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Abstract .

To enhance the sensitivity of virus detection by polymerase chain reaction (PCR) and reverse transcription PCR (RT-PCR), a novel virus
concentration method using polyethyleneimine (PEI)-conjugated magnetic beads was developed in our previous study. However, several viruses
could not be concentrated by this method. In this paper, the conditions of virus concentration were optimized to concentrate a wide range of viruses
more efficiently. The PEI beads adsorbed viruses more efficiently than other cationic polymers, and the optimum virus concentration was obtained
under weak acidic conditions. Mass spectrometric analysis revealed that several serum proteins, such as complement type 3, complement type 4
and immunoglobulin M (IgM), were co-adsorbed by the PEI beads, suggesting that the beads may adsorb viruses not only by direct adsorption, but
also via immune complex formation. This hypothesis was confirmed by the result that poliovirus, which PEI beads could not adsorb directly, could
be concentrated by the beads via immune complex formation, On the other hand, hepatitis A (HAV) and hepatitis C (HCV) viruses were adsorbed
directly by PEI beads almost completely. Like poliovirus, hepatitis B virus (HBV) was concentrated efficiently by the addition of anti-HBV IgM. In
conclusion, virus concentration using PEI beads is a useful method to concentrate a wide range of viruses and can be used to enhance the sensitivity
of detection of HAV, HBV and HCV.
© 2007 Elsevier B.V. All rights reserved.
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itis important to confirm that the starting materials, intermediate
products and final products are free from virus contamination.
This is especially important for cell therapy products, since it is

1. Introduction

Many useful biological/biotechnological medicinal products

are produced from biological materials and by cell culture
techniques. Recent progress in gene therapy and cell therapy
products has provided new hope for the treatment of grave
genetic diseases and lethal disorders. These innovative medici-
nal products, however, involve some risk in terms of the spread of
transmissible agents and virus-mediated infectious diseases. To
ensure the viral safety of biological/biotechnological products,
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difficult to inactivate and/or remove contaminated viruses from
these products.

Polymerase chain reaction (PCR) is a highly sensitive method
for the detection of virus genomes (Saiki et al., 1988). Several
nucleic acid amplification test (NAT) methods other than PCR
have also been developed (Alter et al., 1995; Kamisango et al.,
1999: Kern et al., 1996; Notomi et al., 2000; Sarrazin et al.,
2000). These tests are reported to be able to detect only some
copies of virus genomes. Therefore, in many countries, NAT
methods have been employed to detect specific viruses in the
virus screening of blood-derived products (Willkommen et al.,
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1999). NAT methods are also thought to be useful in testing
biotechnology products derived from cell lines and cell therapy
products. However, since all NAT methods used for the detection
of viruses have a detection limit, it is impossible to deny virus
contamination completely. In order to reduce the virus risk of
both biological/biotechnological products and cell therapy prod-
ucts, it is essential to develop more sensitive methods of virus
detection. One way to improve the sensitivity of virus detection
is to concentrate the target viruses before NAT testing.

Recently, a novel viral concentration method using
polyethyleneimine (PEI)-conjugated magnetic beads was devel-
oped (Satoh et al., 2003). It was shown that PEI beads efficiently
adsorbed many model viruses, such as simian virus 40 (SV-40),
herpes simplex 1 virus (HSV-1), Sindbis virus and vesicular
stomatitis virus (VSV), and that the method improved the sen-
sitivity of NAT for the detection of virus genomes about 10
to 100 times. It has also been reported that PEI beads effi-
ciently adsorb amphotropic murine leukemia virus, and that
the virus concentration method provided sensitive detection of
replication-competent retrovirus in retrovirus vector products
(Uchida et al., 2004). However, several small non-enveloped
viruses such as poliovirus could not be concentrated or were
only partially concentrated by PEI beads (Satoh et al., 2003).
In addition, the mechanism of virus adsorption by PEI beads
remains to be elucidated.

In the present study, the viral concentration method using
PEI beads was optimized in order to allow the efficient concen-
tration of several viruses. It was demonstrated that poliovirus
can be concentrated by PEI beads via the formation of immune
complexes. In addition, it was shown that the virus concentra-
tion method using PEI beads is applicable to human infectious
viruses such as the hepatitis A(HAV), hepatitis B (HBV) and
hepatitis C (HCV) viruses, which are important viruses to test
for in order to ensure the viral safety of biological products and
cell therapy products.

2. Materials and methods
2.1. Viruses

SV-40 virus, HS V-1 (stain F), porcine parvovirus (PPV; strain
90HS) and poliovirus (strain Sabin 1) were obtained and ampli-
fied as described previously (Satoh et al., 2003). Briefly, the
supernatants of Vero cells infected with HSV-1 or poliovirus
were used as virus samples. CV-1 cells were infected with SV-
40 virus, and 5 days after infection, the supernatant was saved
as the SV-40 sample. The supernatant of ESK cells infected
with PPV was used as the PPV sample. In order to remove cell
debris from the collected virus suspension, each virus suspen-
sion was centrifuged at 3000 rpm for 10 min. After removing
cell debris, the resulting stock viruses (SV40: 4 x 107 copies/ml;
PPV: 1 x 10° copies/ml; HSV-1: 1 x 10® copies/ml; poliovirus:
2 x 107 copies/ml) were aliquoted and stored at —80°C until
use. Human adenovirus type 5 reference material (ATCC VR-
1516; 5.8 x 10" particles/ml) was obtained from the American
type culture collection (ATCC) and used without amplification.
HAV was obtained from ATCC (strain HM175/18f), infected

into FRhK-4 cells, and the supernatant of the cell was saved
9-11 days later as the HAV sample (1 x 10® PFU/ml). The
first Japanese national standard for HBV DNA (Genotype C;
potency: 4.4 x 10° IU/ml) and the first Japanese national stan-
dard for HCV RNA (Mizusawa et al., 2005); genotype HCV-1b;
potency: 100,000 TU/ml) were directly used as the HBV sample
and HCV sample, respectively.

2.2. Preparation of PEI beads

PEI beads were prepared by coupling PEI (MW 70,000; Wako
Pure Chemical Industries, Ltd., Tokyo, Japan) with magnetic
beads (IMMUTEX-MAG™: mean diameter: 0.8 prm; JSR Inc.,
Tokyo, Japan) by the 1-ethylene-3-(3-dimethylaminopropyl)
carbodiimide coupling method, as described previously (Satoh
et al., 2003). The final concentration of the PEI beads was
50 mg/ml. Different molecular weights of PEI beads were pre-
pared as described above but including the coupling of PEI with
a molecular weight (MW) of 1800 or PEI (MW 10,000) to
magnetic beads, instead of PEI (MW 70,000). Polyarylamine
(PAA)-conjugated magnetic beads and poly-1-lysine (PLL)-
conjugated magnetic beads were prepared in the same way as
PEI beads, using PAA (MW 150,000) or PLL (MW > 300,000)
instead of PEI, respectively.

2.3. Virus concentration using PEI beads

The essential adsorption procedure for each virus was as fol-
lows. Virus samples were diluted with virus dilution medium
(Dulbecco’s modified Eagle's medium (DMEM) or DMEM
supplemented with 2% fetal calf serum (FCS)). The exact con-
centration of the virus suspension used for each experiment is
described in the corresponding figure legends. Next, 1 ml of each
virus suspension was incubated with 100 pl of PEI beads for
10 min at room temperature. The complexes of virus and PEI
beads were trapped by a magnetic field (Magnetic Trapper™;
Toyobo Co., Tokyo, Japan) for Smin and separated from the
supernatant fraction. The virus DNA or RNA was extracted
from virus-bead complex or from untreated virus suspensions
(100 1) with an SMI-TEST EX R&D Kit (Medical & Biological
Laboratories Co., Nagano, Japan) following the manufacturer’s
instructions. Extracted DNA or RNA was dissolved in 50 pl of
TE buffer (10 mM Tris—HCI (pH 7.4)/0.1 mM EDTA), and 10 pul
of the solution was used for real-time PCR or RT-PCR reaction.

2.4. Effect of pH on virus concentration by PEI beads

Good’s buffers with pH 4-9 (1M MES, pH 4.0; 1 M MES,
pH 5.0; 1M MES, pH 6.0; 1M HEPES, pH 7.0; 1 M HEPES,
pH 8.0; 1M Tricine, pH 9.0) were prepared and added to the
virus dilution medium at a final concentration of 20 mM. Virus
samples were then diluted with the virus dilution media at dif-
ferent pH values, and concentrated with PEI beads as described.
The exact concentration of the virus suspension used for each
experiment is described in the corresponding figure legends.
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2.5. Real-time PCR and RT-PCR

Real-time PCR and reverse transcription PCR (RT-PCR)
were carried out in a 50-pl reaction mixture containing 10 pl
of extracted DNA or RNA, 0.5 pM of each primer set with a
fluorescence probe, 25 pl of PCR master mix and, in the case of
RT-PCR, a reverse transcriptase mix prepared according to the
kit manual. The following real-time PCR and RT-PCR master
mix kits were used: a QuantiTect Probe PCR kit (Qiagen, Hilden,
Germany) for HSV-1, SV-40, adenovirus and PPV; a Quanti-
Tect Probe RT-PCR kit (Qiagen) for poliovirus, HAV and HCV;
and a Platinum Quantitative PCR SuperMix-UDG with ROX
(Invitrogen, Carlsbad, CA, USA) for HBV. The 5'-primers, 3'-
primers and fluorescence probes used for the real-time PCR and
RT-PCR detection of viruses are shown in Table 1. The real-
time PCR and RT-PCR were performed on an ABI PRISM 7000
Sequence-Detection System (Applied Biosystems, Foster City,
CA, USA).

2.6. SDS-PAGE analysis of serum proteins adsorbed on
PE] beads

The virus suspension (HSV-1) diluted with DMEM sup-
plemented with 5% FCS was incubated with PEI beads for
10 min. The fraction of serum proteins adsorbed on the beads
and the untreated virus suspension were then boiled with sodium
dodecly sulfate (SDS) sample buffer and applied to SDS-

polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE
was carried out on a slab gel (T'=7.5%) with a BE-120 system
from Biocraft (Tokyo, Japan). Protein bands were visualized by
Coomassie Brilliant Blue staining.

2.7. In-gel digestion

Protein bands of interest were excised from the SDS-PAGE
gel, destained three times in 50% acetonitrile and 25 mM
ammonium bicarbonate for 10 min each time, and dehydrated
in acetonitrile. The gel pieces were dried in a vacuum cen-
trifugal concentrator and incubated with 10 mM dithiothreitol
(DTT) in 25 mM ammonium bicarbonate at 56 °C for 60 min.
After cooling to room temperature, the DTT solution was
replaced with roughly the same volume of 55mM iodoac-
etamide in 25mM ammonium bicarbonate. After incubation
for 45min at room temperature in the dark, the gel pieces
were washed in 25 mM ammonium bicarbonate for 5 min and
dehydrated by the addition of 50% acetonitrile and 25 mM
ammonium bicarbonate for 5min. After this procedure was
repeated twice, the gel pieces were dried in a centrifugal con-
centrator. The gel pieces were allowed to swell in 2 pl of
a digestion buffer containing 25 mM ammonium bicarbonate,
0.1% octyl glucoside, and 25 ng/pl trypsin (sequence grade;
Promega, Madison, WI, USA) in ice for 5 min, and then 15 pl
of a digestion buffer without trypsin was added. After 30 min,
the supernatant was discarded, and the gel pieces were incu-

Table 1
Primer and probe sets used for the real-time PCR and RT-PCR
Virus Primer and probe set
HSV-1 Forward primer: 5'-GCGTCATGGTACTGGCAAG-3'
Reverse primer: 5'-TTGACTCTACGGAGCTGGCC-3'
Probe: 5'-FAM-TGGAGCTGATGCCGTAGTCGG-TAMRA-3'
SV-40 Forward primer: 5'-GACATTCCTAGGCTCACCTCACA-3'

Reverse primer: 5'-ACCTTGCCAAACTGTCCCTTAAA-3
Probe: 5'-FAM-CTTGAAAGAAGAACCCAAAGA-TAMRA-3'

PPV Forward primer: AACAACTACGCAGCAACTCCAATA-3'
Reverse primer: ACGGCTCCAAGGCTAAAGC-3'
Probe: 5'-FAM-AGGAGGACCTGGATTT-MGB-3’'

Adenovirus"! Forward primer: TCCGGTCCTTCTAACACACCTC-3'
Reverse primer: ACGGCAACTGGTTTAATGGG-3'
Probe: 5'-FAM-TGAGATACACCCGGTGGTCCCGC-TAMRA-3'

Poliovirus

Forward primer: 5'-CCCGAGAAATGGGACGACTA-3'

Reverse primer: 5-TGGAGCTGTTCCGTAGGTGTAA-3'
Probe: 5'- FAM-ACATGGCAAACCTCATCAAATCCATCAATC-MGB-3'

HAV™

Forward primer: 5'-GGTAGGCTACGGGTGAAAC-3'

Reverse primer: 5'-AACAACTCACCAATATCCGC-3'
Probe: §'-FAM-CTTAGGCTAATACTTCTATGAAGAGATGC-TAMRA-3'

HBV™?

Forward primer: 5'-GGACCCCTGCTCGTGTTACA-3’

Reverse primer: 5'-GAGAGAAGTCCACCMCGAGTCTAGA-3'
Probe: 5'-FAM-TGTTGACAARAATCCTCACCATACCRCAGA-TAMRA-3'

HCV™

Forward primer: 5'-TGCGGAACCGGTGAGTACA-3'

Reverse primer: 5'-CTTAAGGTTTAGGATTCGTGCTCAT-3'
probe: 5'-FAM-CACCCTATCAGGCAGTACCACAAGGCC-TAMRA-3'

Each primer set was prepared according 10 the original papers described below ("' to ™) or designed using Primer Express sofiware (Applied Biosystems). *'
Adenovirus (Jshii-Watabe et al.. 2003), *2 HAV (Jothikumar et al. 2008), "3 HBV (Pas et al.. 2000), ** HCV (Martell et al., 1999).
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bated overnight at 37°C. To extract tryptic fragments, the gel
pieces were shaken in 50% acetonitrile and 5% trifluoroacetic
acid (TFA) for 30 min. After this procedure was repeated twice,
the extraction solutions were pooled, dried in a centrifugal evap-
orator, and dissolved in 20 pl of 0.1% TFA. The samples were
then absorbed onto reverse-phase ZipTipC18 (Millipore, Bed-
ford, MA, USA). The resin was washed with 0.1% TFA and
the peptides were eluted with 3 pl of 75% acetonitrile/0.1%
TFA. The eluate was analyzed by mass spectrometry (MS) as
described below.

2.8. MS and database searching

The peptide mixture (0.5 pul volume) elution was deposited
onto a matrix assisted laser desorption/ionization (MALDI) tar-
get plate, and this was closely followed by the deposition of
0.5 ul of a saturated solution of a-cyano-4-hydroxycinnamic
acid in 50% acetonitrile containing 0.1% TFA. MS and tan-
dem MS (MS/MS) analysis of the peptide mixtres was
performed using a 4700 Proteomics Analyzer (Applied Biosys-
temns, Framingham, MA, USA). Peptide mass fingerprinting
and MS/MS ion searches were performed for protein iden-
lification by a Mascot search based on the MSDB protein
database.

2.9. Preparation of anti-mouse 1gG-rabbit IgM antibody

Anti-mouse immunogloblulin G (IgG) rabbit antiserum was
obtained from rabbits immunized with highly purified mouse
IgG (11 mg/ml; Jackson ImmunoResearch, West Grove, PA,
USA) at 11 days after immunization, when IgM titer was
increased. The antiserum (3 ml) was then diluted with an equal
volume of phosphate buffered saline (PBS) (—), and applied to
a mouse-IgG agarose affinity column (Invitrogen). After wash-
ing with 10 m] of PBS (—), the bound fraction was eluted with
0.1 M glycine-HClI (pH 3.0) and neutralized with 1 M Tris—HC]
(pH 8.0). A PEl-sepharose-6MB column was prepared by cou-
pling PEI to CNBr-activated sepharose-6MB (GE Healthcare
Bioscience, Piscataway, NJ, USA). Anti-mouse IgG rabbit anti-
serum purified with a mouse IgG-agarose column was applied
to a PEl-sepharose-6MB column and washed with PBS (-),
and the bound fraction was eluted with 1.4 M NaCl/50 mM
HEPES (pH 7.6). The eluted fraction was concentrated and
used as anti-mouse IgG rabbit IgM antibody (final concentration,

4 pg/ml).
2.10. Poliovirus concentration via immune complexes

When poliovirus suspension was concentrated by PEI beads
via immune complex formation, anti-poliovirus 1 mouse mono-
clonal antibody (IgG1: 5 pl; Chemicon International, Temecula,
CA, USA) and purified anti-mouse IgG rabbit IgM antibody
(20 pl), or anti-poliovirus 1 mouse monoclonal antibody and
human complement C1 (5 pul; Merck Biosciences/Calbiochem,
Darmstadt, Germany) and C4 (3pl; Calbiochem) were
added to the virus suspension before incubation with PEI
beads.

2.11. Preparation of anti-HBV IgM antibody

Anti-hepatitis B surface antigen (HBsAg) IgM antibody was
prepared as follows. Rabbits were immunized with a mixture
of the adw and adr subtypes of recombinant HBsAg (Advanced
ImmunoChemical, Long Beach, CA, USA). Anti-HBsAg rabbit
antiserum was obtained at 10 days after immunization, when
IgM titer was increased. The antiserum (3 ml) was diluted with
an equal volume of PBS (—), applied to a PEI-sepharose-
6MB column, washed with 20 ml PBS (—), and eluted with
1.4M NaCl/100 mM HEPES (pH 7.0). PEl-sepharose-6MB-
bound fractions were pooled, desalted with a PD-10 column
equilibrated with 1.2 M NaCl/50 mM HEPES buffer (pH 7.4),
and purified with an ImmunoPure IgM purification kit (Pierce
Biotechnology, Rockford, IL, USA). IgM fractions were con-
centrated and used as anti-HBsAg IgM antibody.

3. Results

3.1. Optimization of the virus concentration method using
PEI beads

In order to optimize the virus concentration method using
PEI beads, the relationship between the MW of PEI coupled
with magnetic beads and the efficiency of the virus concentra-
tion was examined. When PEIs with average molecular masses
of 1800, 10,000 and 70,000 Da were compared, the PEI of
MW 70,000 Da efficiently concentrated HSV-1, while magnetic
beads with the PEI of MWs 1800 and 10,000 Da could not adsorb
HSV-1 (Fig. 1). Therefore, the PEI beads with MW 70,000 Da
were used in the following experiments.

Next, the virus adsorption ability of PEI was compared to
that of other cationic polymers. As shown in Fig. 2, PEI beads
exhibited a markedly higher virus adsorption ability than PAA-
or PLL-conjugated magnetic beads for all model viruses tested.

The effect of pH on the efficiency of virus concentration was
then examined. HSV-1 and SV-40 virus suspensions at different

4

Virus copiesitube (x102)
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L

PEl beads MW 1,800 MW 10,000 MW 70,000

HSV-1 100 pl 1mi

Fig. 1. Comparison of virus concentrations by magnetic beads coupled with
PEls of three different molecular weights. HSV-1 suspension (1 x 103 copies/ml,
I mltube) was incubated with PEI beads whose PE] had a molecular weight of
1800, 10,000 or 70,000 Da. Viral genome DNA was extracted from the PEI
bead fraction and from untreated HSV-1 suspension (100 p1). Virus copy num-
bers were determined by real-time PCR. Data are expressed as the mean  S.D.
(n=3),
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Fig. 2. Comparison of virus concentration by magnetic beads coupled with three different cationic polymers. HSV-1 (5 x 10° copies/ml), SV-40 (5 x 107 copies/ml),
PPV (5 x 10° copies/ml) and adenovirus suspensions (1 x 10° copies/ml) (1 ml each) were incubated with PAA-, PEl- or PLL-conjugated magnetic beads. Viral
genome DNA was extracted from each magnetic bead fraction and from untreated virus suspensions (100 pl each). Virus copy numbers were determined by real-time

PCR. Data are expressed as the mean £ S.D. (n=3).

pH levels (pH 5-9) were concentrated by PEI beads following
the standard method. A pH levels of 6 was found to be optimal
for the concentration of these viruses (Fig. 3).

3.2. Analysis of serum proteins adsorbed on PEI beads

To improve the virus concentration method using PEI beads,
the serum components co-adsorbed by the beads during virus
concentration were analyzed. When a virus suspension contain-
ing 5% FCS was concentrated by PEI beads and analyzed by
SDS-PAGE, several proteins were specifically adsorbed by the
beads (Fig. 4). Using MS and MS/MS analyses of these pro-
tein bands, complement type 3, complement type 4 and IgM
heavy chain were identified as serum components concentrated
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>
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by PEI beads. Since complement components and IgM were
adsorbed by the beads, it is hypothesized that PEI beads may
adsorb viruses not only by direct adsorption, but also via the for-
mation of immune complexes that involve IgM antibody and/or
complements.

3.3. Concentration of poliovirus by PEI beads via immune
complexes

To confirm this hypothesis, concentrations of poliovirus,
which PEI beads could not adsorb directly, via the formation
of immune complexes were examined. Instead of anti-poliovirus
IgM antibody, anti-poliovirus mouse monoclonal antibody (1gG)
was used in combination with anti-mouse IgG rabbit [gM anti-
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Fig. 3. Effect of pH on the efficiency of virus concentration by PEI beads. HSV-1 (5 x 10¢ copies/ml) and SV-40 (1 x 10° copies/ml) suspensions diluted with virus
dilution medium at different pH levels (HSV-1: pH S, 6, 7 and 8; SV-40: pH 5,6, 7, 8 and 9) (1 ml each) were incubated with PEI beads. Viral genome DNA was then
extracied from PEI bead fraction and from untreated virus suspensions (100 pl each). Virus copy numbers were determined by real-time PCR. Data are expressed as
the mean £+ S.D. (n=3).
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with PEl beads. PEI bead fraction (+) and untreated virus suspension (—) were
then boiled with SDS sample buffer and applied to SDS-PAGE. Serum protein
bands concentrated by PEI beads were identified by MS/MS analysis, as shown
in Fig. 5.

body to induce the formation of immune complexes. Anti-mouse
IgG rabbit IgM antibody was prepared from rabbit anti-mouse
IgG antiserum and purified by a mouse-IgG affinity column
followed by a PEIl-sepharose-6MB column. Since the PEI-
sepharose-6MB column adsorbed IgM (Fig. 5) but not IgG (data
not shown), the PEI-sepharose-6MB adsorbed fraction was used
as the anti-mouse IgG rabbit IgM antibody. When poliovirus
alone was incubated with the PEI beads, it was not adsorbed, but
poliovirus was adsorbed when coincubated with anti-poliovirus
IgG antibody, and a further significant improvement in the effi-
ciency of virus concentration was achieved by the addition of
anti-mouse IgG rabbit IgM along with the anti-poliovirus IgG
(Fig. 6). The addition of the combination of complement C1,
complement C4 and anti-poliovirus [gG to the reaction mixture
of virus and PEI beads also increased the efficiency of virus con-

0.5
A
04| i —»— PEI-S-6MB
\
E os| :’ \ -4~ Glycine-MB
o ] !
= / A
o~ 1] \
o 02f ! a,
(] { %
i 8
0.1 >
ol g ey g T —esed

Fraction number

Fig. 5. Adsorption of 1gM to a PEl-sepharose column. One ml of human IgM
solution (1 mg/ml) was applied to a PEl-sepharose 6MB (PEI-S-6MB) column
or to a control column without PEI (Glycine-6 MB) and washed with PBS (-).
The eluates were fractionated into ten | ml fractions, and the OD280 of each
fraction was determined using a spectrophotometer.
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Fig. 6. Concentration of poliovirus by PEI beads via the formation of immune
complexes, Poliovirus suspension (2 x 10 copies/ml, 1 ml each) was incubated
with PEI beads at room temperature or 37 °C in the absence or presence of
anti-poliovirus mouse 1gG monoclonal antibody, anti-mouse IgG-rabbit 1gM, or
a combination of complements C1 and C4. Viral genome RNA was extracted
from the PEI bead fraction and from the untreated virus suspension (100 ul).
Virus copy numbers were determined by real-time RT-PCR. Data are expressed
as the mean £+ S.D. (n=3).

centration by PEI beads, but only when the complement system
was activated by [incubation at] 37 °C (Fig. 6).

3.4. Application of the virus concentration method using
PEl beads to human hepatitis viruses

The virus concentration method using PEI beads was applied
to human HAV, HBV and HCV. Fig. 7 shows the effect of pH on
the virus concentration efficiency. HAV was efficiently adsorbed
by the PEI beads (Fig. 7A). The number of viral copies obtained
in the PEI bead fraction when using 1 ml of virus suspension was
about 10-fold the number extracted from untreated virus suspen-
sion (100 pl), suggesting that the concentration of HAV almost
reached the predicted level. Neither the presence or absence
of serum nor the pH condition affected the efficiency of the
HAV concentration. HCV was also efficiently adsorbed by PEI
beads, even in the presence of 2% FCS, and the optimum pH
was found to be 5 (Fig. 7C). On the other hand, the efficiency of
HBYV concentration by PEI beads was lower than the efficiencies
of HAV and HCV concentrations. The number of viral copies
obtained in the PEI bead fraction under the optimum condition
of pH 5 without serum was about six-fold the number extracted
from untreated virus suspension (Fig. 7B). The presence of FCS
significantly reduced the adsorption of HBV by PEI beads.

In orderto improve the concentration of HBV obtained by PEI
beads, anti-HBV IgM antibody was prepared and the concen-
tration of HBV via immune complex formation was examined.
As shown in Fig. 8, the concentration of HBV by PEI beads was
improved by the addition of anti-HBV IgM antibody. Under
the optimum condition, the number of viral copies obtained
in the PEI bead fraction was more than seven-fold the num-
ber extracted from the untreated virus suspension even in the
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Fig. 7. Effect of pH on the concentration of HAV, HBV and HCV by PEI beads.
HAV (A), HBV (B), and HCV (C) were diluted with virus dilution media of
different pH levels supplemented with or without 2% FCS. Virus suspensions
(HAV: 5 x 10¢ PFU/ml; HBV: 8.8 x 107 1U/ml; HCV: 1 x 10° [U/ml; 1 ml/tube)
with different pH levels were incubated with PEL beads. Viral genome DNA and
RNA were then extracted from PEI bead fraction and analyzed by real-time PCR
and RT-PCR. Data are expressed as the mean £ 5.D. (n=3).
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presence of serum. Therefore, the virus concentration achieved
by PEI beads was shown to be enhanced by the formation of
immune complexes.

Table 2 shows a summary of virus concentrations by PEI
beads for all of the viruses examined. A wide range of viruses,
including small non-enveloped viruses and human hepatitis
viruses (HAV, HBV and HCV), were efficiently concentrated
by PEI beads under the optimum condition, either directly or by
the formation of immune complexes.

4. Discussion

In the present study, the virus concentration method using
PEI beads (Satoh et al., 2003) was optimized, and was applied
to human hepatitis A, B and C viruses.

First, the effects of various cationic polymers, PEl molecular
weights, and pH values were examined in order to determine
the optimal conditions for virus concentration. Among PEI
beads with three different molecular weights (1800, 10,000 and
70,000 Da), only the PEI whose MW was 70,000 Da was able
to adsorb viruses (Fig. 1). With respect to the cationic poly-
mers, PEI magnetic beads showed a higher virus adsorption
ability than PAA- or PLL-conjugated magnetic beads (Fig. 2).
The optimum pH for the concentration of model viruses by PEI
beads was subacidic (Fig. 3). The virus adsorption mechanism
of PEI beads remains unclear. However, it is hypothesized that
the positively charged field of the PEI molecule may interact
tightly with the negative charge of surface lipids or the nega-
tively charged surface proteins on viruses (Satoh et al., 2003).
PEl is a polycationic polyamine with the highest cationic charge
density among existing polymers (Futami et al., 2005). PEI has
a branched backbone containing primary, secondary and tertiary
amine groups. In contrast, PAA is a linear polycation having only
primary amine groups, and PLL is a linear polycation with pri-
mary and secondary amine groups. Therefore, itis suggested that
the high-density cationic charge of PEI and its branched struc-
ture on the surface of the magnetic beads may be important for
efficient virus adsorption. According to the analysis of Owada et
al. (1999), the interaction between PEl-coated membranes and
human immunodeficiency virus type 1 (HIV-1) or plasma pro-
tein may be dependent on the surface area of each particle, and
this fundamental principle was consistent with their observation
that PEIs with higher MWs bound more intensely to HIV-1. This
is also consistent with the data that PEI with a MW of 70,000 Da
was able to adsorb viruses more efficiently than PEIs of 1800 Da
or 10,000 Da.

In order to improve the efficiency of virus concentration by
PEI beads, the seram components co-adsorbed by the beads were
analyzed. MS analysis revealed that several proteins, includ-
ing complement type 3, complement type 4 and IgM, were
specifically co-adsorbed by PEI beads during virus concentra-
tion (Fig. 4), suggesting that the beads were able to adsorb
immune complexes that involved IgM antibody and/or comple-
ments. Therefore, it is hypothesized that in addition to direct
adsorption, PEI beads may adsorb viruses via the formation
of immune complexes. This hypothesis was confirmed by the
fact that PEI beads were able to adsorb poliovirus under con-
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Table 2
Summary of concentration of viruses by PEI beads

Viruses Natural host Virus genome Envelope Size (nm) PEI beads concentration
Model viruses cytomegalovirus (CMV) Simian DNA + 180-200 +
Herpes symplex virus type 1 (HSV-1) Human DNA - 150-200 +
Vesicular stomatitis virus (VSV) Bovine RNA + 70-150 +
Amphotropic murine leukemia virus Murine RNA + 80-110 +
Sindbis virus Human RNA + 60-70 +
Adenovirus type 5 Human DNA - 70-90 -
Simian virus 40 (SV40) Simian DNA - 40-50 +
Porcine parvovirus (PPV) Porcine DNA - 18-24 +
Poliovirus sabin | Human RNA - 25-30 +*
Human hepatitis viruses hepatitis B virus (HBV) Human DNA + 40-45 +*
Hepatitis C virus (HCV) Human RNA - 40-50 +
Hepatitis A virus (HAV) Human RNA - 25-30 +

* Concentrated by the addition of antibodies.

ditions which fostered immune complex formation, such as the
addition of anti-poliovirus mouse IgG antibody with anti-mouse
IgG rabbit IgM, or the addition of anti-poliovirus IgG anti-
body with activated complements (Fig. 6). Poliovirus is a very
small (25-30nm) non-enveloped virus, and could not be con-
centrated by PEI beads in our previous study (Satoh et al., 2003).
Another possible explanation is that the increase in the surface
area of virus particles due to the formation of immune com-
plexes enhances the interaction between the poliovirus and the
PEI beads, as hypothesized by Owada et al. (1999),

The results obtained from model viruses suggest that the
virus concentration method using PEI beads may be applica-
ble to a wide range of viruses. Therefore, this method was
applied to human hepatitis viruses. A recent study reported that
in some HAV patients, the duration of the viremic phase per-
sisted for more than 1 year with low viral load levels (10°-104
HAV genome equivalents/ml) (Normann et al., 2004). In the
case of HBV, the presence of occult HBV infection (HBV DNA
positivity in the setting of negative serum hepatitis B surface anti-
gen) has been documented, and the majority of these infections
were associated with low viral loads (<10° copies/ml) (Minuk
et al.,, 2004). Several studies have demonstrated high rates of
transmission of HCV through transfusions with extremely low
viral loads (Operskalski et al., 2003). HCV is particularly infec-
tious during the early window period, with levels as low as
1 viral copy in 20ml plasma able to transmit infection by
transfusion (Busch et al., 2003), though intermittent low-level
HCV viremia can occur as long as 2 months before the peri-
ods of exponential increase in viral load (Glynn et al., 2005).
Therefore, it is extremely important to develop a highly sensi-
tive detection method for these viruses. In the present study,
it was possible to concentrate HAV and HCV by PEI-beads
to almost the predicted levels (Fig. 7). In contrast, HBV was
not fully concentrated even under optimum conditions around
pH 5. Therefore, the concentration of HBV via the formation
of immune complexes was tested. As expected, the concen-
tration of HBV was improved by the addition of anti-HBV
IgM antibody (Fig. 8), indicating that the virus concentration
method using PEI beads is applicable for the concentration
and sensitive detection of HAV, HBV and HCV by PCR and

RT-PCR reaction.

To enhance/establish the utility of this virus concentration
method using PEI meads for viral safety of biological products
and cell therapy products, examination using actual patient sera
and different genotypes/subtypes of each virus may be required.
In a preliminary experiment, it is confirmed that this PEI beads
method can be used for hepatitis virus samples spiked in human
plasma. Applicability to different genotypes will be examined
using a Japanese genotype panel of HBV and HCV, which will
be available soon.

PEI beads may be applicable not only for virus concentra-
tion but also for the efficient infection of viruses. Scherer et
al. (2002) report that superparamagnetic nanoparticles coated
with PEI enhanced the infection of adenovirus and retrovirus
vectors under a magnetic field. This infection method (magneto-
fection) also enhanced the infection of measles virus (Kadota et
al., 2005). In a preliminary experiment, the PEI beads used in
the present study also enhanced the infectivity of several viruses
under a magnetic field. Therefore, it is suggested that PEI beads
may be useful for the sensitive detection of both virus genomes
and virus infectivity.

In conclusion, the present study demonstrates that the virus
concentration method using PEI beads is effective for the con-
centration and sensitive detection of a wide range of viruses,
including HAV, HBV and HCV.
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Recent reports showing successful inhibition of cancer and
leukemia cell growth using histone deacetylase inhibitor
(HDACi) compounds have highlighted the potential use of
HDACi as anti-cancer agents. However, high incidence of
toxicity and low stability in vivo were observed with hydroxamic
acid-based HDACI such as suberoylanilide hydroxamic acid
(SAHA), thus limiting its clinical applicability. In this study, we
found that a novel non-hydroxamate HDACi NCH-51 could
inhibit the cell growth of a variety of lymphoid malignant cells
through apoptosis induction, more effectively than SAHA.
Activation of caspase-3, -8 and -9, but not -7 was detected after
the treatment with NCH-51. Gene expression profiles showed
that NCH-51 and SAHA similarly upregulated p27 and down-
regulated anti-apoptotic molecules including survivin, bcl-w
and c-FLIP. Proteome analysis using two-dimensional electro-
phoresis revealed that NCH-51 upregulated anti-oxidant
molecules including peroxiredoxin 1 and 2 and glutathione
S-transferase at the protein level. Interestingly, NCH-51 induced
reactive oxygen species (ROS) after 8h whereas SAHA
continuously declined ROS. Pretreatment with an antioxidant,
N-acetyl-L-cysteine, abolished the cytotoxicity of NCH-51.
These findings suggest that NCH-51 exhibits cytotoxicity by
sustaining ROS at the higher level greater than SAHA. This
study indicates the therapeutic efficacy of NCH-51 and novel
insights for anti-HDAC therapy.

Leukemia advance online publication, 9 August 2007,
doi:10.1038/sj.leu.2404902

Keywords: histone deacetylase; apoplosis; reactive oxygen
species; peroxiredoxin

Introduction

Histone deacetylase (HDAC) is responsible for deacetylation
of histone or non-histone substrates.'™ Deacetylation of
histone converts local chromatin into repressive configuration,
resulting in the transcriptional repression.”’ The aberrant
recruitment of HDAC is closely associated with leukemogenesis
through silencing of expression of the genes involved in
hematopoietic cell differentiation.* In addition, subsequent
studies demonstrated that the malignant phenotypes of solid
tumors could be ascribed to the aberrant activation of HDAC
and deacetylation of the histone proteins adjacent to tumor
suppressor genes.>*® Thus, a number of small-molecule HDAC
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inhibitors (HDACi) have been developed as anti-cancer
agents."” In fact, HDACi compounds were shown to induce
cell cycle arrest, differentiation and apoptosis in a variety of
malignant cells.'”

Suberoylanilide hydroxamic acid (SAHA) (also known as
vorinostat) belongs to a hydroxamic acid-based hybrid
polar compound and is a prototypic compound of HDAC.”
Phase | clinical trials with refractory solid tumors and
hematological malignancies by SAHA revealed frequent
toxicities including dehydration, fatigue, diarrhea, anorexia
and cytopenia, in spite of significant clinical benefits.® In
addition, a poor pharmacokinetics of SAHA was noted.” Other
hydroxamic acid-based derivatives showed similar therapeutic
profiles.*'" Thus, we have attempted to develop a non-
hydroxamate HDACi to overcome these problems. A novel
HDACi NCH-51 was designed based on SAHA by replacement
of the hydroxamic acid by acylated thiol group. NCH-51 could
inhibit HDACs as strongly as SAHA and inhibited the cell
growth of various solid tumor cell lines in vitro (mean ICy
values of NCH-51 and SAHA are 3.8 and 3.7 uM, respec-
tively)."" Unlike SAHA, NCH-51 is stable in human plasma at
the remaining rate of approximately 51% after 24h of
administration (unpublished data).

Recent findings suggest that HDACi may have additional
effects other than transcriptional interference. Although it is
well established that HDACi upregulates gene expression of
tumor suppressors such as p21 through histone hyperacety-
lation,"*""* HDACi does not always upregulate geneé expression
but induces malignant cell death by downregulating gene
expression such as anti-apoptotic genes. In addition, some
HDACi compounds exhibited anti-cancer effects through
acetylation of non-histone substrates such as heat-shock protein
90 (HSP90),"® a-tubulin," p53'7 and nuclear factor-xB." For
example, Bali et al.'” reported that HDACi caused leukemia cell
death by hyperacetylation of HSP90. Hideshima et al.'”
demonstrated that tubacin, a specific HDACG inhibitor, was
effective in augmenting cell death mediated by bortezomib, a
proteasome inhibitor, by inhibiting the protein degradation
through blocking aggresome activity. Thus, the cell growth
inhibitory action of HDACi could be exhibited at the protein
expression level.

Here we demonstrate the therapeutic efficacy of NCH-51 on
lymphoid malignant cells. NCH-51 induced cell death, more
strongly than SAHA. We analyzed the protein expression
profiles and found that NCH-51 modulated the expression of
antioxidant molecules at the protein level. NCH-51 sustained
the intracellular reactive oxygen species (ROS) greater than
SAHA.
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Materials and methods

Cell lines and reagents

A human acute T-cell leukemia cell line, Jurkat, ATL cell lines,
MT-2, ATL-102 and ED-40515(-), chronic lymphocytic leuke-
mia cell lines, MEC2 and MO1043, Burkitt's lymphoma cell
lines, Raji and Daudi and multiple myeloma cell lines, U266,
XG7, KM5, ILKM-2 and RPMI-8226 were used in this study as
described previously.**** For normal controls, peripheral blood
mononuclear cells (PBMCs) were obtained from four indepen-
dent healthy donors upon informed consent after the approval of
Institutional Ethical Committee. All cells were cultured in RPMI-
1640 medium, supplemented with 10% fetal bovine serum at
37°C in a 5% CO, incubator. NCH-51, a novel non-
hydroxamate HDACI, and SAHA, a conventional hydroxamate
HDACi, were synthesized by us as described previously."
NCH-51 and SAHA were dissolved in dimethyl sulfoxide
at 50mm and stored at —20°C. An antioxidant compound
N-acetyl-L-cysteine (NAC) was purchased from Sigma (St Louis,
MS, USA).

Growth inhibition assay

Growth inhibitory effect of HDACi was determined using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay
(Sigma) as described previously.*® Briefly, approximately
1-10 x 10* cells per 100 ul were cultured in 96-well plate in
triplicates at 37°C. Optical densities (OD) at 570 and 630 nm
were measured with a multiplate reader. Cell growth (%) was
calculated as follows: (ODg30—ODszq of the samples/ODg 30~
ODygz of the control) x 100.

Apoptosis and cell cycle analysis

Apoptosis and cell cycle analyses were performed as described
previously.? For apoptosis analysis, the cells were treated with
or without HDACi for 18h, and incubated with fluorescein
isothiocyanate (FITC)-conjugated annexin V (MBL, Nagoya,
Japan). The cell numbers of annexin V-positive cells were
analyzed by flowcytometry (FACScan, BD Bioscience, San ose,
CA, USA) and CellQuest analysis program (BD Bioscience). For
cell cycle analysis, the cells were incubated with or without
HDACi for 24h, washed with cold phosphate-buffered
saline (PBS), and fixed with 70% ethanol. After incubation
with RNase A (Qiagen, Alameda, CA, USA), the cell pellets
were resuspended in PBS containing propidium iodide (Sigma).
DNA content of each cell preparation was analyzed by
flowcytometry.
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Protein extraction for proteome analysis

Proteome analysis was performed according to Seike et al?®
U266 cells were incubated with or without 3 um NCH-51 for
18h. The cell pellets were washed with cold PBS and then
treated with 10%trichloroacetic acid for 30 min on ice. After
washing with PBS, the pellets were collected and resuspended
in lysis buffer (30 mm Tris—-HCI (pH, 8.5), 7 M urea, 2 M thiourea,
3% 3-((3-chlamidopropyl) dimethylammonio)-1-propanesulfo-
nic acid and 1% Triton X-100). Samples were then subjected to
a Dounce homogenizer for 30 strokes and sonicated for 5 min in
a sonicator (UCW-201, Cosmobio Co. Ltd., Tokyo, Japan). After
incubation for 30min, the samples were centrifuged at
10000x g for 30min followed by ultracentrifugation at
100000 x g for 1h, and the supernatants were collected.
Protein concentration was determined by 2D-Quant kit (GE
Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). Fifty
micrograms of each protein extract, adjusted to pH 8.5, were
labeled with 200 pmol of minimal dye CyDye (GE Healthcare
Bio-Sciences Corp.). NCH-51-treated samples and untreated
control proteins were labeled with Cy3 and Cy5, respectively.
Internal control, consisting of half part of each paired sample
was labeled with Cy2. Labeling reaction was stopped with the
addition of 0.2 mm L-lysine (Sigma) for 10min on ice. Each
labeled sample was mixed into one tube and then incubated
with an equal amount of lysis buffer for 10min on ice. The final
volume was adjusted to 450 ul with DeStreak Rehydration
Solution and 0.5% IPG buffer (GE Healthcare Bio-Sciences
Corp.).

Two-dimensional (2D) electrophoresis and image
analysis

An immobilized pH pgradient gel Immobiline DryStrip
(GE Healthcare Bio-Sciences Corp.), with non-linear pH values
(3-10), was rehydrated with the labeled protein samples at 20°C
for 12 h. Isoelectric focusing was performed using IPGphor
(GE Healthcare Bio-Sciences Corp.) at 20°C for total 65 000 khT.
Immobiline DryStrips were then equilibrated for 15min in the
buffer (6M urea, 1.5M Tris-HCI (pH 8.8), 30% glycerol, 2%
sodium dodecyl| sulfate) containing 10mg/ml dithiothreitol and
prolonged for 15min in the same buffer containing 25 mg/ml
iodoacetamide. After equilibration, Immaobiline DryStrips were
transferred onto 11.5% polyacrylamide gels and run in the
EttanDalt Six system (GE Healthcare Bio-Sciences Corp.) at
30Wi/gel for 5h at 20°C. The gels were scanned with
appropriate wavelengths for excitation and emission using Ettan
DIGE Primo (GE Healthcare Bio-Sciences Corp.). Relative
quantification of spot intensities and statistical evaluation were
carried out with ImageMaster 2D Platinum software (GE
Healthcare Bio-Sciences Corp.). The experiments were per-
formed in quadruplicates. The protein spots that were statisti-

<
Figure 1

Induction of apoptosis by a novel HDAC inhibitor NCH-51. (a) The growth inhibitory effects of NCH-51 and suberoylanilide

hydroxamic acid (SAHA) on 13 lymphoid malignant cell lines. The cells were treated with either NCH-51 or SAHA (3 um) for 24 or 72 h. Cell
growth was estimated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and gray-scale levels represent the growth
inhibition rate (%) compared to untreated control. Fach value indicates the mean 1Csg. (b) Growth inhibitory effects of NCH-51 and SAHA on
U266 cells and four control peripheral blood mononuclear cells (PBMCs). A multiple myeloma cell line U266 cells, and four healthy donor PBMCs
were treated with indicated concentrations (0-30 um) of NCH-51 (closed symbols) or SAHA (opened symbols) for 24 h. Cell growth was evaluated
by MTT assay. The results are shown as the percentage cell growth compared to untreated control. These experiments were performed in triplicates
and the mean values+s.d. are shown. *P<0.05; **P<0.01. (c) Induction of apoptosis by NCH-51. U266 cells were treated with the indicated
concentrations (0-30 um) of NCH-51 for 18 h, stained with fluorescein isothiocyanate-conjugated annexin V, and analyzed by flowcytometry.
Annexin V-positive fraction indicates the cells undergoing apoptosis. (d) Activation of caspases and poly-ADP ribose polymerase (PARP) cleavage
by NCH-51. U266 cells were treated with 3 um of NCH-51 for 0-24 h. Whole cell extracts were prepared and subjected to immunoblots with the
indicated antibodies. Positions of uncleaved (inactivated) and cleaved (activated) caspases and PARP proteins are indicated by arrows.
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cally significant between untreated control and treated sample
were selected.

Protein identification by mass spectrometry

For mass spectrometric analysis, 400 ug of unlabeled-protein
extract was independently applied to 2D electrophoresis. The
gel was stained with DeepPurple solution (GE Healthcare Bio-
Sciences Corp.) according to the manufacturer's recommenda-
tion. The gel image was obtained by scanning with Ettan DIGE
Primo and matched to those of analytical gels by using the
ImageMaster 2D Platinum software. The spots of interest were
picked out, and in-gel protein digestion was carried out with
trypsin gold (Promega, Madison, W1, USA) as described.?® Mass
spectrometric analyses were performed by using a MALDI-TOF/
TOF type mass spectrometer AB4700 (Applied Biosystems,
Framingham, MA, USA). The proteins were identified through
the online search using MASCOT database search engine.

Immunoblot analysis

The cell extracts obtained from cell cultures treated with or
without HDACi were subjected to cell extract preparation as
described above. The samples were applied to electrophoresis
on a 10% polyacrylamide gel and transferred onto a nitrocellu-
lose membrane. The membranes were incubated in TBS-T
(10mMm Tris=HC] (pH, 8.0), 150mM NaCl, 0.1% Tween) with
5% non-fat milk containing 1:1000 diluted primary antibodies
against either caspase-9, -8, -7, -3, poly-ADP ribose polymerase
(PARP) (Cell Signaling Technology, Danvers, MA, USA),
peroxiredoxin 1 (Affinity Bioreagents, Golden, CO, USA),
elongation factor-2 or a-tubulin (Santa Cruz, Santa Cruz, CA,
USA). Membranes were then rinsed in TBS-T and further
incubated with HRP-conjugated secondary antibody (GE
Healthcare Bio-Sciences Corp.) in TBS-T with 5% non-fat milk.
Each protein was detected by SuperSignal (PIERCE, Rockford, IL,
USA).

Detection of ROS

ROS content was measured as described previously.”” After
treatment with HDACI, the cells were incubated with an
oxidation-sensitive fluorescent probe 2, 7'-dichlorofluorescein
diacetate (H,-DCFDA) (Molecular Probes Inc., Eugene, OR,
USA) at a final concentration of 5 um for 30 min. The cells were
washed and resuspended in PBS, and then ROS amount was
measured by flowcytometry.

Results

NCH-51 induces apoptosis greater than SAHA

We first evaluated the growth inhibitory effects of NCH-51 on a
variety of lymphoid malignant cell lines (Figure 1a). A tentative
result in a multiple myeloma cell line U266 cells is shown in
Figure 1h. In most of the cell lines including U266 cells, NCH-
51 exhibited a stronger growth inhibitory effect than SAHA at
3 um for 24 h treatment, whereas prolonged incubation for 72 h
did not show such a difference. It is noted that there was no
significance in the growth inhibitory effect on four healthy donor
PBMCs between NCH-51 and SAHA (IC;, values of both agents
were higher than 30uM), suggesting a cell-type specific
cytotoxicity of NCH-51. We then analyzed the apoptosis and
cell cycle distribution after the treatment with NCH-51 or
SAHA. In the six cell lines {Jurkat, ED-40515(-), MEC2, U266,
XG7 and ILKM-2), all of which showed a high susceptibility to
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NCH-51 (ICsy<3 um), NCH-51 strongly induced apoptosis
greater than SAHA after 24 h treatment as demonstrated by
generation of sub-G; cells (Figure 1c and Table 1). In fact, when
U266 cells were treated with NCH-51, cleaved forms of
caspase-9, -8, -3 and PARP could be detected after 8h,
evidently at 16h, although no activation of caspase-7 was
detected (Figure 1d), suggesting that NCH-51 induces apoptosis
through both extrinsic (type I) and intrinsic (type 1) pathways®®
in the short-term treatment. On the other hand, cell cycle
analysis revealed that NCH-51 increased the cell number at G./
M-phase and reduced the number at G- or S-phase in most of
the cell lines examined (Table 1, right column). No significant
difference in the effects on cell cycle regulation was observed
between NCH-51- and SAHA-treated cells. These observations
suggest that the apoptosis-inducing activity might be attributable
to the difference in the observed growth inhibitory effects
between NCH-51 and SAHA.

NCH-51 regulates the expressions of antioxidant
molecules at the protein level

To identify the target molecules regulated by NCH-51, we
analyzed the RNA and protein expression profiles. cDNA
microarray analysis using U266 cells showed that NCH-51
treatment upregulated the expression of p27 and p19 (SuPple-
mentary Table 1), confirming the previous reports by us'’ and
others."*"* On the other hand, NCH-51 downregulated the
gene expression of CFLAR (c-FLIP), survivin and BCL212 (bel-w),
which act as antiapoptotic molecules. These results suggested
that these genes were responsible for the growth inhibitory
action of NCH-51, however, there was no notable difference in
mRNA expression between NCH-51- and SAHA-treated cells.
We then performed the proteome analysis. Whole cell extracts
were prepared from U266 cells treated with or without NCH-51,
and the protein samples were labeled with fluorescent dyes and
applied to 2D electrophoresis (Figure 2a). By comparing the
amounts of cellular proteins, we identified 14 proteins that
varied relatively to NCH-51 treatment (Table 2). Ten proteins
including nucleotide diphosphate kinase A (NDPKA), peroxir-
edoxin 1 and 2 (PRDX1, 2), glutathione S-transferase P1-1
(GSTP1-1), 14-3-3 zeta/delta, CI~ intracellular channel proteins
1 and 4 (CLIC1, 4), proteasome subunit a3, protease activator 28
f# subunit and Rho GDI « were upregulated, and four proteins
including alanyl-tRNA synthetase (AARS), elongation factor-2
(EF-2), heat-shock 70 kDa protein 8 (HSPA8) and mitochondrial
inner membrane protein, were downregulated after the treat-
ment with NCH-51. Interestingly, some of these proteins
upregulated by NCH-51 belong to a class of antioxidant
molecules. It is noted that PRDX1 and PRDX2 were upregulated
at both mRNA and protein levels, thus they are considered to be
upregulated at the gene expression level, whereas most of the
proteins were upregulated without induction at the gene
expression level. In contrast, EF-2 and HSPA8 were down-
regulated at the protein level. The effects of NCH-51 and SAHA
on the expression of EF-2 and PRDX1 were then verified. As
shown in Figure 2b, EF-2 protein level was decreased either by
NCH-51 or SAHA in the cell lines such as U266, ED-40515 (-)
and XG7 cells that were highly susceptible to HDACi. EF-2 was
decreased after 16h treatment with these HDACi (data not
shown). On the other hand, in the cell lines such as MEC2,
Daudi and KM5 cells that were less sensitive to HDACi, EF-2
protein level was not significantly changed. PRDX1 protein level
was upregulated by the treatment with either NCH-51 or SAHA
in ED-40515 (—), U266, XG7 and MEC2 cells. SAHA seemed to
upregulate PRDX1 more than NCH-51.
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Table 1 The profiles of apoptosis and cell cycle distribution
Cell line HDAC inhibitor (um) Apoptotic celf® (%) Cell cycle distribution®(%)
sub G, Gt 8 GaM

Jurkat Untreated control 6.30 5.11 50.39 20.76 20.64

SAHA

3um 13.45 28.56 9.15 12.97 46.22

30 um 28.97 32.39 7.06 18.10 40.83

NCH-51

3uM 19.27 42.66 8.05 10.04 36.28

30 um 35.45 42.69 7.64 14.41 32.21
MT-2 Untreated control 6.84 3.02 63.25 15.29 15.64

SAHA

3um 8.23 9.41 49.04 11.70 26.36

30 um 8.75 10.35 62.95 6.15 13.96

NCH-51

3um 8.45 3.26 62.21 16.34 16.53

30 pm 862 5.38 71.64 8.35 12.22
ED-40515 (-) Untreated control 6.44 8.40 46.82 23.30 19.67

SAHA

3um 20.74 18.88 21.41 19.07 36.90

30 pm 20.12 26.87 22.20 20.49 27.75

NCH-51

3um 2212 27.10 28.04 19.04 23.9

30 pm 21.33 26.54 25.09 20.56 25.72
MEC2 Untreated control 3.20 5.66 60.06 19.96 12.16

SAHA

3uM 4.84 12.32 37.33 19.84 26.70

30 um 8.22 18.14 29.46 22.63 2512

NCH-51

3um 6.50 16.22 36.43 19.28 24.75

30 pm 11.08 21.24 30.47 20.93 23.29
MO1043 Untreated control 4.14 0.89 54.88 20.75 17.87

SAHA

3uM 4.30 3.45 68.83 7.49 16.41

30 v 15.96 18.85 48.29 6.62 23.14

NCH-51

3um 3.74 2.47 73.90 TAT 12.88

30 pm 14,93 21.75 48.79 6.14 21.03
Daudi Untreated control 1.62 1.62 52.02 22.77 19.55

SAHA

3um 2.08 217 23.65 22.33 46.30

30 pm 2.12 2.34 22.83 19.75 48.21

NCH-51

3 um 2.64 1.90 50.38 14.74 27.71

30 pm 3.04 2.19 25.68 22.19 43.28
U266 Untreated control 6.17 6.30 67.42 10.99 13.02

SAHA

3 um 17.65 1.9 56.24 10.35 19.72

30 uMm 29.73 17.06 48.70 12.69 19.68

NCH-51

3 pum 22.90 13.39 54.07 11.60 18.62

30 um 32.63 18.90 49.15 13.40 18.94
XG7 Untreated control .27 7.58 49.21 20.34 23.37

SAHA

3um 8.74 B.50 50.40 8.33 28,32

30 um 9.43 15.38 34.23 15.10 28.21

NCH-51

3 um 11.47 10.00 49,32 8.62 2B.62

30 um 13.13 17.87 35.44 14.67 27.93
KM5 Untreated control 4.24 2.91 42.15 27.85 23.43

SAHA

3uM 4.30 6.32 31.85 31.44 26.13

30 um 15.96 23.37 20.62 26.19 24.68

NCH-51

3um 3.74 6.75 38.34 29.96 20.84

30 um 18.46 20.33 27.77 23.29 24.31

Leukemia



Growth inhibitory effect of a novel HDAC inhibitor NCH-51
T Sanda el al

[=2]

Table 1 (Continued)

Cell line HDAGC inhibitor () Apoptotic celf (%) Cell cycle distribution®(%)
sub Gy Gy S GA/M
ILKM-2 Untreated control 7.35 4.07 58.61 13.05 22.89
SAHA
3um 7.84 8.97 61.53 6.23 22,12
30 um 21.41 20.63 51.10 12.71 13.88
NCH-51
3uMm 8.71 6.04 63.21 6.93 22.45
30 um 30.04 20.54 51.45 12:15 15.18

Abbreviations: HDAC, histone deacetylase; SAHA, suberoylanilide hydroxamic acid.

Each value shows the average of 20000 cells counted.

NCH-51 induces cytotoxic effect through the
modulation of intracellular ROS

From the results of proteome analyses, NCH-51 appeared to
promote the expression of antioxidant molecules, either at the
transcriptional or post-transcriptional level, which prompted us
to examine the effect of NCH-51 on the levels of ROS
accumulation. Interestingly, the temporal profile of ROS amount
in U266 cells treated with NCH-51 appeared to be in a concave
shape indicating a gradual suppression of ROS accumulation
within the initial 4h and subsequent induction of ROS
(Figure 3a), whereas the temporal profile with SAHA continu-
ously declined over time. Similar trends were observed with
other cell lines (data not shown). As summarized in Table 2,
SAHA was more effective in reducing ROS than NCH-51, and
the difference in ROS amount between NCH-51 and SAHA was
most evident at 24 h, when the difference in growth inhibitory
effect could be observed (Figure 1). These results suggested a
possibility that dynamic state of ROS in each cell could be
attributed to the growth inhibitory effect of HDACi. We thus
examined whether NAC, a small-molecule antioxidant com-
pound, could modulate the effect of NCH-51 (Figure 3b).
Expectedly, when U266 cells were pretreated with NAC, the
NCH-51-mediated cell growth inhibition was abolished. Similar
effect was observed in SAHA-treated cells as much as in NCH-
51-treated cells (data not shown). These results indicated that
high amount of ROS might be necessary for the induction of
NCH-51-mediated cytotoxicity.

Discussion

There have been accumulating reports of successful inhibition of
cancer cell growth using small-molecule HDACi compounds.'"’
Initial studies with SAHA indicated that the mode of action of
HDACi might be through upregulating the transcriptionally
repressed genes during carcinogenic processes by acetylating
the repressive histones.'””" However, recent reports have
demonstrated that HDACi compounds also exert anticancer
effects through acetylation of non-histone substrates,’*'? For
example, HDAC6, a microtubule-associated deacetylase, was
shown to be responsible for transportation of misfolded proteins
to aggresome thus promoting protein degradation.'®?? Thus, we
have attempted to clarify the mechanism of anticancer effects of
NCH-51 by examining both mRNA and protein levels.

In this study, we noticed that NCH-51 induced apoptosis in
sensitive cell lines greater than SAHA (Figures 1 and 2a and
Table 1). Analyses of mRNA expression levels in NCH-51- and
SAHA-treated cells has revealed that transcriptional repression
of antiapoptotic genes, such as survivin, bel-w and c-FLIP and
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upregulation of cell cycle regulators, such as p27 and p79,
could be attributable to the induction of apoptosis and cell cycle
arrest, respectively (Supplementary Table 1, 2 and Supplemen-
tary Figure 1), supporting the previous findings by others.'*~'*
There was no difference in the mRNA expression level between
NCH-51- and SAHA-treated samples (Supplementary Figure 1).
We have confirmed no difference in inducing activity for
acetylation of histone H4 between these two HDACI's
(Supplementary Figure 2). These findings suggest that NCH-51
and SAHA similarly affect gene expression presumably through
histone acetylation. We thus examined the effects of these
compounds on protein expression profile to understand the
difference between NCH-51 and SAHA at the post-transcrip-
tional level.

Interestingly, our proteome analyses revealed the upregula-
tion of some antioxidant molecules including PRDX1, PRDX2
and GSTP1-1 (Table 2 and Figure 2). In addition, previous
reports indicated that some other proteins identified by the
present proteome analysis (Table 2) could be activated by
oxidative stress.*** For example, NDPKA is reported to be
activated by ROS and protected the cell from ROS-induced
apoptosis.*’*" CLIC1 protein contains a redox-active site and is
activated during ROS-triggered apoptosis.’*** These findings
suggested a possibility that NCH-51 might induce the cytotoxic
effect by modulating the intracellular ROS content. In fact,
pretreatment with NAC abolished the growth inhibitory effect of
NCH-51 (Figure 3b). These results support the previous findings
by others, which showed the ROS accumulation by HDA-
Ci."#***% However, in contrast to the previous reports, both
NCH-51 and SAHA downregulated the ROS content after 24 h
treatment in most of the cell lines tested except for KM5 cells, in
which ROS was increased by the treatment with SAHA or NCH-
51 (Table 3). These findings were reproducibly observed.
Although we currently do not know the reason why there was
a discrepancy between our study and others, we think the time-
point and/or cell characteristics may be different between them.
When temporal profiles of ROS accumulation were examined
(Figure 3a), we found a typical bimodal kinetics of the
intracellular ROS content after treatment with NCH-51; an
initial downregulation and subsequent upregulation of ROS. On
the other hand, SAHA did not follow the similar kinetics and the
intracellular ROS level gradually and continuously decreased
(Figure 3a). Therefore, it is possible that apparent differences in
the ability of cell growth inhibition between NCH-51 and
SAHA, may be explained through the different effects on the
redox status of cells and induction of antioxidant proteins.
Interestingly, our proteome/transcriptome analyses have re-
vealed that the upregulation of antioxidant molecules occurred
at either protein or mRNA levels: GSTP1-1 was upregulated by
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Figure 2 Proteome analysis of the effects of NCH-51. (a). 2D electrophoresis image of whole cell proteins prepared from U266 cells. After U266
cells were treated with or without 3 um NCH-51 for 18h, the whole cell extracts were prepared and applied to 2D electrophoresis in
quadruplicates. Fourteen spots, whose relative amounts were either increased or decreased by the treatment with NCH-51 in all four gels, were
indicated. Each spot number in the image corresponds to those in Table 2. MW, molecular weight (kDa). pl, isoelectric point. (b) Downregulation
of elongation factor-2 (EF-2) and upregulation of peroxiredoxin 1 (PRDX1) by HDACI. The cells were treated with suberoylanilide hydroxamic acid
(S) or NCH-51 (N) (3 um) for 18 h. Whole cell extracts were prepared and subjected to immunoblots with the indicated antibodies. Each value

means the ratio of the protein amount 1o «-tubulin (internal control).

NCH-51 only at the protein level, and PRDX1 and PRDX2 were
upregulated primarily al the transcriptional level. These findings
suggest that there may be two consequent antioxidative
mechanisms by which HDACi modulate ROS accumulation:
(i) the mRNA level, acting through induction of transcription of
antioxidant molecules de novo, and (i} the protein level, which
was presumably caused by blocking the cellular protein
transport/degradation pathway involving aggresome and protea-
some. Importantly, we have observed that SAHA but not NCH-

51 could induce acetylations of a-tubulin and HSP90 (Supple-
mentary Figure 2), sugpesting that SAHA might prolong the latter
mechanism through blocking the degradation of antioxidant
molecules. In fact, SAHA seemed to increase protein expression
of PRDX1 greater than NCH-51 (Figure 2b). Since NCH-51 does
not retain antioxidant molecules at the protein level, it induces
the accumulation of ROS. Cellular levels of antioxidant
molecules have been reported to be associated with the
sensitivity to conventional anticancer agents.’® Therefore,

~J

Leukemia



Growth inhibitory effect of 2 novel HDAC Inhibitor NCH-51
T Sanda el al

8

Table2  Upregulated/downregulated proteins after the treatment with NCH-51 in U266 cells

Spot no. Protein ID Protein name MW pl Protein ratio mRNA ratio
(T/CF T/cr
1 NP_001596 Alanyl-tRNA synthetase (AARS) 106734 5.31 0.80 0.74
2 NP_001952 Elongation factor-2 (EF-2) 95146 6.42 0.82 1.23
3 NP_006830 Mitochondrial inner membrane protein (IMMT) 83626 6.08 0.83 0.64
4 NP_006588 Heat-shock 70kDa protein 8 (HSPAS) 70854 5.28 0.82 1.18
5 NP_001279 CI~ intracellular channel protein 1 (CLIC1) 26775 5.09 1.34 0.67
6 NP_002809 Protease activator 28 f subunit (PA286) 27213 5.44 1.54 1.03
7 NP_004300 Rho GDP-dissociation inhibitor 1 (Rho GDlx) 23193 5.02 1.42 0.92
8 NP_002779 Proteasome subunit « type3 28284 519 1.32 0.73
9 NP_663723 14-3-3 {/é (PKC inhibitor protein 1) 28828 4.73 1.37 0.83
10 NP_039234 Cl intracellular channel protein 4 (CLIC4) 28754 5.45 1.38 0.86
1 NP_000843 Glutathione S-transferase P 1-1(GSTP1-1) 23210 5.44 1.38 0.98
12 NP_002565 Peroxiredoxin 1 (thioredoxin peroxidase 2) (PRDX1) 22096 8.27 1.30 1.4
13 NP_005800 Peroxiredoxin 2 (thioredoxin peroxidase 1) (PRDX2) 21747 5.67 1.30 1.35
14 NP_000260 Nucleoside disphosphate kinase A (NDPKA) 17138 5.83 1.50 1.04

*The results are indicated as the ratio of NCH-51-treated sample to untreated control (T/C).
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Figure 3 Effects of NCH-51 and suberoylanilide hydroxamic acid (SAHA) on reactive oxygen species (ROS) accumulation. (a) Time course of
intracellular ROS after the treatment with HDACi. U266 cells were treated with NCH-51 or SAHA (3 um) given the indicated time (0-24 h). After
the treatment, H,-DCFDA was added and further incubated for 30 min. ROS content was measured by flowcytometry. Blank, H,-DCFDA-
untreated control. (b) Effects of N-acetyl-L-cysteine (NAC) on the NCH-51-induced cell growth inhibition. U266 cells were treated with or without
NCH-51 (3 um) for 24 h in the presence or absence of NAC (0.2 or 2mm). Cell growth was measured by 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide assay. Open and closed bars indicate untreated and the NCH-51-treated cells. The results are shown as the
percentage compared to untreated control. Experiments were done in triplicates and the mean values+s.d. are shown.

NCH-51 can not only induce apoptosis through ROS accumula- Our proteome analysis has also identified several proteins
tion, but also enhance the cytotoxicity of other agents in the  other than antioxidant molecules, including EF-2, AARS and
combination treatment more efficiently than SAHA. HSPAB. We confirmed that EF-2 protein, a member of the GTP-
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Table 3 ROS content and growth inhibitory effect after the treatment with HDAC inhibitor
Cell line ROS content (% of controf)® Growth inhibition (% of contro)®
NCH-51 (3 M) SAHA (3 ) NCH-51 (3 ) SAHA (3 uv)

Jurkat 86 47 63.540.8 37.7+25
MT-2 100 100 38.8+0.3 11.04+2.3
ED-40515 (=) 82 56 71.2+1.2 441410
MEC2 59 46 41.3+1.1 35+28
MO 1043 a1 65 46.0405 72429
Daudi 74 54 256+18 15.14£3.0
U266 95 85 80.7+1.8 51.7432
XG7 74 28 66.5+1.1 23.1+16
KM5 126 119 20.5+0.5 14.64+1.2
ILKM-2 94 94 85.5+40.2 81.3+1.1

Abbreviations: HDAC, histone deacetylase; ROS, reactive oxygen species; SAHA, suberoylanilide hydroxamic acid.

?Each value shows the average of 20000 cells counted.
PEach value shows the mean +s.d.

binding translational elongation factor family,*” was specifically
decreased in high-sensitivity cell lines such as ED-40515 (-)
and U266 cells (Figure 2b) after 16 h treatment (data not shown).
However, gene expression of EF-2 was upregulated after the
treatment with NCH-51 (Table 2). This discrepancy indicates a
possibility that NCH-51 could induce rapid turnover of EF-2
protein followed by upregulation of RNA expression. Similar
effects on EF-2 were also observed with SAHA (Figure 2b). Since
EF-2 has been reported to be inactivated by ROS and lead to
inhibition of translation,*® it is suggested that locally induced
ROS by HDACi might induce EF-2 inactivation and degradation
presumably by direct oxidation. Although the mechanism by
which EF-2 is downregulated by HDACi remains unclear, EF-2
may be used as a feasible surrogate marker to evaluate the
susceptibility of HDACi. Similar to EF-2, AARS and HSPAB were
downregulated at the protein level. It is known that HSPAB are
involved in protein folding and transport.* Thus, these findings
collectively suggest that NCH-51 might arrest protein synthesis
and transportation.

In conclusion, our study demonstrates the therapeutic
advantage of NCH-51 on growth inhibition of lymphoid
malignant cells. Importantly, NCH-51 did not affect the cell
growth of normal PBMCs with the effective concentrations on
malignant cells (Figure 1b). In addition to its therapeutic efficacy
and selectivity, NCH-51 has additional advantages in clinical
use based on its pharmacological features. Therefore, NCH-51
could be a wuseful anticancer agent against lymphoid
malignancies.
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Abstract

Potassium bromate (KBrO,) is strongly carcinogenic in rodents and mutagenic in bacteria and mammalian cells in vitro. The
proposed genotoxic mechanism for KBrOs is oxidative DNA damage. KBrO; can generate high yields of 8-hydroxydeoxyguanosine
(80HdAG) DNA adducts, which cause GC > TA transversions in cell-free systems. In this study, we investigated the in vitro genotox-
icity of KBrO; in human lymphoblastoid TK6 cells using the comet (COM) assay, the micronucleus (MN) test, and the thymidine
kinase (TK) gene mutation assay. After a4 h treatment, the alkaline and neutral COM assay demonstrated that KBrO; directly yielded
DNA damages including DNA double strand breaks (DSBs). KBrO; also induced MN and TK mutations concentration-dependently.
At the highest concentration (5 mM), KBrO, induced MN and TK mutation frequencies that were over 30 times the background
level. Molecular analysis revealed that 90% of the induced mutations were large deletions that involved loss of heterozygosity
(LOH) at the TK locus. Ionizing-irradiation exhibited similar mutational spectrum in our system. These results indicate that the
major genotoxicity of KBrOs; may be due to DSBs that lead to large deletions rather than to 80HdG adducts that lead to GC> TA
transversions, as is commonly believed. To better understand the genotoxic mechanism of KBrO;, we analyzed gene expression
profiles of TK6 cells using Affymetrix Genechip. Some genes involved in stress, apoptosis, and DNA repair were up-regulated
by the treatment of KBrO;. However, we could not observe the similarity of gene expression profile in the treatment of KBrO; to
ionizing-irradiation as well as oxidative damage inducers.
© 2007 Elsevier B.V. All rights reserved.
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profile

* Corresponding author. Tel.: +81 3 3700 1141x435; fax: +81 3 3700 2348,
E-mail address: honma@ nihs.go.jp (M. Honma).

0027-5107/% — see front matter @ 2007 Elsevier B.V. All rights reserved.
doi: 10.1016/).nummm.2007.02.029



