS for
mutations in exon 3 of CTNNBI.

Results A single-base-pair missense mutations in exon 3
of CTNNBI was observed in all 7 SPNs and in 1 of 11
PNET samples. However, mutations were not observed in
the tissue samples of any of the 16 PDAC or other four
pancreatic disease cases. The variant frequency of
CTNNBI ranged from 5.4 to 48.8 %.

Conclusions Mutational analysis of CTNNBI by NGS is
feasible and was achieved using SPN samples obtained by
endoscopic ultrasound-guided fine needle aspiration.
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Introduction

Solid-pseudopapillary neoplasm (SPN) of the pancreas is a
rare tumor that accounts for 0.2-2.7 % of all pancreatic
tumors [1], predominantly seen in young female patients. It
was first described by Frantz [2] in 1959. SPN of the
pancreas is characterized by low-grade malignant potential,
with an incidence of metastasis of 15 %, and tends to have
a favorable prognosis with surgical resections, considered
the standard of care, with a 5-year overall survival rate of
more than 95 % [1, 3, 4].

B-Catenin is a submembranous component of the cad-
herin-mediated cell adhesion system and acts as a down-
stream transcriptional activator of Wnt signaling. Under
normal conditions, cytoplasmic B-catenin is expressed at a
low level. Phosphorylation of both adenomatous polyposis
coli (APC) and axin by glycogen synthase kinase-3f
(GSK-3B) enhances PB-catenin binding to the APC-axin
complex and targets the protein for ubiquitination and
proteasomal degradation [5]. In the nucleus, B-catenin
forms complexes with proteins such as Tcf and Lef-1 [6],
and activates the transcription of several oncogenic genes
including c-myc and cyclin D1.

Mutations in exon 3 of the B-catenin gene (also called
CTNNBI) are reported in approximately 83-100 % [7-12]
of surgically resected SPN samples. Accordingly, these
mutations are considered a unique genetic characteristic of
SPNs, differentiating them from other pancreatic tumors.

Direct sequencing is considered the gold standard for
mutational analysis. However, it is difficult to detect a
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small proportion of mutant genes using this method.
Recently, next-generation sequencing (NGS) has enabled
the evaluation of multiple genes for genomic alterations in
a single tumor, with high accuracy [13]. Less frequent
mutations can also be detected if deep sequencing is
performed.

Several studies have described the usefulness of EUS-
guided fine-needle aspiration (EUS-FNA) for diagnosing
SPNs [14-18]. SPNs could be seen as well-demarcated,
hypoechoic, solid masses that sometimes coexist with
cystic lesions and/or calcification on EUS. Accuracy of
preoperative SPN diagnosis by EUS-FNA is reported to be
75-100 % [17, 18]; however, diagnosis by EUS-FNA is
. sometimes difficult because of interpretative, sampling,
and misclassification errors or insufficient material for
immunostaining [19]. In addition, EUS-FNA samples
sometimes contain tumor cells that are too small to use for
sequencing analysis by polymerase chain reaction (PCR)-
based direct sequencing.

In the present study, we analyzed CTNNBI mutations
using BUS-FNA samples and NGS. To the best of our
knowledge, this is the first report of CTNNBI mutational
analysis using EUS-FNA samples and NGS.

Methods
Samples

Thirty-eight samples were tested: 7 SPNs, 16 pancreatic
ductal adenocarcinomas (PDAC), 11 pancreatic neuroen-
docrine tumors (PNET), and 4 other pancreatic lesions.
Non-SPN samples were used as controls. Samples were
obtained by either EUS-FNA (n = 35) or surgery (n = 3)
at Hokkaido University Hospital, Sapporo, Japan, between
December 2008 and June 2013. All participants provided
written informed consent, and the ethics committee at
Hokkaido University Graduate School of Medicine
approved the study. ‘

| EUS-ENA procedure

EUS-FNA was performed by a single experienced endos-
copist (H.K.) using a curvilinear echoendoscope (GF-
UCT240-AL5; Olympus Medical Systems Co., Tokyo,
Japan) and 22-gauge needles (Echotip Ultra; Cook Japan,
Tokyo, Japan) with the patient under conscious sedation.
Briefly, the lesions were visualized by EUS, and the needle
was advanced into the lesion through the gastric or duo-
denal wall. The central stylet was removed, and a syringe
was attached to the needle hub to apply negative suction
pressure. The needle was then moved back and forth within
the lesion at least 10 times and then removed through the
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scope, before the stylet was re-inserted into the needle. The
specimen obtained by aspiration was placed on a slide, air-
dried, alcohol-fixed, and used to prepare smears that were
stained using the rapid Romanowsky technique for quick
interpretation and assessment of sample adequacy (Diff-
Quik stain; Kokusai Shiyaku, Kobe, Japan). Diff-Quik
staining was performed on all specimens by an experienced
cytotechnologist (K.M.). Cytological and histological
diagnoses were made for the specimens obtained by EUS-
FNA [20, 21].

DNA extraction, PCR, and sequencing analysis
of CTNNBI

The FNA samples were stored in RNAlater (Life Tech-
nologies Corporation, Carlsbad, CA). Genomic DNA and
RNA were extracted from samples using an AllPrep®
DNA/RNA/Protein mini kit (Qiagen, Inc., Valencia, CA)
according to the manufacturer’s instructions. Three PNET
samples were obtained from surgery. Tumor samples were
fixed in 10 % buffered formalin and embedded in paraffin
for microdissection of the tumor tissue. Genomic DNA was
semi-automatically extracted using a QIAamp® DNA
FEPE tissue kit (Qiagen) and QIAcube® (Qiagen) accord-
ing to the manufacturer’s instructions. Total RNA con-
centration was determined by spectrophotometer
(NanoDrop2000/2000¢; Thermo Scientific, Tokyo, Japan),
and 5 ug total RNA were reverse transcribed using
SuperScript® II Reverse Transcriptase (Invitrogen, Carls-
bad, CA). Approximately 100 ng of each genomic DNA
sample were used for PCR. Genomic DNA was amplified
by semi-nested PCR, using the first and second primer pairs
(Table 1). Primers for the second PCR contained adaptors
and barcodes for further NGS analysis, and the PCR pro-
ducts were bidirectionally read by NGS. These primers
were designed to amplify a 228-bp DNA fragment of the
entire exon 3 of CTNNBI. The thermal cycler (Life
Technologies) was programmed as follows: initial dena-
turation at 94 °C for 7 min and 35 amplification cycles for
each PCR. Each amplification cycle comprised denatur-
ation at 94 °C for 15 s, annealing at 58 °C for 15 s, and
elongation at 72 °C for 30 s. The last cycle was followed
by a final extension-at 72 °C for 5 min. The PCR products
were verified by agarose gel electrophoresis. The band of
the expected size was excised and purified using a QIA-
quick® Gel Extraction kit (Qiagen).

The concentration and amplicon size of the barcoded
libraries were determined by using an Agilent 2100 Bio-
analyzer and Agilent DNA 1000 kit (Agilent Technologies,
Inc., Santa Clara, CA).

They were pooled and mixed with Ion Spheres™ par-
ticles for emulsion PCR using the Ion OneTouch™ Sys-
tem (Life Technologies) with an JIon OneTouch™
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Table 1 Primers used in this study

Primers for the first PCR
Forward
5-CTGATTTGATGGAGTTGGACATGG-3
Reverse '
5-CAGCTACTTGTTCTTGAGTGAAGG-3

Primers for the second PCR (library preparation for next-generation sequencing)

Primer pair for forward sequencing

Forward

5-CCATCTCATCCCTGCGTGTCTCCGACTCAG-barcode-CTGATTTGATGGAGTTGGACATGG-3

Reverse

5-CCTCTCTATGGGCAGTCGGTGATCAGCTACTTGTTCTTGAGTGAAGG-3

Primer pair for reverse sequencing
. Forward

5-CCATCTCATCCCTGCGTGTCTCCGACTCAG-barcode-CAGCTACTTGTTCTTGAGTGAAGG-3

Reverse

5-CCTCTCTATGGGCAGTCGGTGATCTGATTTGATGGAGTTGGACATGG-3

Template kit v2 (Life Technologies) according to the
manufacturer’s instructions. Samples were subsequently
enriched using Ion OneTouch™ ES (Life Technologies).
The final concentration of the template for emulsion PCR
was 0.4 pM. Sequencing was performed on an Ion

" PGM™ (Personal Genome Machine) Sequencer by using
an Ton 314™ chip (Life Technologies) with an Ion-
PGM™ Sequencing 200 kit (Life Technologies) according
to the manufacturer’s protocol. Obtained sequences were
mapped onto the human reference genome hgl9, and
variants were detected using Ion Torrent Suite v2.2 soft-
ware (Life Technologies).

The PCR products were also submitted to direct
sequencing using ABI Big Dye Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA) and
the primers used for PCR. Sequencing of each PCR product
was performed with an ABI PRISM™ 310 Genetic Ana-
lyzer (Applied Biosystems). Each mutation was verified in
both sense and antisense directions.

Results
Clinicopathological features

The clinicopathological features of the 38 patients are
summarized in Table 2. The patient population comprised
24 women and 14 men, with ages ranging from 13 to
81 years (mmedian 63.5 years). SPNs tended to be located in
the pancreatic body and tail rather than in the pancreatic
head. Other tumors involved all parts of the pancreas and
were evenly distributed. Tumor sizes ranged from 8 to
95 mm at the greatest diameter (median 23 mm).

The types of surgical procedures were as follows: three
subtotal stomach-preserving pancreaticoduodenectomies,
two duodenum-preserving pancreas head resections, seven
distal pancreatectomies (four with splenectomy and one
with spleen and left adrenal gland resection), one partial
pancreatectomy, and one left nephrectomy with metastatic
lymph node tumor resection. Two patients with PDAC had
resectable disease, whereas the other cases were
unresectable.

The histological features of the specimens with SPN
obtained by EUS-FNA are shown in Fig. 1. In most cases,
SPN showed typical findings, but in case 7, SPN was not
easily distinguished from PNET. Immunohistochemical
staining was performed for SPN and PNET samples. Two
SPNs showed a few chromogranin A-positive cells, five of
seven SPNs showed immunoreactivity against Synapto-
physin, and five SPNs showed nuclear staining for [-
catenin. All PNET samples were positive for chromogranin
A and synaptophysin, and none showed nuclear immuno-
reactivity against f-catenin.

Genomic DNA and RNA were extracted from FNA
samples in 35 patients. For three PNET patients (Case 24,
25 and 26), surgically resected specimens were used to
obtain DNA.

Mutations in exon 3 of CTNNBI by NGS

All seven SPNs showed a single-base-pair missense
mutation in exon 3 of CTNNBI. Neither the PDAC nor
acinar cell carcinoma cases showed a CTNNBI exon 3
mutation. Of the 11 PNETSs, a single-base-pair missense
mutation was detected in one sample. Variant frequency
and coverage ranged from 5.4 to 48.8 % and from 4,490 to
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Table 2 Clinicopathological features

5

Case Final diagnosis Sex Age Location in Tumor size Radiological Tumor markers Procedure for the final Surgical Results of immunohistochemical
pancreas (mm) feature diagnosis procedure staining
CEA CAI19-9 CgA  Synaptophysin  f-Catenin
(ng/mL) (IU/mL)
1 SPN F 33 Pt 64 Solid/cystic 2 0 Surgery DP = Nuclear
2 SPN F 31 Pb 12 Solid/cystic 1 6 Surgery Partial =)y Nuclear
pancreatectomy

3 SPN F 17 Ph 23 Solid/cystic 1 <1 Surgery DpPHR =)y ND

4 SPN F 36 Pbt 28 Solid/cystic 2 12 Surgery DP = & © Nuclear
5 SPN F 27 Pt 48 Solid/cystic 1 <1 Surgery Dp ) Nuclear
6 SPN F 13 Ph 63 Solid/cystic 1 Surgery DpPHR -+ () Nuclear
7 SPN F 26 Pb 13 Solid 1 EUS-FNA ND = = ND

8 PDAC F 64 Ph 33 Solid 10 Surgery SSPPD ND ND ND

9 PDAC " F 75 Pt 22 Solid 55 220 Surgery DP ND ND ND

10 PDAC F 55 Ph 45 Solid 12 693 EUS-FNA ND ND ND ND

11 PDAC M 62 Pt 70 Solid 79 >10,000 EUS-FNA ND ND ND ND

12 PDAC F 76 Ph 70 Solid/cystic 4 >10,000 EUS-ENA ND ND ND ND

13 PDAC M 64 Ph 17 Solid 22 53 EUS-FNA ND ND ND ND

14 PDAC F 81 Ph 9 Solid 2 21 EUS-ENA ND ND ND ND

15 PDAC F 78 Pt 66 Solid 12 361 EUS-FNA ND ND ND ND

16 PDAC E 67 Ph 10 Solid 7 242 EUS-FNA ND ND ND ND

17 PDAC M 63 Ph 27 Solid 7 2,320 EUS-FNA ND ND ND ND

18 PDAC M 57 Ph 17 Solid 6 30 EUS-FNA ND ND ND ND

19 PDAC M 79 Ph 30 Solid 3 871 EUS-FNA ND ND ND ND

20 PDAC M 44 Pbt 28 Solid 48 2,880 EUS-FNA ND ND ND ND

21 PDAC M 78 Pt 27 Solid 3 229 EUS-FNA ND ND ND ND

22 PDAC F 67 Ph 25 Solid 15 246 EUS-FNA ND ND ND ND

23 PDAC M 80 Pt 47 Solid 440 >10,000 EUS-FNA ND ND ND ND

24 PNET F 58 Pt 23 Solid 2 14 Surgery DP -+ (+) ND

25 PNET M 51 Ph 52 Solid/cystic 2 31 Surgery SSPPD ) ) ND

26 PNET F 76  Lymph node 18 Solid 3 11 Surgery Left nephrectomy  (+) () ND

27°  PNET M 72 Pt 20 Solid 5 14 Surgery Dp ) B ND

28 PNET F 58 Pb 18 Solid 2 14 Surgery Dp + B ND

29 PNET F 78  Ph 16 Solid 2 <1 Surgery SSPPD +) ) ND

30 PNET M 79 Pb 9 Solid 3 EUS-ENA ND (COICY) Membrane
31 PNET F 69 Pt 8 Solid 3 EUS-FNA ND ) ND

32 PNET F 77  Ph- 17 Solid 2 47 EUS-FNA ND [COICY) ND

33 PNET F 45 Ph 17  Solid/cystic 3 26 EUS-ENA ND [CONNG D] ND

90T

01Z-€0T:0S (S107) ToIeque0onsen [
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Table 2 continued

Results of immunohistochemical

Surgical
staining

Procedure for the final

diagnosis

Tumor markers

Radiological
feature

Tumor size

(mm)

Sex Age Location in

Final diagnosis

Case

procedure

pancreas

CgA  Synaptophysin  B-Catenin

CA19-9

CEA

(IU/mL)

(ng/mL)

Solid/cystié

+)
=)

]
)

EUS-ENA
EUS-FNA

40

10

Ph

62

PNET

34
35

ND

ND

19

4

Solid/cystic

95

Pbt

46

M

Acinar cell

carcinoma

AIP

a

EUS-FNA
EUS-FNA
EUS-FNA

22

28 Solid

Pt

72
42

36

ND ND
ND

2E2

ND
ND

ND
ND

6
<1

Solid/cystic
Solid

20
22

Focal pancreatitis F Pt
M 64 Ph

Focal pancreatitis

7
38

SPN solid-pseudopapillary neoplasm, PDAC pancreatic ductal adenocarcinoma, PNET pancreatic neuroendocrine tumor, AIP autoimmune pancreatitis, M male, F female, Ph pancreatic head, Pb pancreatic

body, Pr pancreatic tail, CEA carcinoembryonic antigen, CAI9-9 carbohydrate antigen 19-9, EUS-FNA endoscopic ultrasound-guided fine-needle aspiration, DP distal pancreatectomy, DpPHR duodenum-

preserving pancreas head resection, SSPPD subtotal stomach-preserving pancreaticoduodenectomy, CgA chromogranin A, ND not done

* The patient of case 26 developed a metastatic lymph node tumor 5 years after the initial surgery for PNET. Secondary surgery was a left nephrectomy with metastatic lymph node tumor resection

b The patient of case 27 had mixed ductal-neuroendocrine carcinoma and two synchronous PNETs

203,919, respectively. For the sample with a variant fre-
quency of 5.39, the read depth was 15,199. The involved
codons were as follows: codon 32 (three cases), codon 37
(two cases), and codon 41 (three cases). The results of the
analysis are shown in Table 3. For the control samples, the
averag€ base coverage depth ranged from 113 to 8,027
(median 7,312).

Mutations in exon 3 of CTNNBI by direct sequencing

Direct sequencing was performed using samples that had
mutations detected by NGS. One SPN case with mutation
was not able to perform direct sequencing due to an
insufficient amount of the sample. Only one of the seven
cases could detect mutation by direct sequencing, as shown
also in Table 3.

Discussion

Mutations in exon 3 of CTNNBI have been reported in
various tumors, including those of the colon [22], prostate
[23], endometrium [24], and liver [25].

In SPN, cytoplasmic/nuclear immunoreactivity for -
catenin was detected during the systemic immunohisto-
chemical study of pediatric tumors [7]. After the first report
by Tanaka et al. [7], mutations in exon 3 of CTNNBI have
been reported in 83-100 % [7-12] of SPNs. Previous
studies used microdissected tumor tissue from formalin-

~ fixed, paraffin-embedded blocks obtained by surgery to

extract genomic DNA. Single-base-pair missense muta-
tions in codons 32, 33, 34, 37, and 41, and 12-base-pair
deletion corresponding to codons 28-32 have been
documented.

Serine 33 and 37 as well as threonine 41 are the sites for
GSK-3 P phosphorylation [26]. Codons 32 and 34 serve as
crucial elements of the DSG®XS motif to create a recog-
nition site for B-TrCP and subsequent ubiquitin-mediated
proteasomal degradation [27, 28]. Both mechanisms lead to
the abnormal stabilization of B-catenin and its resultant
aberrant nuclear expression in SPNs.

In the present study, eight cases showed CTNNBI
mutations. Mutations were detected in codons 32, 37, and
41, consistent with the findings of previous reports [7-12].
To the best of our knowledge, this is the first report of
mutational analysis for CTNNBI using EUS-FNA samples
and NGS: Of the eight cases, seven were of SPN and one
was of PNET. That PNET was diagnosed by the typical
radiologic finding (a hypervascular round mass that was.
best visualized in the arterial contrast enhancement phase
on computed tomography) and immunohistochemical
staining (positive chromogranin A and synaptophysin
immunostaining, negative CD56 staining, and no nuclear
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Fig. 1 Histological features of
solid-pseudopapillary neoplasm
specimens obtained by
endoscopic ultrasonography-
guided fine-needle aspiration. a,
b Typical specimen (case 4).
Small and uniform neoplastic
cells have either eosinophilic or
clear vacuolated cytoplasm.
These loosely cohesive cells
surround the delicate vessels
and form pseudopapillae. c,

d Atypical specimen (case 7).
The specimen contains a small
number of neoplastic cells in the
fibrous stroma that do not form
apparent pseudopapillae. The
small and uniform neoplastic
cells have eosinophilic
cytoplasm and show a
plasmacytoid appearance. These
clusters are difficult to
distinguish from those of
neuroendocrine tumors

Table 3 Mutations in CTTNBI

Case Template Mutated codon  Nucleotide  AA substitution  Var. freq (%) Coverage Ref cov.  Var cov.  Direct seq

1 RNA 37 N378 C/A  Ser37Tyr 23.81 19,047 14,495 4,535  Undetectable
2 RNA 32 N363 A/G  Asp32Gly 5.39 16,072 15,199 866  Undetectable
3 RNA 32 N362 G/C  Asp32His 48.77 25,740 13,161 12,554 Undetectable
4 gDNA 41 N390 C/T  Thr4l1lle 31.07 4,490 3,093 1,395  Undetectable
5 gDNA 37 N378 C/T  Ser37Phe 26.48 115,799 84,609 30,665  Detectable

6 gDNA 41 N362 G/A  Asp32Asn 21.50 203,919 43,842 160,077  Undetectable
7 RNA 41 N390 C/T  Thréllle 29.68 35,808 25,167 10,629  NA

AA amino acid, Var Freq variant frequency, Ref Cov reference coverage, Var Cov variantcoverage, Direct seq direct sequencing, gDNA genomic
DNA, Ser serine, Tyr tyrosine,Asp asparatic acid, Gly glycine, His histidine, Thr threonine, Ile isoleucine, Phephenylalanine, Asn asparagine, NA

not available

B-catenin accumulation) of an EUS-FNA sample. The
patient did not undergo surgery because of the small size
(9.6 x 5.4 mm) and low-grade malignant potential of the
lesion, which was diagnosed on the basis of EUS-FNA
specimen analysis (Ki-67 index, 1-2 %).

Several “assays can be performed to detect genetic
mutations, such as hematoxylin and eosin and immuno-
histochemical staining, fluorescence in-situ hybridization,
polymerase chain reaction, and direct sequencing.
Although direct sequencing is considered the gold stan-
dard, it lacks the ability to detect small proportions of
mutant genes and technical experience is essential for
accurate result interpretation. In one study, mutant DNA
had to account for at least 30 % of wild-type DNA for the
detection of mutations by direct sequencing [29]. In our

@ Springer

study, mutations caught by NGS could be detected in only
one of seven samples by direct sequencing. Our result
showed the superiority of NGS in detecting mutations over
direct sequencing, as indicated in previous reports. This
result suggests the usefulness of FNA specimens for
genetic analyses when combined with NGS, since EUS-
FNA specimens are usually mixed with blood or tissue in
the needle tract.

To date, CTNNBI mutations have not been reported in
PNET. Gerdes et al. [30] previously performed CTNNBI
mutational analysis on 78 PDAC, 33 PNET, and 14 pan-
creatic cancer cell lines and found no mutations in exon 3
of CTNNBI. Similarly, Liu et al. [10] found no mutations
in exon 3 of CTNNBI in 14 PNET samples. Exome
sequence analysis of approximately 18,000 protein-coding
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genes of 10 PNET samples was carried out by Jiao et al.
[31] to explore the genetic basis of the disease. They
reported novel DAXX and ATRX mutations, but mutations
in CTNNB1 were not detected. With regard to neuroen-
docrine tumors in other organs, Kim et al. [32] detected a
single-base-pair mutation in one of two thymus neuroen-
docrine tumors, which resulted in a replacement of iso-
leucine by serine at codon 35. Another mutation was seen
in a cell line of neuroendocrine tumor of midgut (terminal
ileum) origin [33]. To explore whether CTNNBI mutations
occur in PNET, we enrolled two more cases of PNET that
were diagnosed by surgery, but did not detect any muta-
tions. Further analysis should be performed to determine if
CTNNBI mutations occur in PNET.

One of the most important differential diagnoses of SPN
is PNET [16, 34]. Histologically, most SPNs show a sol-
idmonomorphous growth in the peripheral parts of the
lesion. In the center, tumor cells form pseudopapillary
structures [35]. PNETs are morphologically very similar to
SPNs. Immunostaining is useful in differentiating SPNs
from PNETs. SPNs specifically express vimentin and
CD10 [8, 36] and usually show focal immunoreactivity
against synaptophysin, but not for chromogranin A. On the
other hand, PNETSs usually show diffuse staining for syn-
aptophysin. Strong staining for chromogranin A is
observed in differentiated neuroendocrine tumors, NETS,
but negative or very mild staining is found in poorly dif-
ferentiated lesions [37, 38]. B-Catenin localization is also
quite different between these two tumor types. SPNs show
cytoplasmic and nuclear staining [3, 7], but PNETs show
membranous staining. Accurate diagnosis of SPNs is
sometimes difficult with EUS-FNA because of interpreta-
tive, sampling, and misclassification errors or insufficient
material for immunostaining [19]. In the present study, 1
case of SPN could not be diagnosed pathologically on the
basis of EUS-FNA samples. However, the CTNNBI
mutation was detected by NGS, and the patient was diag-
nosed as having SPN and was scheduled for surgery at the
time of reporting.

The current study was limited by two points. First, not
all of the mutational analyses were performed prior to the
final diagnosis by either EUS-FNA or surgery. Second,
being a rare tumor, the sample size was rather small.

Conclusions

Analysis of exon 3 mutations in CTNNBI by NGS is fea-
sible using EUS-FNA samples. All SPN cases showed
CTNNBI1 mutations. Further exploration of mutational
analyses including CTNNB! in neuroendocrine tumors is
required to determine the genetic alterations of PNET.
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SUMMARY. Genotype 2 hepatitis C virus (HCV) accounts for
up to 30% of chronic HCV infections in Japan. The standard
of care for patients with genotype 2 HCV — peginterferon and
ribavirin for 24 weeks — is poorly tolerated, especially among
older patients and those with advanced liver disease. We con-
ducted a phase 3, open-label study to assess the efficacy and
safety of an all-oral combination of the NS5B polymerase
inhibitor sofosbuvir and ribavirin in patients with chronic
genotype 2 HCV infection in Japan. We enrolled 90 treat-
ment-naive and 63 previously treated patients at 20 sites in
Japan. All patients received sofosbuvir 400 mg plus ribavirin
(weight-based dosing) for 12 weeks. The primary endpoint
was sustained virologic response at 12 weeks after therapy
(SVR12). Of the 153 patients enrolled and treated, 60% had
HCV genotype 2a, 11% had cirrhosis, and 22% were over the

aged 65 or older. Overall, 148 patients (97%) achieved
SVR12. Of the 90 treatment-naive patients, 88 (98%)
achieved SVR12, and of the 63 previously treated patients,
60 (95%) achieved SVR12. The rate of SVR12 was 94% in
patients with cirrhosis and in those aged 65 and older. No
patients discontinued study treatment due to adverse events.
The most common adverse events were nasopharyngitis,
anaemia and headache. Twelve weeks of sofosbuvir and riba-
virin resulted in high rates of SVR12 in treatment-naive and
previously treated patients with chronic genotype 2 HCV
infection. The treatment was safe and well tolerated by
patients, including the elderly and those with cirrhosis.

Keywords: Hepatitis C virus, HCV genotype 2, direct-acting
antiviral agents, nucleotide polymerase inhibitor.

INTRODUCTION

Approximately two million people in Japan — nearly 2% of
the population — are chronically infected with the hepatitis C

Abbreviations: CI, confidence interval; GCP, Good Clinical Practice;
HCV, hepatitis C virus; ICH, International Conference on Harmoni-
zation; Peg-IFNw, pegylated interferon alpha; PK, pharmacokinetics;
RBV, ribavirin; SVR12, 12 weeks after therapy.

Correspondence: Masao Omata, Yamanashi Prefectural Hospital
Organization, 1-1-1 Fujimi, Kofu City, Yamanashi 400-0027,
Japan. E-mail: momata-tky@umin.ac.jp

Trial registration details: ClinicalTrials.gov number
NCT01910636.

virus (HCV) [1]. The population of patients with chronic HCV
infection in Japan differs from that of other countries; patients
are generally older, have more advanced liver disease and are
more likely to have received previous treatment for HCV
infection [2,3]. It is estimated that 15-30% of Japanese
patients with HCV will develop serious complications, includ-
ing liver cirrhosis, end-stage liver disease and hepatocellular
carcinoma [4]. Although genotype 1 HCV is currently the
most prevalent strain of the virus in Japan, genotype 2 HCV,
which now accounts for up to 30% of infections, is rising in
prevalence [S]. The current standard of care regimen for the
treatment of chronic genotype 2 HCV infection in Japan is
24 weeks of pegylated interferon alpha (Peg-IFNe) and
ribavirin (RBV) [6]. Although relatively high rates of SVR
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have been reported in clinical trials with this regimen (71~
86%), the use of Peg-IEN«+RBV in an ageing population with
progressive liver disease is limited by safety and tolerability
issues. Moreover, a substantial number of patients have abso-
lute or relative contraindications to interferon. As a result,
many Japanese patients with chronic genotype 2 HCV infec-
tion have no available treatment options and are thus at risk
for worsening of liver disease and complications of cirrhosis,
including hepatocellular carcinoma.

Sofosbuvir (Gilead Sciences) is an oral nucleotide ana-
logue inhibitor of the HCV-specific NS5B polymerase that
has recently been approved in the United States and Bur-
ope for the treatment of chronic HCV infection [7]. The
labelled use for patients with chronic genotype 2 HCV
infection is sofosbuvir and RBV for 12 weeks. In phase 3
studies, 12 weeks of treatment with sofosbuvir plus RBV in
patients infected with genotype 2 HCV resulted in rates of
SVR12 of 97% in treatment-naive patients, 93% in
patients ineligible to receive interferon and 86-90% in pre-
viously treated patients [8-10].

We conducted a phase 3 trial to determine the efficacy
and safety of 12 weeks of sofosbuvir and RBV in treat-
ment-naive and previously treated Japanese patients with
chronic genotype 2 HCV infection with and without com-
pensated cirrhosis.

METHODS

Patients

Patients were enrolled between 16 July 2013 and 30 Septem-
ber 2013 at 20 sites in Japan. Eligible patients were aged
20 years or older with a body weight of at least 40 kg.
Patients were required to be chronically infected with
genotype 2 HCV and with HCV RNA levels >10* IU/mL at
screening. Planned enrolment was for approximately 84
treatment-naive and 50 previously treated patients. See Sup-
plement for definitions of types of response to prior treatment:
Up to 40% of enrolled subjects in each group (i.e. treat-
ment naive or treatment experienced) could have evidence
of compensated cirrhosis at screening (Child-Pugh A). Cir-
rhosis was defined as liver biopsy showing a Metavir score
of 4 or Ishak score >5 or a FibroScan score of >12.5 kPa.
Patients were required to have ALT and AST <10 x upper
limit of the normal range, platelet count =50 000 per uL,
haemoglobin >11 g/dL for women and >12 g/dL for men
and albumin >3 g/dL. There were no upper limits on age
or body mass index. Similarly, no restriction was applied to
white blood cell or absolute neutrophil count at screening.

Study design

In this multicenter, open-label trial, all patients received
12 weeks of treatment with 400 mg of sofosbuvir, adminis-
tered orally once daily, and ribavirin (Copegus®, Chugai

Pharmaceutical Co., Ltd, Tokyo, Japan), administered orally
twice daily, with doses determined according to body weight
(600 mg daily in patients with a body weight of <60 kg,
800 mg daily in patients weighing >60 and <80 kg, and
1000 mg daily in patients with a body weight of >80 kg).

In addition to the main study of efficacy and safety, sparse
PK samples were collected from all patients over the course of
the study for population PK analyses and all patients were eli-
gible to participate in an optional substudy to determine the
steady-state pharmacokinetics (PK) of sofosbuvir (and its pre-
dominant circulating metabolite GS-331007). The target en-
rolment per treatment group was approximately 15 patients.
For the PK substudy, intensive serial pharmacokinetic sam-
ples were collected (samples obtained over 24 h postdose) at
either the week 2 or week 4 treatment visits. :

Study assessments

Screening assessments included serum HCV RNA levels
and IL28B (rs12979860) genotyping, as well as standard -
laboratory and clinical tests. Serum HCV RNA was mea-
sured with the COBAS® TagMan® HCV Test, version 2.0,
for Use with the High Pure System (Roche Molecular Sys-
tems, West Sussex, UK), which has a lower limit of quanti-
fication (LLOQ) of 25 IU/mL. HCV genotype and subtype
were determined at screening using the Siemens VERSANT
HCV Genotype INNO-LiPA 2.0 assay.

On-treatment assessments included standard laboratory
testing, serum HCV RNA, vital signs, electrocardiography
and symptom-directed physical examinations. All adverse
events were recorded and graded according to a standard-
ized scale (see Supplementary Table S7).

NS5B amplification and deep sequencing was performed
at DDL Diagnostics Laboratory (Rijswijk, The Netherlands)
for all subjects who did not achieve SVR12. Deep sequenc-
ing of HCV NSSB was performed at the first virologic fail-
ure time point if a plasma/serum sample was available and
HCV-RNA was >1000 IU/mL;along with -the respective
baseline samples. Amino acid substitutions in NS5B in the
samples collected at virologic failure were compared with
the genotype 2 reference and the respective baseline
sequence for each patient.

The. population pharmacokinetic parameters for sofosbu-
vir and GS-331007 were computed for all subjects from
concentration data from intensive and/or sparse samples
using the previously established sofosbuvir and GS-331007
population PK models [11].

Statistical analysis

For treatment-naive patients without cirrhosis, the SVR12
rate was compared to an adjusted historical SVR rate of
69%, using a two-sided exact one-sample binomial test.
The historical control rate was calculated from the
weighted average of historical SVR rates for noncirrhotic,
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treatment-naive Japanese patients with genotype 2 HCV
infection receiving 24 weeks of Peg-IENa+RBV (79% with
a 10% discount applied due to the expected improvement
in safety profile and shorter treatment duration — see Sup-
plementary Table S2 for further details). We calculated
that a sample size of 50 patients would provide 80% power
to detect an 18% improvement in the SVR12 rate over the
adjusted historical rate at a significance level of 0.05. For
SVR12 rates for the overall population, for treatment-naive
patients with cirrhosis, and for previously treated patients,
statistical hypothesis testing was not performed. For these
outcomes, we calculated point estimates of SVR12 rates
with two-sided 95% exact confidence interval using the
binomial distribution (Clopper-Pearson method).

Study oversight

This trial was approved by the institutional review board
or independent ethics committees at all participating sites
and was conducted in accordance with local regulations
and with recognized international scientific and ethical
standards, including the International Conference on Har-
monization (ICH) guideline for Good Clinical Practice (GCP)

Table 1 Baseline Demographic Characteristics
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and the original principles embodied in the Declaration of
Helsinki. The study was designed and conducted according
to protocol by the sponsor (Gilead Sciences) in collabora-
tion with the principal investigators. The sponsor collected
the data, monitored study conduct and performed the sta-
tistical analyses. The manuscript was prepared by Gilead
Sciences with input from all authors.

RESULTS

Baseline characteristics

Of the 188 patients who were initially screened, 153 (90
treatment-naive and 63 previously treated patients) were
enrolled and began treatment (Table S1 and Figure S1).
The demographic and baseline clinical characteristics of
the patients are provided in Table 1. Overall, the majority
of patients were female (54%), and all were Japanese. The
mean age was 57 years (ranging from 25 to 74 years)
and 22% were aged 65 or older.

Previously treated patients were slightly older than the
treatment-naive patients, with a higher percentage of males,
higher baseline viral load, with a higher prevalence of cirrho-

Treatment naive (n = 90) Prex}iously treated (n = 63)

Characteristic Overall (N = 153)
Mean age, years (range) 57 (25, 74)
Mean BMI, kg/m? (range) 24 (16.5, 34)
Male, n (%) 70 (46)
Mean HCV RNA, log;q IU/mL £ SD 6.3 (0.84)
HCV RNA >5 logi IU/mlL, n (%) 140 (92)
HCV genotype, n (%)

2a 92 (60)

2b . 61 (40)
Cirrhosis, n (%)

No 136 (89)

Yes 17 (11)
IL28B genotype, n (%)

cC : 121 (79)

CT 28 (18)

T ‘ 4 (3)
Median baseline ALT, U/L (range) 34 (12, 412)
Baseline ALT >1.5 x ULN, n (%) 43 (28)
Interferon eligibility, n (%)*

Interferon eligible 72 (80)

Interferon ineligible 5 (6)

‘Interferon unwilling 13 (14)
Response to prior HCV treatment, n (%)

Nonresponse 15 (24)

Relapse/breakthrough 45 (71)

Interferon intolerant 3(5)
Median eGFR, mL/min (range) 85 (51, 209)

55 (25, 73) 60 (34, 74)
24 (17, 34) 24 (16.5, 34)
33 (37) 37 (59)
6.2 (0.92) 6.5 (0.66)
78 (87) 62 (98)
52 (58%) 40 (63%)
38 (42%) 23 (37%)
82 (91) 54 (86)
8 (9) 9 (14)
73 (81) 48 (76)
17 (19) 11 (17)
0 4 (6)
32 (12, 412) 36 (12, 232)
28 (31) 15 (24)
72 (80) Not applicable
5 (6) Not applicable
13 (14) Not applicable

Not applicable
Not applicable
Not applicable

86 (52, 175)

15 (
45 (71)
3(

84 (

51, 209)

*Interferon eligibility was determined by the site investigator based on whether or not, in their judgment, the patient had

contraindications to interferon therapy.
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sis and non-CC IL28B genotype. Overall, 11% of participat-
ing subjects had cirrhosis. The proportions of patients
infected with genotype 2a and 2b HCV were 60% and 40%,
respectively, which is similar to previous reports of HCV sub-
type distribution in the Japanese population [4]. Most (80%)
of the treatment-naive patients were considered eligible for
interferon therapy, with 6% having contraindications to
interferon therapy and 14% unwilling to receive this treat-
ment. Most (71%) of the previously treated patients had
experienced virologic breakthrough or relapsé after previous
treatment, with 24.% reporting nonresponse to prior therapy.

Efficacy

Overall, 148 of the 153 patients (97%, 95% confidence
interval [CI] 93-99%) achieved SVR12 (Table 2). By prior
treatment history, 88 of the 90 treatment-naive patients
(98%, 95% CI, 92-100%) and 60 of the 63 previously trea-
ted patients (95%, 95% CI, 87-99%) achieved SVR12. Of
the 82 treatment-naive patients without cirrhosis, 80 (97%.
95% CI 91-100%) achieved SVR12, thus meeting the pri-
mary efficacy endpoint for this group of superiority to the
adjusted historical control rate of 69% (P < 0.001). Of note,
all eight treatment-naive patients (100%) with cirrhosis and
eight of the nine previously treated patients with cirrhosis
(89%) achieved SVR12. Overall, 16 of the 17 patients with
cirrhosis (94%, 95% CI 71-100%) achieved SVR12.

Patient responses according to baseline characteristics are
shown in Supplementary Table S3. Rates of SVR12 were
high in all subgroups of patients. Patients with characteris-
tics historically associated with poor response to interferon-
based treatment — non-CC IL28B genotype, high baseline
viral load, elderly patients, cirrhosis — had rates of SVR12
similar to those in patients without these characteristics.

Relapse accounted for all cases of virologic failure; there
were no patients with virologic breakthrough or nonresponse
during treatment. Among all patients treated, 97% had HCV
RNA <LLOQ by treatment week 2, and 100% achieved HCV
RNA <LLOQ by treatment week 4. Overall, five patients expe-
rienced virologic relapse after the end of therapy: two (2%)

Table 2 Response during and after Treatment

treatment-naive patients and three (5%) treatment-experi-
enced patients. Four patients relapsed by post-treatment
week 4, and one patient relapsed between post-treatment
weeks 4 and 12. Characteristics of patients who relapsed are
provided in Table S4. There were no consistent host or viral
characteristics in the five subjects who relapsed; however,
the number of virologic failures is too small for any conclu-
sions to be drawn concerning predictors of virologic failure.
No patient relapsed after post-treatment week 12. All 148
SVR12 patients (100%) also achieved SVR24.

Viral resistance testing

The NS5B region was deep sequenced in samples collected
from the five relapsers at baseline and at the time of
relapse. No S282T variant — known to be associated with
reduced susceptibility to sofosbuvir — or any other nucleo-
tide inhibitor resistance-associated variants were detected
in any patient at relapse. Phenotypic analysis of the NS5B
gene showed no change in susceptibility to either sofosbu-
vir or ribavirin.

Pharmacokinetics

Population pharmacokinetic analysis was performed to
estimate the pharmacokinetics of sofosbuvir and its major
circulating nucleoside metabolite, GS-331007. The mean
(CV%) of steady-state AUCy.24 and Cpax were 973 (31.2)
ng*h/mL and 544 (33.6) ng/mL for sofosbuvir (N = 45),
respectively, and 10 400 (27.2) ng h/mL and 818 (27.9)
ng/mL for GS-331007 (N = 153), respectively. Within the
Japanese study population, there were no clinically rele-
vant differences in the pharmacokinetics of GS-331007
and sofosbuvir, based on age, sex, BMI, cirrhosis status,
prior treatment experience or SVR12 outcome.

Safety

Overall, 73% of patients experienced at least one adverse
event; however, the majority of patients experiencing

Response Overall (N = 153)

Treatment naive (n = 90)

Previously treated (n = 63)

HCV RNA <LLOQ during treatment, n (%)*
At week 2 148 (97%)
At week 4 153 (100%)
HCV RNA <LLOQ after end of treatment, n (%)

SVR4 149 (97%)
SVR12 148 (97%)
95% confidence interval 92.5-99%
On-treatment failure 0
Relapse, n/n (%) 5 (3%)

88 (98%)
90 (100%)

60 (95%)
63 (100%)

89 (99%) 60 (95%)
88 (98%) 60 (95%)
92->99% 87-99%

0 0

2 (2%) 3 (5%)

*LLOQ denotes lower limit of quantification, which is 25 IU/mL. SVR denotes sustained virologic response.
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adverse events (84%) had only mild (grade 1) events. The
most common treatment-emergent adverse events were
nasopharyngitis (upper respiratory viral illness), anaemia,
headache, malaise and pruritus (Table 3). No patient in the
study discontinued treatment prematurely due to adverse
events (or for any other reason). Twenty-two patients (14%)
had adverse events that led to modification or interruption
of a study drug; 20 patients had ribavirin dose reductions to
manage anaemia, and one patient interrupted sofosbuvir
and RBV for 1 day because of an event of nasopharyngitis.
All but one of the 22 patients with modification or interrup-
tion of study drugs achieved SVR12. Two patients experi-
enced treatment-emergent serious adverse events: one
treatment-experienced 63-year-old woman had a worsening
of anaemia for which she was hospitalized, and one treat-
ment-naive 36-year-old woman had a severe anaphylactic
reaction to a bee sting. No patient experienced a life-threat-
ening (grade 4) adverse event, and only three patients expe-
rienced severe (grade 3_) events, two of which were deemed
to be related to study treatment, the above-mentioned case
of anaemia and one case of transient, ribavirin-associated
hyperbilirubinaemia in a treatment-experienced 65-year-old
man, which resolved during follow-up.

The overall rates of adverse events in younger
(<65 years) and older (>65 years) patients did not differ
substantially (72% vs 76%, respectively), although there
was a higher incidence of anaemia and pruritus in older

Table 3 Discontinuations, Adverse Events and Laboratory
Abnormalities by Age

Parameter Overall (N = 153)

Discontinuation of any study 0
drug due to adverse event

Serious adverse events 2 (1%)
Anaemia 1 (1%)
Anaphylactic reaction 1 (1%)

Any adverse event
Commuon adverse events®

112 (73%)

Nasopharyngitis 45 (29%)
Anaemia 18 (12%)
Headache 15 (10%)
Malaise 11 (7%)
Pruritus 9 (6%)
Laboratory abnormalities, n (%)
Decreased haemoglobin concentration
<10 g/dL 19 (12%)
<8 g/dL 1 (1%)
Neutropenia (500-<750 per mm?>) 1 (1%)
Hyperglycaemia (>250-500 mg/dL) 3 (2%)
Hyperbilirubinaemia 2 (1%)

(>2.5-5.0 x ULN)

ULN, upper limit of normal.
*Adverse events occurring in at least 5% of patients.
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patients (Table S5). The incidence and severity of adverse
events in patients with and without cirrhosis at baseline
were similar (Table S6). :
Overall, the mean change in haemoglobin from baseline
to week 12 of treatment was —1.2 g/dL. For patients aged
65 and older, the mean change in haemoglobin was
—1.7 g/dL, as compared with 1.0 g/dL in patients under
the age of 65. Of all 153 patients enrolled and treated, 19
(12%) had at least one postbaseline haemoglobin value of
<10.0 g/dL, and one (1%) had a postbaseline haemoglobin
value of <8.5 g/dL. Two patients (1%) had grade 3 hyper-
bilirubinaemia; no grade 4 hyperbilirubinaemia occurred.
One patient, who had grade 2 neutropenia at baseline, had
transitory grade 3 neutropenia. ‘

DISCUSSION

In this phase 3 trial, twelve weeks of treatment with sof-
osbuvir and RBV resulted in high rates of sustained viro-
logic response (>95%) in treatment-naive and previously
treated Japanese patients with chronic genotype 2 HCV
infection. Patients with host and viral characteristics that
have historically been predictive of lower rates of SVR
— older age, presence of cirrhosis, high viral load, non-CC
IL28B alleles — had rates of SVR12 similar to patients with-
out these characteristics. In patients who had been previ-
ously treated for HCV infection, the nature of the prior
response was not associated with sigﬁiﬁcant differences in
rates of SVR following treatment with sofosbuvir and riba-
virin; patients who had nonresponse to prior treatment
had similar response rates as patients who had previously
experienced relapse or viral breakthrough. No clear or con-
sistent baseline predictors of treatment failure were evident
among the five patients who relapsed after treatment.

The current standard-of-care treatment for Japanese
patients with chronic genotype 2 HCV infection is 24 weeks
of Peg-IFNo+RBV. Although patients who received this regi-
men in clinical trials achieved SVR12 rates ranging from
72% to 86%, these studies were restricted to patients
<65 years of age [12,13]. However, the Japanese population
chronically infected with genotype 2 HCV includes many
patients with characteristics that make the use of interferon-
based therapy problematic — older age, progressive liver dis-
ease, prior treatment experience and comorbid.conditions
such as diabetes and cardiovascular disease [14]. Moreover,
many patients cannot receive interferon therapy due to rela-
tive or absolute contraindications. The interferon-free com-
bination of sofosbuvir and ribavirin may represent a
promising treatment option for these patients.

Given the characteristics of the patient population in
Japan with HCV infection — generally older, and more
likely to have advanced liver disease — safety and tolerabil-
ity of therapeutic regimens is an important issue. In the
present study, 22% of patients were aged 65 or older and
11% had cirrhosis. Analyses of safety data by age (<65 vs
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>65 years) showed increases in reported adverse events
and laboratory abnormalities in older patients, but these
differences did not present a barrier to treatment as no pre-
mature discontinuation of study treatment occurred in any
patient. Analysis of safety data according to the presence
or absence of cirrhosis did not indicate clinically important
differences in safety or tolerability of the 12-week sofosbu-
vir plus ribavirin regimen.

Consistent with previous reports, the results of this
study confirm the high barrier to resistance afforded by
the sofosbuvir plus RBV treatment regimen. Rapid viral
suppression was observed with all patients achieving HCV
RNA undetectable status by week 4, with no virologic
breakthrough observed during treatment in any of the
153 patients, The percentage of patients who relapsed
after treatment was low (3%), and none of the subjects
who relapsed had S282T or other nucleoside inhibitor
resistance-associated variants. No change in susceptibility
to sofosbuvir or ribavirin compared with the correspond-
ing baseline or wild-type reference was observed at the
relapse time point.

The main limitation of this study was the lack of a con-
trol arm to allow direct comparison with interferon-based
regimens. Several considerations guided our choice of an
uncontrolled study design. Adding an interferon-based con-
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Heat shock factor 1 (HSF1), a major transactivator of stress
responses, has been implicated in carcinogenesis in various organs.
However, little is known about the biological functions of HSF1 in
the development of hepatocellular carcinoma (HCC). To clarify the
functional role of HSF1 in HCC, we established HSF1-knockdown
(HSF1 KD) KYN2 HCC cells by stably expressing either small
hairpin RNA (shRNA) against HSF1 (i.e. HSF1 KD) or control
shRNA (HSF1 control). Tumorigenicity was significantly reduced
in orthotopic mice with HSF1 KD cells compared with those with
HSF1 control cells. Reduced tumorigenesis in HSF1 KD cells
appeared attributable to increased apoptosis and decreased prolif-
eration. Tumor necrosis factor-a-induced apoptosis was increased
in HSF1 KD cells and HSF1~~ mouse hepatocytes compared with
controls. Decreased expression of IxB kinase vy, a positive regu-
lator of nuclear factor-kB, was also observed in HSF1 KD cells
and HSF17~ mouse hepatocytes. Furthermore, expression of
bel-2-associated athanogene domain 3 (BAG3) was dramatically
reduced in HSF1 KD cells and HSF17~ mouse hepatocytes. We
also found that epidermal growth factor-stimulated mitogen-
activated protein kinase signaling was impaired in HSF1 KD cells.
Clinicopathological analysis demonstrated frequent overexpres-
sion of HSF1 in human HCCs. Significant correlations between
HSF1 and BAGS3 protein levels and prognosis were also observed.
In summary, these results identify a mechanistic link between
HSF1 and liver tumorigenesis and may provide as a potential
molecular target for the development of anti-HCC therapies.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant
tumors and the third leading cause of cancer death worldwide (1). Despite

Abbreviations: BAG3, bcl-2-associated athanogene domain 3; EGFR, epider-
mal growth factor receptor; ERK, extracellular signal-regulated kinase; FACS,
fluorescence-activated cell sorting; HCC, hepatocellular carcinoma; HSF1, heat
shock factor 1; HSF1 KD, HSF1 knockdown; HSP, heat shock protein; IKKYy,
IxB kinase gamma; LPS, lipopolysaccharide; MAPK, mitogen-activated pro-
tein kinase; MEK, mitogen-activated protein kinase kinase; mRNA, messenger
RNA; NF-xB, nuclear factor kappa B; PCNA, proliferating cell nuclear antigen;
SCID, severe combined immune-deficient mice; shRNA, small hairpin RNA;
TNF-a., tumor necrosis factor alpha; TUNEL, terminal deoxynucleotidyl trans-
ferase-mediated deoxyuridine triphosphate nick-end labeling; WT, wild type.

marked advances in diagnostic and therapeutic techniques, prognosis
remains unsatisfactory for HCC patients (2,3). An understanding of HCC
carcinogenesis at the molecular level is thus urgently needed in order to
identify novel molecular targets for the development of more effective
therapies.

Heat shock factor 1 (HSF1) is the main regulator of the heat shock
response, which is involved in protecting cells and organisms from
heat, ischemia, inflammation, oxidative stress and other noxious con-
ditions (4,5). Under various forms of physiological stress, HSF1 drives
the production of heat shock proteins (HSPs), such as HSP27, HSP70
and HSP90, which act as protein chaperones (5,6). The functions of
HSF1 are not limited to increasing the expression of chaperones;
HSF1 also modulates the expression of hundreds of genes other than
chaperones that are critical for survival under an array of potentially
lethal stressors (6-8). As a result, HSF1 influences fundamental cel-
lular processes such as cell cycle control, protein translation, glucose
metabolism and proliferation (7-12). In human tumors, constitutive
expression of Hsp27, Hsp70 and Hsp90 at high levels predicts poor
prognosis and resistance to therapy (13—-15). These effects are often
attributable to HSF1-dependent mechanisms (16). Thus, as a master
regulator of cellular processes, the roles of HSF1 in carcinogenesis
and tumor progression are now emerging. Several recent investiga-
tions using mouse models have suggested that HSF1 is involved in
carcinogenesis (9,17). In clinical samples, HSF1 is often constitu-
tively expressed at high levels in a variety of tumors, including breast
cancer (7,18), pancreatic cancer (19), prostate carcinoma (20) and
oral squamous cell carcinoma (21). ;

Hepatocarcinogenesis is a multistep process, in the majority of
cases slowly developing within a well-defined etiology of viral infec-
tion and chronic alcohol abuse, leading to the chronic hepatitis and cir-
rhosis that are regarded as preneoplastic stages (22). A great number
of factors, receptors and downstream elements of signaling cascades
regulate proliferation and apoptosis. Dysregulation of the balance
between cell proliferation and apoptosis thus plays a critical role in
hepatocarcinogenesis (23,24). Two of the major pathways of cell pro-
liferation and apoptosis are nuclear factor kappa B (NF-xB) signaling
and mitogen-activated protein kinase (MAPK) signaling. NF-xB tran-
scription factors are critical regulators of genes involved in inflam-
mation and the suppression of apoptosis. NF-kB has been shown to
be instrumental for tumor promotion in colitis-associated cancer and
inflammation-associated liver cancer (25,26). Activation of the extra-
cellular signal-regulated kinase (ERK)/MAPK pathway regulates
many important cellular processes, such as proliferation, differentia-
tion, angiogenesis, survival and cell adhesion (27). Importantly, the
ERK/MAPK pathway is constitutively activated in HCC (28).

The present study investigated the biological influences of HSF1
in HCC cell proliferation and apoptosis involving the NF-kB and
MAPK signal pathways. We found that HSF1 deficiency significantly
diminished NF-xB and MAPK activation in primary hepatocytes and
HCC cells, so HSF1 deficiency inhibited the development of HCC.
Furthermore, clinicopathological analysis demonstrated a significant
correlation between HSF1 protein level and prognosis. Our results
suggest HSF1 as a promising molecular target for the development of
anti-HCC therapeutics.

Materials and methods

Cell cultures and reagents

Human HCC cell lines HepG2, PLC/PRF/S5, HLE and HLF were obtained from
the American Type Culture Collection. Huh7 was obtained from the Japanese
Collection of Research Bioresources Cell Bank (Ibaraki, Japan). KIM-1 and
KYN2 were kindly provided by Dr Hirohisa Yano (Department of Pathology,
Kurume University, Kurume, Japan). Li7 was kindly provided by Dr Yae Kanai
(Division of Molecular Pathology, National Cancer Center Research Institute,

© The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions @ oup.com 272

$10T ‘LT Ko 1O Are1qr AYISIOATU() OPIESHOH ¢ /310" s[ewinolpioyxo utores;/:dyy Woly papeo[umo(]



Tokyo, Japan). HepG2, PLC/PRF/S, Huh7, HLE and HLF cells were main-
tained in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum. KIM-1 and KYN2 was maintained in RPMI medium containing 10%
fetal bovine serum.

Antibodies and chemicals

The antibodies used included: anti-HSF1, ERK1/2, phosphor-ERK1/2, MAPK
kinase (MEK), phospho-MEK, phosphor- efficiently activated epidermal
growth factor receptor (EGFR), cyclin D1, cdc2, CDK4, phospho-IxBa,
IxB kinase gamma (IKKY), IKKp, caspase-3 and Bcl-X; (Cell Signaling
Biotechnology, Danvers, MA); anti-HSP90, HSP72, f3-actin and proliferating
cell nuclear antigen (PCNA) (Santa Cruz Biotechnology, Santa Cruz, CA);
anti-EGFR (Millipore, Billerica, MA); anti-HSP70/HSP72 (Enzo Life science,
NY); and anti-BAG3 (Abcam, Cambridge, UK).

Biochemical and immunohistochemical analyses

Protein lysates were prepared from tissues and cultured cells, separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis, transferred onto
Immobilon membranes (Millipore) and analyzed by immunoblotting. Total
cellular RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA),
then ¢cDNA was synthesized using SuperScript II (Invitrogen), and expres-
sion of specific messenger RNAs (nRNAs) was quantified using real-time
PCR and normalized against glyceraldehyde-3-phosphate dehydroge-
nase mRNA expression. Details of real-time PCR conditions and primer
sequences are available in Supplementary Materials and methods, available
at Carcinogenesis Online. Immunohistochemical staining was performed on
formalin-fixed, paraffin-embedded tissue sections using immunoperoxidase
methods, as described previously (15). For array analysis, we used the Human
‘WG-6 BeadChip-kit (Illumina, San Diego, CA) in accordance with the instruc-
tions from the manufacturer (details are given in Supplementary Materials and
methods, available at Carcinogenesis Online).

Establishment of HSF1-knockdown cells

A HSF1 small hairpin RNA (shRNA) plasmid and negative con-
trol plasmid were purchased from SABiosciences (QIAGEN, Valencia,
CA). The shRNA sequences targeting HSF1 were from position
5-CAGGTTGTTCATAGTCAGAAT-3" as in the nucleotide sequence
of HSF1. As a negative control, a shRNA was designed with the sequence
5-GGAATCTCATTCGATGCATAC-3’. Transfection was achieved using
Oligofectamine reagent (Invitrogen) according to the instructions from the
manufacturer. To establish stable knockdown cell lines,- sShRNA plasmids
were transfected into KYN2 cells and cultured in the presence of puromycin
(Sigma—Aldrich, St Louis, MO).

Cell proliferation and bromodeoxyuridine assay

Cell proliferation in response to HSF1 silencing was determined by trypan
blue exclusion assay. DNA synthesis was determined by bromodeoxyuridine
assay according to the instructions from the manufacturer (Roche Diagnostics,
Basel, Switzerland). The result was expressed as a percentage of the maximum
absorbance at 450nm, based on three independent experiments. Cells were
counted using a Coulter Counter (Beckman Coulter, Pasadena, CA).

Apoptosis assay

Assessment of apoptosis was performed by measuring the intensity of the sub-
G, peak. For the sub-G, peak, HSF1 control KYN2 cells or HSF1-knockdown
(HSF1 KD) K'YN2 cells were tumor necrosis factor alpha (TNF-o) treatment
for 24 h. Cells were treated with propidium iodide and then the sub-G, peak
was analyzed with a fluorescence-activated cell sorting (FACS) flow cytometer
(FACSCalibur; Becton Dickinson, San Jose, CA). Terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL)
assay was performed in accordance with the manufacturer’s instructions
(ApopTag kit; Intergen, Burlington, MA).

Animals

HSF1-deficient (HSF~~) mice have been described previously (29). C57BL/6
wild-type (WT) mice were purchased from CLEA Japan (Tokyo, Japan)
for use in the experiments, with primary hepatocytes isolated using a colla-
genase perfusion method as described in a previous report (26). For orthotopic
implantation, C.B-17/Icr-scid/scidJcl [severe combined immune-deficient
mice (SCID)] mice were obtained from CLEA Japan. All mice were main-
tained in filter-topped cages on autoclaved food and water at the University
of Hokkaido and the Institute for Adult Diseases, Asahi Life Foundation,
according to National Institutes of Health (NIH) guidelines. All experimental
protocols were approved by the ethics committee for animal experimentation

Role of HSF1 in HCC

at Hokkaido University and Asahi Life Foundation. Orthotopic implantation
of KYN2 cells and KYN2 transfectants were performed as described previ-
ously (30). Briefly, mice were inoculated orthotopically with 5 x 10° HSF1
control (n = 12) and HSF1 KD (7 = 12) cells in 100 pl of phosphate-buffered
saline, injected into the liver. Mice were killed 6 weeks after inoculation and
autopsies were performed immediately. In the lipopolysaccharide (LPS)/p-
galactosamine (GalN)-induced liver injury model, mice were injected intra-
peritoneally with LPS (20 1g/kg; Sigma) and GalN (1000 mg/kg; Wako, Osaka,
Japan) (24).

Patients and tissue samples

For immunohistochemical analysis, a total of 226 adult patients with HCC who
underwent curative resection between 1997 and 2006 at Hokkaido University
Hospital were enrolled in this study. A preoperative clinical diagnosis of HCC
was required to meet the diagnostic criteria of the American Association for
the Study of Liver Diseases. Briefly, inclusion criteria were as follows: (i)
distinctive pathological diagnosis, (ii) no preoperative anticancer treatment
or distant metastases, (iii) curative liver resection (exclusion of extrahepatic
tumor spread/metastasis) and (iv) complete clinicopathological and follow-up
data. The study protocols were approved by the institutional review board and
performed in compliance with the Helsinki of Declaration. Written informed
consent was obtained from as many of the patients who were alive as possi-
ble (deceased cases were approved for use without written informed consent).
Histological diagnosis was made according to World Health Organization cri-
teria. The main clinicopathological features are presented in Table 1. During
follow-up, clinical evaluations and biochemical tests were performed every
1-3 months. Patients underwent triphasic computed tomography of the liver
every 2-3 months.

Statistical analysis

Data are expressed as mean + standard error of the mean (SEM). Significant
differences were detected using non-parametric testing. Correlations between
protein expression and clinicopathological features of the specimens were
assessed, and the resulting data were analyzed using the y? test and Fisher’s
exact test. Cumulative survival rate was calculated from the first date of treat-
ment using the Kaplan—Meier life-table method. Differences were evaluated by
log-rank testing. Independent factors for survival were assessed with the Cox
proportional hazard regression model. Differences between the two groups
were analyzed using the log-rank test. Statistical analyses were performed
using Stat View software (version 5.0; SAS Institute, Cary, NC). Values of
P <0.05 were considered significant.

Results ;

Effect of HSF1 on tumor growth

We first investigated expression of HSF1 in cultured HCC cell lines.
HSF1 expression was detected in all eight HCC cell lines analyzed.
KYN2 cells showed significantly higher expression of HSF1 than
other cell lines (Figure 1A). To further elucidate the functional role of
HSF1 in HCC, we established HSF1 KD KYN?2 cells by expressing
the shRNA against HSF1 or control shRNA. To evaluate the effects
of HSF1 on cell growth, we measured cell numbers at several time
points and found that the growth of HSF1 KD cells was significantly
inhibited compared with control cells (HSF1 control) (Figure 1B).
Cell cycle regulators including PCNA, cyclin D1, cdc2 and CDK4
were suppressed in HSF1 KD cells compared with HSF1 control cells
(Figure 1C). These results indicate that HSF1 enhances HCC cell
growth. Concordantly, HSF1 KD reduced DNA synthesis as meas-
ured by bromodeoxyuridine incorporation (Figure 1D).

To evaluate the effects of HSF1 on HCC in vivo, orthotopic xeno-
grafts were established by HSF1 control and HSF1 KD KYN2 cells
in nude mice. Maximum primary tumor diameters and tumor volumes
were significantly decreased in HSF1 KD xenografts compared with
HSF1 control ones (Figure 1E), suggesting that HSF1 accelerated
HCC tumor growth in vivo. We confirmed that the tumor of HSF1 KD
cells showed significantly lower expression of HSF1 and PCNA than
the tumor of HSF1 control cells (Figure 1E).

We performed gain-of-function experiments for HSF1 in vitro. No
apparent changes in cell growth were seen with overexpression of
HSF1 in HCC cell lines with low HSF1 expression (Supplementary
Figure 1, available at Carcinogenesis Online), whereas cell growth
was reduced in HSF1 KD experiments, as above. Based on these

273

$10T ‘LT LI U0 ATe1qry AIISIOATU() OPTeNNOH 38 /310 s[ewmnofpIoyxo-urores//:dny woiy papeo[umoq



