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Supplementary Table 6. Continued

Reference position Gene Chromosome Ceding sequence Coverage  Allele change Patient no.
2162358340 C14orf133 14 13 18 delT 1
2243852079 NR2E3 15 6 129 delC 4
2256057594 ADAMTSL3 16 12 26 delT 1
2277509768° NLRC3 16 7 12 delG 2
2302633200 EIF3C 16 4 18 delG 4
2303380808 SULT1A4 16 3 24 delA 1
2351412465 LOGC100288580 16 2 103 delC 4
2356396572 P2RX5 17 3 40 delG 4
2376621991 SPAGS 17 3 13 delC 1
2386619109 CCDC49 17 5 14 delT 1
2413869089 APOH 17 5 24 delC 1
2501962862 ZNF516 18 2 29 delG 3
2507200605 MUMH1 19 8 36 delG 1
2538892348 C190rf55 19 9 20 delG 2
2565046537 UBOX5 20 2 15 delG 1
2587598923 ZNF337 20 4 19 delT 1
2598525448 ZHX3 20 1 19 delT 1
2625038622 NRIP1 21 1 24 delG 1
2661518554 FAM108AS 22 2 13 delG 3
2748277559 SPIN2B X 1 13 delG 2
2792445004 TEX13A X 2 18 delC 3

#These indels commonly occurred in more than one HCC.
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Supplementary Table 7. List of 40 Somatic Mutations With Amino Acid Changes Commonly Detected in Both the Tumor (at a
Frequency of More Than 20% of Reads) and Matched Nontumorous Cirrhotic Liver (at a Frequency
of More Than 5% of Reads) of the Same Patient

Tumor Nontumor

Reference Mutation Mutation Mutation
Gene  Reference position Chromosome nucleotide nucleotide frequency (%) Patient no. frequency (%) Patient no.

LEPR 65548341 1 Cc A 25.8 3 15.0 3

21,9 1
ZNF408 1792629936 ™ T A 204 2 16.0 2

16.8 4
HRNR 129676984 1 G C 28.9 3 54 3
PXDN 228577682 2 G C 45.1 4 47.2 4
POTEF 353150970 2 T A 41.8 4 31.0 4
ALPP 455451136 2 Cc T 32.5 4 37.5 4
GPR125 682521774 4 Cc A 38.1 2 40.0 2
HERC6 746068457 4 T A 36.5 4 44.9 4
EGFLAM 886579974 5 T G 23.3 3 53 3
C4A 1057829599 6 T G 25.0 2 11.5 2
WISP3 1134999625 6 T G 43.3 4 64.3 4
C70rf10 1234451360 7 T A 25.0 3 8.3 3
PVRIG 1290339880 7 c T 23.5 1 213 1
MUC17 1291200140 7 G A 21.2 4 12.5 4
PLOD3 1291376235 7 G C 48.2 4 51.7 4
COL27A1 1589933932 9 A G 56.8 4 54.6 4
AGAPS 1658906463 10 T G 36.7 4 16.2 4
POLL 1713935693 10 G T 44.8 4 38.6 4
MUCSAC 1747183167 1 G A 43.9 4 43.8 4
MRGPRX3 1764064663 1 T C 40.0 4 425 4
TMEM133 1843211533 11 A C 59.5 4 83.3 4
TMEM123 1844621025 11 G A 27.3 2 7.3 2
TMPRSS4 1860336318 11 Cc T 54.4 4 41.3 4
DHRS4L2 2108914889 14 G T 20.5 3 1.6 3
GOLGABC 2247104814 15 A T 21.7 4 9.6 4
PRSS22 2276813235 16 C T 50.0 4 36.7 4
FAMBBA 2351390771 16 C T 21.4 4 54.3 4
GGT6 2357265990 17 G A 92.3 4 41.7 4
COX10 2366897810 17 c T 56.2 4 36.3 4
KIAA0100 2876657621 17 A C 47.8 4 60.0 4
TBC1D3B 2384202011 17 C T 63.0 4 27.4 4
TBC1D3D 2385938140 17 A G 45.9 4 21.0 4
ERBB2 2387531879 17 A G 66.7 4 54.6 4
CSH2 2411602334 17 c T 90.9 4 79.5 4
QRICH2 2423941144 17 T G 50.0 4 60.4 4
MOCOS 2461870479 18 T Cc 72.0 4 62.2 4
CPAMDS 2522819358 19 G A 21.8 3 16.2 3
MAP4K1 2541732174 19 G A 36.0 4 54.3 4
PSG8 2545901763 19 C A 28.3 3 9.5 3
KRTAP12-2 2654734983 21 c T 59.3 4 43.5 4

NOTE. The first 2 genes listed were recurrently mutated in the nontumorous inflamed livers of 2 patients.
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Supplementary Table 8. Overview of Selected Exome Sequencing Data From 22 Patients With HCV Infection

Aligned reads Aligned sequence (base pairs) Median read depth
TP53 Tumor 29,334 2,035,570 1476.2
Nontumor 31,848 2,200,641 1575.3
Lymphocytes 36,690 2,539,944 1917.2
CTNNB1 Tumor 90,022 6,215,000 23443
Nontumor 75,785 5,282,450 1991.2
Lymphocytes 100,430 7,013,325 27108
LEPR Tumor 34,328 2,390,335 538.3
Nontumor 60,128 4,219,089 1025.6
Lymphocytes 86,830 6,085,511 1423.0

NOTE. Selected exome sequencing of TP53, CTNNB1, and LEPR was performed for 22 nontumorous cirrhotic liver tissues, 10
HCC tissues, and matched peripheral lymphocytes from each patient. Aligned reads, aligned sequences (base pairs), and
median read depth are shown for each sample.

Supplementary Table 9. Clinical Features and Overview of
Deep Sequencing Data of Patients
Who Underwent Deep Sequencing
of the LEPR Gene

Chronic Normal
hepatitis (n = 15) liver(n=29)

Age () 59.3 55.9
Sex (male/female) 6/9 772
Aligned reads 4280 3956
Aligned sequence 1,044,737 1,275,068

(base pairs)
Median read depth 2838 3440
No. of mutations in 0 0

the LEPR gene

NOTE. We determined the sequences of the LEPR gene in the
liver of 15 noncirrhotic patients with HCV-associated chronic
hepatitis. In addition, normal liver tissues were obtained from
9 liver donors at the time of the operation. Age, sex, aligned
reads, aligned sequences (base pairs), median read depth,
and numbers of mutations are shown.
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Supplementary Table 10. Mean Body Weights and Serum Levels of Insulin, Triglyceride, Total Cholesterol, and Alanine
Aminotransferase of C57BL/KsJ-db/db (db/db) Mice and Misty (Control) Mice After 4 Weeks of

Treatment With TAA
db/db Control
Body weight (g) 46,5 4 0.6 235+ 04
Insulin (ng/mL) 30.6 4 28.3 1.6+ 0.2
Triglyceride (mg/dL) 95.0 £ 5.0 50.0 & 20.0
Total cholesterol (mg/dL) 215.0 &+ 15.0 95.0 + 15.0
Alanine aminotransferase ([U/L) 1325.0 + 1085.0 75.0 & 35.0

NOTE. All data are presented as mean =+ SD.

Supplementary Table 11. Categorization of the Mutated Genes Detected by Whole Exome Sequencing of the AID-Expressing
Hepatocyte Cell Line Using the Kyoto Encyclopedia of Genes and Genomes Database

Pathway

Metabolic pathways ATPBVOA4 DMGDH HSD17B3 PGD
ATPBV1C2 GALNT1 HYAL2 PHGDH
BCMO1 GATM NDSTH POLR3B
CPS1 HKDCA PAH

PI3K-Akt signaling pathway BCL2L11 IBSP NOS3 PRKCZ TEK
COL27A1

MAPK signaling pathway FLNB SP1 CACNAT1F PTPN7

Cytokine-cytokine receptor interaction LEPR TNFRSF8 TNFRSF10A

Transcriptional misregulation in cancer EYA1 GZMB JMJD7-PLA2G4B

Proteoglycans in cancer FLN ITGB3 TIMP3 VTN

PPAR signaling pathway CPT1B CYP4A22 PPARD

Cell cycle E2F2 ESPLA1 MCM7

Pathways in cancer FLT3 TRAF4 PDGFA

Hedgehog signaling pathway GLI3 LRP2 CSNK1A1L

Others 95 genes

NOTE. The genes categorized in multiple pathways are shown in only one representative pathway. Constitutive AlD expression
resulted in the accumulation of nucleotide alterations in various genes, including LEPR, of the cultured hepatocyte—derived
cells. Whole exome sequencing was performed on DNA derived from established non-neoplastic human primary hepatocyte
celis® with constitutive AID expression. AID expression in the cultured hepatocytes was performed using a lentiviral system.®
After 8 weeks of AlD expression, the DNA was extracted and subjected to whole exome sequencing as described in Materials
and Methods. Qverall, a total of 460 nucleotide positions in 380 different genes were defined as mutated in the AlD-expressing
cultured hepatocytes through the variant filtering process. Among them, pathway analyses by the Kyoto Encyclopedia of
Genes and Genomes revealed that many genes, including LEPR, were categorized into well-known signaling pathways: the
metabolic pathway, PI3K-Akt signaling pathway, MAPK signaling pathway, cytokine-cytokine receptor interaction pathway,
and transcriptional misregulation in cancer pathway. Only categorized genes are shown.
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Abstract Efforts to identify improved treatments for corneal
infection include the development of photodynamic antimi-
crobial chemotherapy (PACT). We evaluated the antimicrobi-
al effect of PACT with a novel porphyrin derivative, TONS
504, and a novel light system on methicillin-sensitive Staph-
viococcus aureus (MSSA) and methicillin-resistant Staphylo-
coccus aureus (MRSA). Bacteria were irradiated with a light-
emitting diode (LED) at energies of 10, 20, or 30 J/cm? in the
presence of various concentrations of TONS 504. Bacterial
viability was assessed at 30 min and 24 h after irradiation by
determination of colony formation on agar plates. PACT
inhibited the growth of both MSSA and MRSA as early as
30 min after light exposure. Complete inhibition of bacterial
growth was apparent at 24 h after irradiation at a TONS 504
concentration of 1 mg/L and LED energies of >10 J/em® or a
TONS 504 concentration of 0.5 mg/L and LED energies of
>20 J/lem® for MSSA, and at a TONS 504 concentration of
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10 mg/L and LED energies of >10 J/cm?® or of a TONS 504
concentration of 1 mg/L and LED energies of >20 J/cm? for
MRSA. Bacterial growth was unaffected by TONS 504 in the
absence of irradiation or by irradiation in the absence of
TONS 504. Our results thus demonstrate the antimicrobial
efficacy of PACT with TONS 504 and a LED against both
MSSA and MRSA in vitro, and they therefore provide a basis
for further investigation of this system as a potential treatment
for corneal infection.

Keywords PACT - Porphyrin - MSSA - MRSA

Introduction

Corneal diseases, and in particular corneal infection, are a
major cause of blindness worldwide [1]. Corneal infection
and associated inflammation can lead to comeal scarring [1],
and they present a challenge to treatment. Efforts to find
effective treatments to eradicate microorganisms have includ-
ed the development of photodynamic therapy. A photodynam-
ic effect occurs when photosensitizer molecules absorb light
and then dissipate the absorbed energy by transferring it to
biological acceptors (usually oxygen), thereby generating an
excess of reactive species that force cells into death pathways.
The concept of photodynamic therapy as a treatment modality
to eradicate microorganisms has been around for more than a
century [2-8].

Porphyrins constitute a group of macrocyclic photosensi-
tizers that have been tested and applied widely against Gram-
positive and Gram-negative bacteria. The discovery of many
novel photosensitizers that function in combination with spe-
cific wavelengths of light has revealed that cationic and hy-
drophilic photosensitizers are more effective as antimicrobial
agents than are anionic and hydrophobic ones [2].
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In an attempt to develop a new treatment for corneal
infection, we have now evaluated the effectiveness of
photodynamic antimicrobial chemotherapy (PACT) with
a novel porphyrin derivative (TONS 504) and a light
irradiation system based on a light-emitting diode
(LED) against the Gram-positive bacterium methicillin-
sensitive Staphylococcus aureus (MSSA) as well as
methicillin-resistant Staphylococcus aureus (MRSA)
in vitro. Since this study was our first step for establish-
ment of a new treatment for corneal infection, we fo-
cused to evaluate the efficacy of TONS 504-PACT
in vitro against MSSA and MRSA as familiar bacteria
in comneal infection in this time. Whereas PACT for the
ubiquitous species MSSA has been studied with photo-
sensitizers such as hematoporphyrin, phthalocyanine, 5-
aminolaevulinic acid, and photofrin [9], the effectiveness
of the novel porphyrin derivative TONS 504 against both
MSSA and MRSA has not previously been examined.
Furthermore, we have used a LED for PACT with TONS
504. Although such a LED has previously been studied
and applied as a light source for PACT in vitro [5], we
applied settings that yield different light energies and a
short irradiation time.

Materials and methods
Microorganisms

A strain of MSSA obtained from NITE Biological Resource
Center (NBRC 13276) and a strain of MRSA obtained from
Eiken Chemical Co. Ltd. (ENK 1122) and kindly provided by
the Clinical Laboratory of Hiroshima University Hospital
were grown in Mueller Hinton broth. Each bacterium was
transferred aseptically into 15 mL of fresh medium and main-
tained overnight at 37 °C in a shaking incubator. The cells
were harvested by centrifugation (3000xg for 10 min at —4 °
C), washed three times with Mueller Hinton broth, and
suspended in phosphate-buffered saline to an optical density
at 600 nm of 0.950 to 1.050, which corresponds to ~1x 10’
colony-forming units (CFU)/mL for each microorganism [10,
11] for use as a standard preparation.

The photosensitizer

TONS 504 [13,17-bis (1-carboxyethyl) carbamoyl (3-
methylpyridine)-3-(1,3-dioxane-2-yl) methylidene-8-ethenyl-
2-hydroxy-2,7,12,18-tetramethyl chlorin, diN-methy iodide
(Cs1Hs305l,)], a hydrophilic and cationic porphyrin deriva-
tive with a greenish color and molecular weight of 1116.9
(Fig. 1), was purchased from Porphyrin Laboratory (Okaya-
ma, Japan). At first, we tried to confirm the effectiveness of
TONS 504 as a photosensitizer combined with the LED light

_@_ Springer
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Fig. 1 Chemical structure of the novel cationic porphyrin derivative
TONS 504

irradiation against MSSA. Then, we decided to continue
this study using TONS 504 as the photosensitizer. For
experiments, TONS 504 was dissolved in sterile double-
distilled water and serially diluted with Mueller Hinton
broth to the desired concentrations (0.01 to 10 mg/L).
The color of the dilutions was almost identical to that of
Mueller Hinton broth, with the exception of the concen-
tration of 10 mg/L, for which the color was a subtle
green-yellow. However, the bottom of culture wells con-
taining all dilutions was clearly visible.

LED system

A LED system that provides a single light beam with a
specific wavelength of 660 nm was obtained from CCS
Inc. (Kyoto, Japan). The LED power was measured with
an optical power meter (Hioki, Nagano, Japan) during
each experiment. The increase in temperature conferred
by the LED device was measured with a wire thermom-
eter placed inside the wells of the culture plate during
irradiation. We found that irradiation at a distance of
5 cm from the light source to the bottom of the plate
yielded a light energy of 10 J/em? over 3 min. On the
basis of the temperature measurements, we included a 1-
min rest period between each 3-min light exposure in
order to avoid a problematic increase in temperature
(data not shown).

PACT

We evaluated the effects of TONS 504 on MSSA and MRSA
without LED exposure, the effects of LED exposure in the
absence of TONS 504, and the effects of the combination of
TONS 504 and LED exposure (TONS 504-PACT) at 10, 20,
or 30 J/om®. The bacteria (1x 107 CFU/mL) were plated in
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each well of a 24-well plate; TONS 504 was added to the wells
at various concentrations, and the plate was incubated for
5 min before exposure to the LED at 10 J/em® (single 3-min
exposure), 20 J/cm® (two 3-min exposures separated by a 1-
min rest period), or 30 J/em? (three 3-min exposures with two
1-min rest periods). We evaluated the effects of TONS 504—
PACT at 30 min and 24 h after irradiation and incubation of
the plate at 37 °C. At 30 min, 100 puL of the contents of each
well were transferred to an agar plate (diameter, 10 cm). The
24-well plate was then returned to the 37 °C incubator. At
24 h, the wells were inspected for proliferation of the micro-
organisms as evident by the turbidity of the medium (Figs. 2
and 3). The inspection of the turbidity of the medium, how-
ever, is a relatively new method which we aim to share.
It is an easy and quick method to suggest whether the
microorganisms are in a good condition to proliferate or
not. Surely, then all of the wells regardless clear or not,
should be confirmed by checking the viability of micro-
organisms, which was evaluated further by the transfer of
100 pL of the contents of each well to an agar plate. The
solid medium consisted of a combination of polypeptone
(Nihon Pharmaceutical Co. Ltd., Tokyo, Japan), dried
yeast extract, magnesium sulfate heptahydrate, and agar
(Nacalai Tesque, Kyoto, Japan) with the pH set to 7.0.
The agar plates were incubated for 1 to 3 days at 37 °C,
after which visible colonies were counted. The number
of colonies formed (0 to 300 per plate) was within the
range of detectable colony formation.

Fig. 2 Visual assessment of the antimicrobial action of TONS 504—
PACT on the basis of medium turbidity. Bacteria were plated in 24-well
plates, exposed to TONS 504, irradiated with a LED, and incubated for
24 h at 37 °C. Examples of wells in which bacterial proliferation was
evident from the high turbidity of the medium are shown

Fig. 3 Visual assessment of the antimicrobial action of TONS 504—
PACT on the basis of medium turbidity. Bacteria were plated in 24-well
plates, exposed to TONS 504, irradiated with a LED, and incubated for
24 h at 37 °C. Examples of wells in which the clarity of the medium was
indicative of no bacterial growth are shown

Results
Antimicrobial effect of TONS 504-PACT on MSSA

PACT with TONS 504 as the photosensitizer and a LED as the
light source resulted in a reduction in the viability of MSSA in
a manner dependent on both LED energy and TONS 504
concentration (Table 1). The antimicrobial effect was apparent
both visually at 24 h after LED irradiation and after subse-
quent measurement of colony formation on agar plates. For
MSSA irradiated at 10 J/em?, the antimicrobial effect of
TONS 504 was complete at a concentration of 1 mg/L, where-
as for bacteria irradiated at 20 or 30 J/cm?, the antimicrobial
effect was complete at a TONS 504 concentration of 0.5 mg/
L. Furthermore, inhibition of bacterial growth by TONS 504—
PACT was also apparent as early as 30 min after irradiation.
Suspensions of MSSA either treated with TONS 504 but not
irradiated or irradiated in the absence of TONS 504 did not
show a reduction in viability.

Antimicrobial effect of TONS 504—-PACT on MRSA
PACT with TONS 504 also reduced the viability of MRSA in

a manner dependent on both LED energy and TONS 504
concentration (Table 2). The antimicrobial effect was again
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Table 1 Antimicrobial effect of TONS 504-PACT on MSSA

Time LED energy (J/em?) TONS 504 (mg/L)
0 0.01 0.1 05 1 10
30 min 0 >300 >300 >300 >300 >300 >300
10 >300 >300 >300 >300 24.5+10.3 1.751.0
20 >300 >300 >300 >300 1224133 225429
30 >300 >300 >300 >300 21.5+18.8 125+13
241 0 >300 >300 >300 >300 >300 >300
10 >300 >300 >300 >300 0 0
20 >300 >300 >300 0 0 0
30 >300 >300 >300 0 0 0

Data represent colony number per agar plate and are meansxSD for four independent experiments each performed in triplicate

apparent both visually at 24 h after LED irradiation and after
subsequent measurement of colony formation on agar plates.
For MRSA irradiated at 10 J/em?, the antimicrobial effect of
TONS 504 was complete at a concentration of 10 mg/L. Ata
light energy of 20 or 30 J/cm?, the antimicrobial effect of
TONS 504 was absolute at 1 mg/L. Furthermore, inhibition of
bacterial growth by TONS 504-PACT was also apparent as
early as 30 min after irradiation. Again, suspensions of MRSA
either treated with TONS 504 but not irradiated or irradiated in
the absence of TONS 504 did not show a reduction in
viability.

Discussion

We have developed a PACT system based on a novel porphy-
rin derivative (TONS 504) as a photosensitizer and a LED-
based irradiation approach with a single light beam of 660 nm.
This system inhibited the proliferation of MSSA and MRSA
in vitro with high potency and efficacy. No such effect was
apparent after exposure of the bacteria either to TONS 504 in

Table 2 Antimicrobial effect of TONS 504-PACT on MRSA

the absence of irradiation or to light in the absence of the
photosensitizer.

Porphyrin and its derivatives have been widely used as
photosensitizers for photodynamic therapy {2]. The porphyrin
derivative chlorin e6 in combination with a LED light source
with a wavelength of 664 nm was found to be effective against
MSSA, Pseudomonas aeruginosa, Escherichia coli, and Sal-
monella enterica serovar Typhimurium [10]. The combination
of chlorin e6 and a helium-neon laser was also effective
against several strains of MSSA and MRSA [11]. Another
study demonstrated the antimicrobial effect of the combina-
tion of chlorin e6 and a LED with a wavelength of 662 nm
against 12 types of oral pathogen [12]. We have now shown
the efficacy of PACT with a new photosensitizer (TONS 504)
combined with a low energy of LED-based irradiation system.

The inhibitory effects of TONS 504-PACT on MSSA and
MRSA in the present study were apparent both visually after
culture of the cells for 24 h in 24-well plates as well as by
subsequent determination of colony number after plating of
the treated cells on agar. The antimicrobial effects of TONS
504-PACT were also apparent, but not yet complete, as early
as 30 min after LED irradiation. This rapid action of TONS

Time LED energy (J/om®) TONS 504 (mg/L)
0 0.01 0.1 0.5 1 10

30 min 0 >300 >300 >300 >300 >300 >300

10 >300 >300 >300 >300 >300 >300

20 >300 >300 >300 >300 212.5+12.2 127.8+17.8

30 >300 >300 >300 >300 202109 106.8+5.6
24h 0 >300 >300 >300 >300 >300 >300

10 >300 >300 >300 >300 >300 0

20 >300 >300 >300 >300 0 0

30 >300 >300 >300 >300 0 0

Data represent colony number per agar plate and are means=SD for four independent experiments each performed in triplicate
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504-PACT is consistent with the proposed mechanism of
photodynamic therapy [2-4, 8]. The photosensitizer is not
necessarily destroyed after irradiation; it can return to its
ground state by phosphorescence without chemical alteration
and may be able to repeat the process of energy transfer many
times. We found that, at a light energy of 20 or 30 J/cm?, the
growth of MSSA was completely inhibited at 24 h after
irradiation in the presence of TONS 504 at concentrations of
0.5, 1, and 10 mg/L whereas that of MRSA was similarly
blocked at TONS 504 concentrations of 1 and 10 mg/L. A
light energy of 20 J/cm? and a TONS 504 concentration of
1 mg/L thus appear to be sufficient to inhibit the proliferation
of both microorganisms completely.

On the basis of our results, further study is warranted to
determine the effects of TONS 504-PACT. Our demonstration
of the antimicrobial action of low concentrations of a novel
cationic porphyrin derivative combined with low light ener-
gies is consistent with the results of a previous study showing
a cationic photosensitizer to be more effective than an anionic
agent in this regard [2, 13].

In conclusion, we have demonstrated the efficacy of PACT
with the novel porphyrin derivative TONS 504 and a LED
setup for the elimination of both MSSA and MRSA. We are
now planning further investigation of this system as an anti-
microbial treatment for other microorganisms including
Gram-negative bacteria, fungi, viruses, and parasites both
in vitro and in vivo. Furthermore, clinical study should be
considered regarding the results as an address for the treatment
of corneal infection.
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A novel anti-Norovirus preventive measure:
Efficient inactivation of pathogenic viruses by
plant-derived tannins including persimmon (Diospyros kaki) tannin.
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! Abstract.

: Tannins, plant-derived polyphenols and other related compounds, have been utilized in many fields such
as the food industry and manufacturing. In this study, we investigated the anti-viral effects of persimmon
(Diospyros kaki) -derived tannin as well as other tannins such as those derived from green tea, acacia and
gallnuts on 12 different viruses, which included surrogate viruses of human norovirus, feline calicivirus
and mouse norovirus. Only persimmon tannin restricted viral infectivity in more than 4 log scale, showing
strong anti-viral effects against a broad range of viruses. Other tannins were effective for some or none of
the viruses. We then investigated the mechanism of the anti-viral effects of persimmon tannin, and found that
viral protein aggregation with persimmon tannin seems to be a fundamental mechanism. Considering that
persimmon tannin is a food supplement, it has a potential to be utilized as a safe and highly effective anti-

viral reagent against human norovirus and other pathogenic viruses.
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SUMMARY. Pathogen-specific miRNA profiles might reveal
potential new avenues [or therapy. To identify miRNAs
directly associated with hepatitis B virus (HBV) in hepato-
cytes, we performed a miRNA array analysis using uroki-
nase-type plasminogen activator (uPA)-severe combined
immunodeficiency (SCID) mice where the livers were
highly repopulated with human hepatocytes and human
immune cells are absent. Mice were inoculated with
HBV-infected patient serum samples. Eight weeks alter
HBV infection, human hepatocytes were collected from
liver tissues, and miRNAs were analysed using the Toray
3D array system. The effect of miRNAs on HBV replica-
tion was analysed using HBV-transfected HepG2 cells.
Four miRNAs, hsa-miR-486-3p, hsa-miR-1908. hsa-miR-
675 and hsa-miR-1231 were upregulated in mouse and

human livers with HBV infection. These miRNAs were
associated with immune response pathways such as
inflammation mediated by chemokine and cytokine sig-
nalling. Of these miRNAs. hsa-miR-1231, which showed
high homology with HBV core and HBx sequences. was
most highly upregulated. In HBV-transfected HepG2 cells,
overexpression of hsa-miR-1231 resulted in suppression
of HBV replication with HBV core reduction. In conclu-
sion, a novel interaction between hsa-miR-1231 and
HBV replication was identified. This interaction might be
useful in developing new therapeutic strategies against
HBV.

Keywords: HB core. hepatitis B virus. hsa-miR-1231.
human hepatocyte chimeric mouse, microRNA.

INTRODUCTION

Hepatitis B virus (HBV) is a member of the Hepadnaviridae
family, which contains a group of hepatotropic small DNA
viruses that infect their respective animal hosts [1-3].
Once HBV infects human hepatocytes, the HBV genome
translocates into the nucleus. Some genome copies are
converted into a covalently closed circular DNA (cccDNA)
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form and organized into a minichromosome with histone
and nonhistone proteins [4-8]. HBV cccDNA ulilizes the
cellular transcriptional machinery to produce all viral
RNAs including the pregenomic RNA [9], and these gene
products regulate viral replication and pathogenesis by
regulating host gene expression [10.11].

MicroRNAs (miRNAs) are small noncoding RNAs of 21-
25 nucleotides in length, processed from hairpin-shaped
transcripts [12]. MiRNAs can bind the 3’-untranslated
regions (UTRs) of messenger RNAs and downregulate
gene expression by cleaving messenger RNA or inhibiting
translation. Several miRNAs associated with HBV infec-
tion, HBV replication and hepatocarcinogenesis have
recently been identified [13-19]. However. the direct influ-
ence of HBV infection on miRNA expression is still
unclear.

MicroRNAs are currently being investigated for their
therapeutic potential in antiviral therapy. As several stud-
ies have demonstrated that hsa-miR-122, which is specifi-
cally and abundantly expressed in hepatocytes. supported
hepatitis C virus (HCV) replication by improving RNA
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stability [20-24]. small molecules or siRNAs which are
able to knock down miR-122 expression have been
explored as a new therapeutic agent for HCV eradication.

A similar microRNA-based antiviral approach is also
sought for the treatment of chronic hepatitis B, as it is diffi-
cult to eradicate HBV genomes converted into cccDNA or
minichromosomes under present antiviral therapies. To
develop new strategies for complete eradication of the viral
genome [rom hepatocyles, it is important to clarily the direct
associations between hepatic miRNAs and HBV infection.

In this study, miRNA microarray analysis was performed
using human hepatocyte chimeric mouse livers lo assess
the direct impact of HBV infection on miRNA expression.
We successfully demonstrated that HBV infection attenu-
ated the expression of miRNAs under immunodeficient
conditions to protect early viral propagation. A novel inter-
action between hsa-miR-1231 and HBV replication was
identilied.

MATERIALS AND METHODS

Human serum inoculum

Serum samples were obtained from a carrier infected with
HBV genotype C after obtaining writlen informed consent
for the donation and evaluation of blood samples. Inocu-
lum was positive for HBs and HBe antigens with high-level
viremia (HBV DNA: 7.1 log copies/mL). The experimental
protocol conformed (o the ethical guidelines of the
Declaration of Helsinki and was approved by the Hiro-
shima University Hospital ethical committee (Approval ID:
D08-9).

Human hepatocyte chimeric mice experiments

Human hepatocyte chimeric mice (PXB mice). in which
human hepatocyles were transplanted into uPA*/*/SCID*/*
mice, were purchased from Phoenix Bio (Hiroshima. Japan).
Mouse experiments were performed in accordance with the
guidelines of the local committee for animal experiments at
Hiroshima University.

Six chimeric mice, in which more than 90% of the liver
tissue was replaced with human hepatocytes. were divided
into two experimental groups. Group A contained three
uninfected mice. Group B consisted of three mice that were
inoculated via the mouse tail vein with human serum con-
taining 6 x 10° copies of HBV. Serum HBV DNA titres
were quanlified every 2 weeks by real-time PCR., and
human albumin levels were measured using the Human
Albumin ELISA Quantitation kil (Bethyl Laboratories Inc..
Montgomery, TX. USA) as described previously [25]. Eight
weeks after inoculation, all three infected mice were
sacrificed. Infection. exiraction of serum samples and sacri-
fice were performed under ether anaesthesia as described
previously [26].

miRNA microarray analysis

Human hepatocytes were [inely dissected [rom the mouse
livers and stored in liquid nitrogen after submerging in
RNAlater® solution (Applied Biosystems. Foster City, CA.,
USA). Experimental sample RNAs were isolated using
RNeasy Mini Kit (Qiagen. Valencia. CA. USA) and analysed
using TORAY 3-D Gene Chip human miRNA ver. 12.1
(TORAY. Chiba. Japan).

Data analysis

Gene expression profiles were analysed using GeneSpring
GX 10.0.2 software (Tomy Digital Biology. Tokyo. Japan).
Expression ratios were normalized per chip to the 50th per-
centile. To determine whether there were miRNAs differen-
tially expressed among samples, we performed two Welch's
t-tests (P < 0.01) on this prescreened list of miRNAs with
Benjamini and Hochberg's correction. Complete linkage
hierarchical clustering analysis was applied using Euclid-
ean distance.

Pathway analysis

The miRNA target genes were predicted by the online data-
base miRWalk (hitp://www.umm.uni-heidelberg.de/apps/
zm{/mirwalk/index.html). Target prediction was performed
using 3’-UTR sequences of mRNAs, and the probability
distributions were calculated using the Poisson distribution
[27]. The mRNAs with P values <0.01 were considered sig-
nificant. To improve the accuracy of target gene selection,
the predicted genes were screened using other prediction
programs, including miRanda (August 2010 release).
miRDB (April 2009 release) and TargetScan version 5.1
(Whitehead Institute for Biomedical Research. Cambridge.
MA, USA). Genes that were predicted by at least two alter-
nate programs were selected. Pathway analysis was per-
formed by PANTHER version 8.1 (http://www.pantherdb.
org/) to determine the effects of the predicted target genes on
pathways.

Quantification of miRNAs

Small RNAs were extracted from liver tissues or HepG2
cells with mirVana™ miRNA Isolation Kit (Applied Biosys-
tems) and reverse-lranscribed according o the manufac-
turer's instructions. The selected miRNAs were quantified
with TaqgMan® MicroRNA Assays (Applied Biosystems)
using the 7300 Real-Time PCR System (Applied Biosys-
tems). and the expression ol RNUGRB served as a control.

Quantification of mRNAs

Total RNA was extracted from HepG2 cells transfected with
control miRNA or miR-1231 expression plasmid using

© 2014 John Wiley & Sons Lid
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RNeasy Mini Kit and reverse-transcribed (RT) using
ReverTra Ace (TOYOBO, Osaka, Japan) with random primer
according to the manulacturer’s instructions. The selected
c¢DNAs were quantified by real-time PCR. Dilferences
between groups were examined [or statistical significance
using Student's t-test. The primer sequences were as fol-
lows: GAPDH [orward 5'-ACAACAGCCTCAAGATCATCAG-
3’ and reverse 5-GGTCCACCACTGACACGTTG-3": Mx1
forward 5'- TTCGGCTGTTTACCAGACTCC-3' and reverse
5'- CAAAGCCTGGCAGCTCTCTAC-3’; 2'-5' oligoadenylate
synthetase 1 (OAS1) lorward 5'- ACCTGGTTGTCTTCCTCA
GTCC-3' and reverse 5'- GAGCCTGGACCTCAAACTTCAC-
3'; double stranded RNA dependent protein kinase (PKR)
forward 5'- TGGCCGCTAAACTTGCATATC-3' and reverse
5'- AGTTGCTTTGGGACTCACACG-3'; and SOCS1 forward
5'-ACGAGCATCCGCGTGCACTT-3" and reverse 5'-AAGAGG
CAGTCGAAGCTCTC-3'.

Plasmid construction

The construction of wild-type HBV 1.4 genome length,
pTRE-HB-wl, was described previously [25]. The nucleotide
sequence of the cloned HBV genome was deposited into
GenBank AB206817. The HBc and HBx genes, amplilied
from pTRE-HB-wi, were cloned into pcDNA3 and
p3xFLAG-CMV10 vectors and designated pcDNA-HBc and
p3FLAG-HBx, respectively. The human miR-1231
precursor expression plasmid (HmiR0554-MR0O4) and the
control miRNA plasmid (CmiRO001-MRO1), which was a
miRNA-scrambled control clone, were commercially pro-
duced (GeneCopoeia™, Rockville, MD, USA).

Transfection of HepG2 cell lines with the plasmids

The HBV expression plasmid was transfected into HepG2
cells with conirol miRNA or miR-1231 expression plas-
mid using TransIT-LT1 (Mirus, Madison, WI, TUSA)
reagent according to the manufacturer’s instructions. 24—
48 h after translection, core-associated HBV DNA and
HBV RNA were extracted and quantified by real-time
PCR or RT real-time PCR, respectively [28]. For identify-
ing targets within the HBV genome, HBc or HBx expres-
sion plasmids were (ransiently transfected with miR-1231
expression plasmid into HepG2 cells. Twenty-four hours
after transfection. the cells were harvested to perform
Western blot analysis.

Analysis of HBV replication intermediates

Quantitative analysis of HBV replication intermediates was
performed as described previously [29]. The HBV-specific
primers used for amplilication were 5'-TTTGGGCATGGAC-
ATTGAC-3' and 5'-GGTGAACAATGTTCCGGAGAC-3'. The
lower detection limit of this assay was 300 copies.

© 2014 John Wiley & Sons Ltd

Suppression of HBV replication by hsa-miR-1231 €91

Western blot analysis

Cell lysates. prepared with RIPA like buffer [50 mm Tris-HCl
(pH 8.0), 0.1% SDS. 1% NP-40. 150 mwm sodium chloride,
and 0.5% sodium deoxycholate] containing protease inhibi-
tor cocktail (Sigma-Aldrich, Tokyo, Japan), were separated
on 5-20% (wt/v) SDS-polyacrylamide gels (Bio-Rad Labora-
tories, Inc.. Tokyo, Japan). Immunoblotting was performed
with anti-FLAG M2 monoclonal antibody (Sigma-Aldrich)
or anti-HBV core monoclonal antibody HB91 (Advanced
Life Science Institute Inc.. Saitama, Japan) or anti f-aclin
monoclonal antibody (Sigma-Aldrich) followed by incuba-
tion with horseradish peroxidase-conjugated sheep anti-
mouse immunoglobulin (GE Healthcare, Buckinghamshire,
UK). Expression of HBc protein was quantified based on the
densities of the immunoblot signals by Quantity One®
soltware (Bio-Rad Laboratories, Inc.).

RESULTS

miRNA expression alterations associated with HBV
infection

To analyse the influence of HBV infection on human he-
patocyles, miRNA microarray expression proliles were
compared between groups A (mice without HBV infection)
and B (mice with HBV infection). Among the 900 miRNAs
on the microarray, 10 miRNAs showed a more than 2.0-
fold change with HBV infection. Five of the 10 miRNAs
were upregulated. and the remaining five were downregu-
lated (Fig. S1). Because immunity was severely suppressed
in the chimeric mice, changes in miRNA expression are
thought to be closely associated with HBV infection, and
the upregulated miRNAs might play a protective role
against HBV infection. Thus, we focused on these 5 upreg-
ulated miRNAs.

Comparison of expression of the 5 upregulated miRNAs
in human liver tissues

To verily the microarray results, quantitative analysis of
miRNAs was performed using liver tissues from the chime-
ric mice. Three of the 5 miRNAs were significantly upregu-
lated by HBV infection (Fig. 1). Expression changes in the
other 2 miRNAs (hsa-miR-675 and hsa-miR-1908) showed
a similar trend but were not significant due to individual
varialion. Thereflore, [urther quantitative analysis was per-
formed using human liver tissues. Nine liver tissue samples
were obtained [rom patients with chronic hepalitis B
(N = 3), chronic hepalitis C (N = 2) or alcoholic liver dys-
function (N = 4), and miRNA expression levels were com-
pared. Expressions of all miRNAs except for miR-886-5p
were significantly higher in liver tissues with chronic hepa-
titis B than in those with other liver diseases (Fig. 2).
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