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Characterization of capsid-modified adenovirus
vectors containing heterologous peptides
in the fiber knob, protein IX, or hexon

S Kurachi?, N Koizumi®, F Sakurai?, K Kawabata', H Sakurai'?, 5 Nakagawa?, T Hayakawa®

and H Mizuguchi'?

!Laboratory of Gene Transfer and Regulation, National Institute of Biomedical Innovation, Osaka, Japan; *Graduate School
of Pharmaceutical Sciences, Osaka University, Osaka, Japan and *Pharmaceuticals and Medical Devices Agency, Tokyo, Japan

Adenovirus (Ad) vectors are widely used in gene therapy and
in vitroAn vivo gene transfer because of their high transduc-
tion efficiency. However, Ad vector application in the gene
therapy field is limited by poor transduction into cells not
expressing the primary receptor, coxsackievirus and adeno-
virus receptor. To overcome this problem, several types of
capsid-modified Ad vectors have been developed. The HI
loop or C-terminus of the fiber knob, the C-terminus of the
protein IX (piX) and the hypervariable region 5 of the hexon
are promising candidate locations for displaying foreign
peptide sequences. In the present study, we constructed
Ad vectors in which each of the above region was modified
by a simple in vitro ligation-based method, and examined the
characterization of each Ad vector containing the FLAG tag
(DYKDDDDK) or RGD (CDCRGDCFC) peptide. Enzyme-

Keywords: adenovirus; capside; fiber; protein IX; hexon

Introduction

Adenovirus (Ad) vectors based on Ad type 5 are widely
used for gene transfer studies and clinical gene therapy
trials, since they can achieve high transduction efficiency
and transduce into both dividing and non-dividing
cells.'? However, one of the hurdles confronting Ad-
mediated gene transfer is that Ad infection is dependent
on the expression levels of the coxsackievirus and
adenovirus receptor (CAR) in the target cells. Ad vectors
cannot transfer genes of interest into cells lacking
CAR expression (i.e. many advanced tumor cells, peri-
pheral blood cells, hematopoietic stem cells, dendritic
cells, etc).®#

Genetic modification of the Ad capsid, such as its fiber,
protein IX (pIX), or hexon, is an attractive strategy for
altering the Ad tropism. Among these options, modifica-
tion of the fiber proteins has been the most widely
studied. Fiber proteins consist of three distinct domains:
the tail, shaft and knob. Each domain has distinct

Correspondence: Dr H Mizuguchi, Laboratory of Gene Transfer and
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linked immunosorbent assay examining the surface expres-
sion of foreign peptides on the virus suggested that foreign
peptides are exposed on virion surfaces in all types vectors
and that the hexon was the most efficiently reacted, reflecting
the copy number of the modification. However, in the case
of the transduction efficiency of Ad vectors containing
the RGD peptides, the modification of pIX and the hexon
showed no effect. The modification of the HI loop of the fiber
knob was the most efficient, followed by the modification of
the C-terminus region of the fiber knob. These comparative
analyses, together with a simple construction method for
each modified Ad vector, could provide basic information for
the generation of capsid-modified Ad vectors.

Gene Therapy (2007) 14, 266-274. doi:10.1038/sj.gt. 3302859;
published online 28 September 2006

functions in host cell infection. The trimeric subunits of
the C-terminal knob domain are responsible for binding
to the host's primary cellular receptor, CAR.>¢ Incorpora-
tion of the RGD (Arg-Gly-Asp) peptide or a stretch of
lysine residues (K7 [KKKKKKK] peptide), which target
av integrins or heparan sulfate proteoglycans on the
cellular surface, respectively, into the HI loop or the
C-terminal region of the fiber knob allows Ad tropism to
be expanded (or changed) by binding the modified fiber
protein with the cellular receptor.”

The C-terminal region of pIX is another candidate
location for capsid modification.” pIX is a minor
structural protein contained in the Ad virion which
enhances the structural integrity of the particles by
stabilizing hexon-hexon interaction.’**? It also plays roles
in transcriptional activity and nuclear reorganization.™
The attractive characteristics of ligand insertion into the
pIX region is that the C-terminus of pIX tolerates the
insertion of large ligands.’®"7 As Ad pIX resides at a deep
and hidden position below the tops of the hexon
capsomer, Ad vectors containing the ligand-pIX fusion
protein, which incorporates an a-helical spacer to suffi-
ciently lift the ligands and expose them at the surface of
the capsid, were developed.’® Enhanced transduction was
reported by Ad vectors containing the RGD peptide in the
C-terminus of pIX with an a-helical spacer.’®
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Hexons are the most abundant capsid proteins and
comprise each geometrical face of the capsid. As hexons
are mostly targeted by neutralizing antibodies,’ hexon
modification has been reported to escape from neutra-
lizing antibodies as well as to modify the tropism.?
The hypervariable region (HVR) 5 of hexon loop L1 is
a candidate location for incorporating foreign peptides
without affecting the normal function of Ad type 5 as
a gene transfer vector (i.e. viral growth, virus forma-
tion, virion stability, CAR-mediated infectivity).*'*?
Vigne et al.*' have reported that Ad vectors containing
the RGD peptides (DCRGDCF) at HVRS of the hexon can
infect cells via cellular av integrin, independently of the
CAR. However, Wu et al.?? have reported that the His tag
sequence at HVR5 had no effect on the transduction
efficiency of Ad vectors when the vectors were applied to
cells expressing anti-His tag single-chain antibody (scFv).

One attractive point of pIX or hexon modification is
that 240 or 720 molecules of foreign peptides per virion
are displayed at pIX or the hexon, respectively, while
only 36 molecules are displayed at the fiber (note that
the fiber and hexon are composed of trimeric subunits).
Therefore, pIX- or hexon-modified Ad vectors containing
heterologous peptides might be more effective than fiber-
modified Ad vectors.

In the present study, we first developed a simple
method for generating pIX- or hexon-modified
Ad vectors by using in vitro ligation-based plasmid
construction. The functionalities of Ad vectors contain-
ing the FLAG tag or RGD peptide in the HI loop or
C-terminus of the fiber knob, C-terminus of pIX, or the
HVR 5 region of the hexon were systemically compared.
These comparative analyses could provide basic infor-
mation for generation of capsid-modified Ad vectors.

First, we constructed newer vector plasmids
pAdHMS56 and -62, which we used for the generation
of pIX- or hexon-modified Ad vectors, respectively.
These contain a unique Xbal site in the coding
regions of the C-terminal of pIX or HVR5 of the hexon,
respectively (Figure 1), where only a minimal Xbal
recognition sequence (TCTAGA)' was introduced.
pAdHMS56 and -62 also contain unique I-Ceul/Swal /P1-
Scel sites in the E1 deletion region; hence, a trans-
gene expression cassette can be cloned into the El
deletion region by simple in vitro ligation, as previously
described.”?* The shuttle plasmid pHM15-75A was
constructed by introducing oligonucleotide 1/2, —3/4,
—-5/6, —7/8 (Table 1) into a derivative plasmid of
pHM15.2 pHMI15-75A contains Xbal, Avrll, Nhel and
Spel sites at both ends of a multicloning site and the
coding sequence of a 75 A o-helical spacer, as described
by Vellinga et al.,'® in the same multicloning site
(Figure 1a). Detailed information about the constructions
of the vector and shuttle plasmids is available from the
authors upon request.

We previously developed a simple method for
generating fiber-modified Ad vectors.®’ In that method,
unique restriction enzyme sites (Csp451 and/or Clal site)
were introduced into the HI loop or C-terminal coding
region of the fiber knob of the Ad vector plasmid, and the
foreign DNA coding peptide of interest could easily be
cloned into their regions by simple in vitro ligation.

In the present study, we expanded upon this system,
so that heterologous peptide sequences could be inserted
at the C-terminus region of pIX and the HVR5 region of

_ Characterization of capsid-modified adenovirus vectors
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the hexon. Figure 1 shows a representative example for
generating Ad-RGD(pIX/75)-L2 and Ad-RGD(hexon)-

" 1.2, luciferase-expressing Ad vectors containing the RGD

peptides in the C-terminus of the pIX via a 75 A a-helical
spacer and in the HVRS region of the hexon, respectively.
By using pHM15-75A, the peptide of interest coding
sequence together with the 75 A a-helical spacer coding
sequence could easily be introduced into the C-terminal
coding region of pIX of pAdHMS56. As Xbal, Aurll,
Nhel and Spel produce compatible cohesive ends,
Avrll, Nhel and Spel sites as well as the Xbal site can be
used for cloning into the Xbal site. Oligonucleotides
corresponding to the peptide of interest can also be
directly introduced into the Xbal site of pAdHMS56. For
the generation of pAdHMS56-RGD75-1L2, Xbal-digested
pAdHMS56-L2, in which a luciferase expression cassette
was introduced into the E1 deletion region of pAdHMS56
using I-Ceul and PI-Scel sites,”** was ligated with
Avrll-digested pHM15-75A-RGD, which was constructed
by the introduction of oligonucleotides 9/10 correspond-
ing to a GS linker plus the RGD-4C (CDCRGDCFC)
peptide into the Csp451/Ascl sites of pHM15-75A
(Figure la). pAdHM62-RGD-L2, a vector plasmid for
the hexon-modified Ad vector containing the RGD
peptide, was constructed by the ligation of Xbal-digested
pAdHM62-L2 with oligonucleotides 11/12, which con-
tain a binding site with an Xbal-digested fragment and
correspond to the RGD-4C peptide (Figure 1b). Oligo-
nucleotides were designed so that the positive recombi-
nant plasmid lacked an Xbal site for convenience of
selection. Sequencing of all inserted oligonucleotides in
each plasmid verified that the clones contained the
appropriate sequences.

pAdHMS56-FLAG-L2, pAdHMS56-FLAG75-L2,
pAdHMS56-His-L2, pAdHMS56-His75-L2, pAdHMSé6-
RGD-L2 and pAdHM62-FLAG-L2 were similarly con-
structed as shown in Figure 1 by using Xbal-digested
pAdHMS56-1L2 or pAdHM62-L2 with oligonucleotides
11-20. Ad vectors were generated by the transfection
of Pacl-digested linearized vector plasmids described
above into 293 cells and were prepared as described
previously.**?* The conventional Ad vector (Ad-L2) and
fiber-modified Ad vectors (Ad-RGD(HD-L2 and Ad-
RGD(C)-L2), had been previously constructed.>° Deter-
mination of virus particle titers (VP) and infectious titer
was accomplished spectrophotometrically by the method
of Maizel et al.* and by using an Adeno-X Rapid Titer
Kit (Clontech, Palo Alto, CA, USA), respectively. The
infectious titer-to-particle ratio was 1:10 for Ad-L2, 1:17
for Ad-RGD(HI)-L2, 1:28 for Ad-RGD(C)-L2, 1:9 for Ad-
RGD(pIX)-L2, 1:23 for Ad-RGD(pIX/75)-L2, 1:44 for Ad-
RGD(hexon)-L2. All capsid-modified Ad vectors except
Ad-RGD(hexon)-L2 were readily propagated, with simi-
lar particle titers to those of the conventional Ad vector,
Ad-L2. The growth rate of Ad-RGD(hexon)-L2 was
similar to that of Ad-L2, but the yield was approximately
10 times lower. Ad vectors and vector plasmids used in
the present study are summarized in Table 2. All capsid-
modified Ad vectors contain CAR and integrin binding
motifs in the fiber and the penton base.

We then examined whether foreign peptides are
displayed in the HI loop of the fiber knob, the
C-terminus of the fiber knob, the C-terminus of pIX or
the HVRS region of the hexon (Figure 2). To do this, we
generated capsid-modified Ad vectors containing the
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Figure1 The construction strategy for pIX- or hexon-modified Ad vectors containing foreign peptides. (a) Construction of pIX-modified Ad

vector. pAdHM56 was digested by I-Ceul/PI-Scel and ligated with 1-Ceul/Pl-Scel-digested pCMVL1a, which contains a CMV promoter-

driven luciferase expression cassette, resulting in pAdHMS56-L2. The shuttle plasmid pHM15-75A-RGD, which cloned oligonucleotides
corresponding to the GS linker plus the RGD-4C peptide into pHM15-75A, was digested with Avrll and ligated with Xbal-digested '
pAdHMS56-L2, resulting in pAdHM56-RGD75-L2. When Avrl, Nhel or Spel sites of the shuttle plasmid are used for cloning into the Xhal site |
of the vector plasmid, the positive recombinant plasmid lacks an Xbal site. Therefore, generation of the self-ligated plasmid is reduced by the

digestion of the ligation sample with XbeI. A luciferase-expressing Ad vector containing the RGD peptide in the C-terminal of pIX witha75 A

a-helical spacer, Ad-RGD{pIX/75)-L2, was produced by transfection of the Pacl-digested pAdHMS6-RGD75-L2 into 293 cells.

(b) Construction of hexon-modified Ad vector. pAdHME2-L2 was constructed by the ligation of I-Ceul/PI-Scel-digested pAdHM62 and
1-Ceul/PI-Scel-digested pCMVL1a. Then, pAdHM62-L2 was digested with Xbal and ligated with an oligonucleotide corresponding to the

linker (GS) and the RGD-4C peptide that contains a binding site with an Xbal-digested fragment, resulting in pAdHM62-RGD-L2. The
oligonucleotide was designed so that the positive recombinant plasmid lacks an Xbal site. Generation of the self-ligated plasmid was reduced

by the digestion of the ligation sample by Xbal A luciferase-expressing Ad vector containing the RGD peptide in the HVRS region of the

hexon, Ad-RGD(hexon)-L2, was produced by transfection of the Pacl-digested pAdHM62-RGD-12 into 293 cells.
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FLAG tag peptide in each region. Expression of the
FLAG tag peptide in Ad-FLAG(HI)-L2, Ad-FLAG(C)-L2,
Ad-FLAG(pIX)-L2 and Ad-FLAG(hexon)-L2 was exam-
ined by Western blotting. The total protein (1 pg) of each
vector in 1 x sample buffer containing 4% f-mercapto-
ethanol was loaded on the SDS-PAGE gel after boiling
5 min, followed by electrotransfer to a PVDF (polyvinyl-
idene difluoride) membrane. After blocking in Block Ace
(Dainippon Pharmaceuticals, Osaka, Japan), the filters
were incubated with ANTI-FLAG M2 monoclonal anti-
body (Sigma, Saint Louis, USA) (1:3000), followed
by incubation in the presence of goat anti-mouse IgG
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Kanr

promoter
Pl-Scel

Ori

Hybridized DNA consisting of oligonucleotides11 and -12
G SCDCRGDT CTFCGS

CT AGG GGC AGC TGT GAC TGC CGC GGA GAC TGT TIC TGC GGC AGC C
C CCG TCG ACA CTG ACG GCG CCT CTG ACA CCG ACG TCG TCG GGA TC

Binding with Binding with
Xbal site Xbal site

HRP (Horseradish peroxidase)-linked antibody (Cell
Signaling Technology Inc.,, MA, USA). The filters were
developed by Chemi-Lumi One (Nacalai Tesque, Kyoto,
Japan). The signals were read using a LAS-3000 machine
(FUJIFILM, Tokyo, Japan). The FLAG tag peptide in the
HI loop and the C-terminus of the fiber knob were about
60 kDa, similar size to a fiber protein. The molecular
weight of pIX was 14.4kDa and the FLAG tag peptide
of Ad-FLAG(pIX)-L2 was about 14.4 kDa. The FLAG tag
peptide detected in Ad-FLAG(hexon)-L2 was about
110 kDa, which is similar to the molecular weight of
the hexon. Although the copy number of pIX is higher
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For G5 Jinker plus RGD-4C peptide into pHM15-75A (antisense)
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F RGD’4C peptide into the C-terminus of pIX or HVRS of
or
nse)
];e"c;'G(se_AC peptide into the C-terminus of pIX or HVRS of
. jsense)
hexon (aXF00 into the C-terminus of pIX or HVRS of
< tag sequence into the C-terminus of plx or o
For FLA )

}I:_exon (52; tag sequence into the C-terminus of pIX or HVR5 of
or FLAG |

tisense)
‘ ];exOI;\L;aJG' tag sequence into pHM15-75A (sense)
or

T o into pHM15-75A (antisense)

g sequence into the C-terminus of pIX (sense)

g sequence into the C-terminus of pIX (antisense)
g sequence into pHM15-75A (sense)

For His 12
For His 2
For His @

For Fiis tAE sequence into pHM15-75A (antisense)

CTAGTTACAAGCTGGCCGACGAGGAGACGCGGGCACGGCTG
TCCAAGGAGCTGCAGGCGGCGCAGGCCCCGCTGGGLGCGG
ACATGGAGGACGTGTGC
GGCCGCACACGTCCTCCATGTCCGCGCCCAGCCGGGCCTGC
GCCGCCTGCAGCTCCTTGGACAGCCGTGCCCGCGTCTCCTC
GTCGGCCAGCTTGTAA
GGCCGCCTGGTGCAGTACCGCGGCGAGGTGCAGGCCATGCT
CGGCCAGAGCACCGAGGAGCTGCGGGTGCGCCTCGCCTCCC
ACCTGCGCAAGCTGCGTAAGCGGCTCG
TCGACGAGCCGCTTACGCAGCTTGCGCAGGTGGGAGGCGAG
GCGCACCCGCAGCTCCTCGGTGCTCTGGCCGAGCATGGCCTG
CACCTCGCCGCGGTACTGCACCAGGC
TCGAGATCCCAACCTATCTGAGCGAAGATGAACTGAAAGCC
GCCGAAGCCGCCTTCAAACGCCACAACCCAACCGCGTTCGA
AG
GATCCTTCGAACGCGGTTGGGTTCTGGCGTTTGAAGGCGGCT
TCGGCGGCTTTCAGTTCATCTTCGCTCAGATAGGTIGGGATC
AATTGGCGCGCCGCGGCCGCGTAAATGAATAGACTAGTGCTA
GCCCTAGGTCTAGAGTGC
TCTAGACCTAGGGCTAGCACTAGTCTATTCATITACGCGGCCG
CGGCGCGCC
CGAGGGATCCGGTTCAGGGAGTGGCTCTIGTGACTGCCGCG
GAGACTGTTTCTGCTAA
CGCGTTAGCAGAAACAGTCTCCGCGGCAGTCACAAGAGCCA
CTCCCTGAACCGGATCCCT
CTAGGGGCAGCTGTGACTGCCGCGGAGACTGTITCTGCGGCA
GCC
CTAGGGCTGCCGCAGAAACAGTCTCCGCGGCAGTCACAGCT
GCCC
CTAGGGGCAGCGACTACAAGGACGATGATGACAAAGGCAG
e
CTAGGGCTGCCTTTGTCATCATCGTCCTTGTAGTCGCTGCCC

CGAGGGATCCGGTTCAGGGAGTGGCTCTGACTACAAGGACG
ATGATGACAAATAA
CGCGTTATTTGTCATCATCGTCCTTGTAGTCAGAGCCACTCCC
TGAACCGGATCCCT
CTAGGGGCAGCCATCACCATCACCATCACGGCAGCC
CTAGGGCTGCCGTGATGGTGATGGTGATGGCTGCCC
CGAGGGATCCGGTTCAGGGAGTGGCTCTCATCACCATCACCA
TCACTAA
CGCGTTAGTGATGGTGATGGTGATGAGAGCCACTCCCTGAAC
CGGATCCCT

the fiber, the intensity of the band of Ad-
;’T:éFa;X(;sz was weaker than that of Ad-FLAG(HI)-L2
Lo Ag_FLAG(C)-L.'Z. This phenomenon is not due to
e pisied spcorporation efficiency of the modified-pIX (at
i modiﬁed-plx without the 75 A a-helical spacer),
T — 5in‘1ﬂar intensity of the pIX band was observed
- ‘A d-FLAG(pIX)-L2 and Ad-L2 by Western
blotting using anti-pIX antibody (kindly provided by
Dr Keith ™ Leppard, Biological Sciences University of
Warwick Coventry, UK)? (Figure 5b; will be described
later). Tt remains unclear why the results nf Figure 2
nbi-FLAG B antibody) and Figure 5 (anti-pIX anti-
body) are Jifferent. The discrepancy might resqlt h-orp
the property of each antibody. Anti-FLAG tag antibody is
monoclonal, while anti-pIX antibody is polyclonal. These
results su1 gg;ez-:ted that the FLAG tag peptide was
expresseLd < a fusion protein of the fiber, pIX or hexon.
Next we examined by enzyme linked immunosorbent
assay (iELI5A) whether the FLAG tag peptide in each

s, f displayed on the virus surface (Figure 3).
ipuﬁﬁed jguses were incubated in carbonate-bicarbonate

e fi

A

TR

buffer (Sigma) and immobilized on a 96-well immuno-
plate (NALGE NUNC International, Tokyo, Japan) at
4°C. On the following day, wells were washed with
phosphate buffered saline and blocked with Block Ace.
Anti-FLAG tag monoclonal antibody (1:1000) diluted in
Block Ace was bound to the immobilized virus and
washed with phosphate-buffered saline containing 0.05%
Tween20 (Polyxyethylene (20) Sorbitan Monolaurate;
Wako Pure Chemical Industries Ltd, Osaka, Japan). Next,
a secondary antibody (goat anti-mouse IgG HRP-linked
antibody) diluted in Block Ace (1:1000) was bound to
a mouse anti-FLAG tag antibody, and HRP was detected
by TMB PEROXIDASE SUBSTRATE (MOSS  Inc.,
Pasadena, ML, USA). Absorbance at 450-655 nm was
measured by microplate reader. Ad-FLAG(HI)-L2, Ad-
FLAG(C)-L2, Ad-FLAG(pIX)-L2 and Ad-FLAG(hexon)-
L2 showed higher absorbance values than Ad-L2.
Ad-FLAG(hexon)-L2 showed the highest absorbance
values among all FLAG tag peptides displaying Ad
vectors (Figure 3). The absorbance values were depen-
dent on the copy number of the fusion protein on the

e e ST T

i
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Table 2 Ad vectors used in the present study
Fiber
Ad vectors Vector plasmids Hi loop C-terminus pIX Hexon (HVRS)
Ad-12 pAdHM4-1L2 - — — —
Ad-FLAG(HD-L2 PAdHM41-FLAG(HD-L2 DYKDDDDK — — -
Ad-FLAG(C)-L2 pAdHM41-FLAG(O)-L2 — (GSL.DYKDDDDK - —
Ad-FLAG(pIX)-L2  pAdHMS56-FLAG-L2 — — GSDYKDDDDKGS  —
Ad-FLAG(pIX/75)- pAdHMS56-FLAG75-12 — — a-Helical linker plus —
L2 (GS),DYKDDDDK
Ad-FLAG(hexon)-L2 pAdHM62-FLAG-L2 — - g - GSDYKDDDDKGS
Ad-His(pIX)-L2 pAdHMS56-His-L.2 — - GSHHHHHHGS —
Ad-His(plX/75)-12  pAdHMS56-His75-L2 — - a-Helical linker plus —
(GS).HHHHHH
Ad-RGD(HI)-L2 pAdHMI15-RGD-12 ACDCRGDCFCD  — - -
Ad-RGIX(C)-L2 pAdHM41-RGD-L2 - (GSLACDCRGDCFCG  — —
Ad-RGD(pIX)-L2 pAdHMS56-RGD-L2 — — GSCDCRGDCFCGS —
Ad-RGD(pIX/75)-L2 pAdHMS56-RGD75-L2 — -— a-helical linker plus
: (GS), CDCRGDCEC
Ad-RGD(hexon)-L2  pAdHM62-RGD-L2 — — — GSCDCRGDCFCGS

Abbreviation: Ad, adenovirus.

Each modified Ad vector has additional amino-acids derived from unique restriction enzyme sites (Csp45], Clal or Xbal) in each region, but

not be described here.
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Figure 2 Western blotting of FLAG tag-modified Ad vectors. The
total protein (1 pg) of each vector in 1 x sample buffer containing
4% B-mercaptoethanol was separated on a 4-20% SDS-PAGE gel,
and the expression of the FLAG tag peptide was analyzed by
Western blotting using mouse anti-FLAG tag monoclonal antibody.
As a control, the membrane was also incubated with anti-fiber knob
antibody (kindly provided by RD Gerard, University of Texas
Southwestern Medical Center, Dallas, TX, USA). The band of the
fiber of Ad-FLAG(HD-L2 and Ad-FLAG(C)-L2 was higher than that
of the other vectors, reflecting the insertion of the FLAG tag into the
HI loop or C-terminus of the fiber knob. The extra bands marked
with an arrow are proteolytic degradation products.

virus surface. Ad-FLAG(pIX)-L2, however, showed only
slightly higher absorbance than Ad-FLAG(HI)-L2 and
Ad-FLAG(C)-L2. ELISA is based on the ability of the
anti-FLAG tag antibody to bind to the FLAG tag
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0.0 . i ; | L 4

Ad-L2 Ad-FLAG Ad-FLAG Ad-FLAG Ad-FLAG
(HN-L2  (C)L2 (pIX)-L2 (hexon)-L2
Figure 3 ELISA of FLAG tag-modified Ad vectors. Ad-L2, Ad-
FLAG(HD-L2, Ad-FLAG(C)-L2, Ad-FLAG(pIX)-L2 or Ad-FLA-
G(hexon)-L2 (10° VP/well, 3 x10*VP/well, or 1x10°VP/well)
were immobilized on a 96-well immunoplate. Mouse FLAG tag
antibody was applied and then detected by anti-mouse IgG HRP-
linked antibody. Absorbance at 450-655nm was measured by
microplate reader. The data are expressed as means +s.d. (n=3).

sequence on each Ad vector. The accessibility to the
FLAG tag sequence at the C-terminus of pIX might be
impaired, because pIX was buried between the hexon-
tops. These results suggested that the fiber- (both the HI
loop and C-terminus), pIX-, and the hexon-modified Ad
vectors that were generated in this study did in fact
display foreign ligands on the viral surface.

We and several groups have reported the feasibility
of Ad vector application containing the RGD peptide

.in the HI loop or the C-terminus of the fiber knob,

the C-terminus of pIX and the HVR5 region of the
hexon.?101821.28 However, there has been no report about
which region is suitable for displaying the RGD peptide.
To examine this, we constructed Ad vectors containing
the RGD peptide in the fiber knob (HI loop or
C-terminus), pIX (with or without 75 A «-helical spacer),
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Figure 4 Transduction efficiency of RGD-modified Ad vectors.
SK HEP-1 (a) and SF295 (b) cells were transduced with 3000 VP /cell
of Ad-L2, Ad-RGDXHI-12, Ad-RGD(C)-L2, Ad-RGD(pIX)-L2, Ad-
RGD(pIX/75A)-12 or Ad-RGD(hexon)-L2 for 1.5 h, respectively.
After culturing for 48 h, luciferase production was determined
using a luciferase assay system (PicaGene LT2.0; Toyo Inki, Tokyo,
Japan). The data are expressed as means +s.d. (n=3).

Ad-RGD(pIX)-L2

and hexon and compared the luciferase production in SK
HEP-1 and SF295 cells transduced with each vector
(Figure 4). In the case of the.pD(—modiﬁed Ad vector, the
vector containing the 75 A o-helical spacer between
the C-terminus of pIX and the RGD peptide was also
constructed as described previously,'® together with
the vector without the o-helical spacer. The RGD
(CDCRGDCFC; RGD-4C) peptide binds to integrin
avf3 and avf5 on the cellular surface.?* SK HEP-1
cells were CAR-positive, while SF295 cells were CAR-
negative. Both cells expressed avfp3 and «vf5 integrins
(the expression of CAR and integrins in each cell was
examined in our previous report by flow cytometry).?®
The luciferase enzymatic activity following transduction
with Ad-RGD(HI)»-L2, Ad-RGD(C)-L2, Ad-RGD(pIX)-L2,
Ad-RGD(pIX/75)-L2 and Ad-RGD(hexon)-L2 was only
about two to three times different from that with Ad-L2
in SK HEP-1 cells (Figure 4a). This would reflect that
all vectors efficiently transduce via (at least) CAR. In
contrast, in SF295 cells Ad-RGD(HI)-1.2 and Ad-RGD(C)-
L2 showed approximately 230- or 10-fold higher lucifer-
ase production, which mediated via an RGD-integrin-
dependent pathway (our previous data and data not
shown),'®% than Ad-L2 (Figure 4b). Luciferase produc-
tion in SF295 cells transduced with Ad-RGD{(pIX)-L2,
Ad-RGD(pIX/75)-L2 and Ad-RGD(hexon)-L2 were not
enhanced compared with Ad-L2. Lower luciferase
production in 5F295 cells transduced with Ad-RGD(hex-
on)-L2 was due to the about four times lower ratio of

Gene Therapy

infectious titer-to-particle titer of Ad-RGD(hexon)-L2 in
comparison with that of Ad-L2. These results suggested
that the HI loop of the fiber knob is the most suitable
region for capsid modification at least in the case of the
insertion of the RGD peptide.

Vellinga et al.’® reported that Ad vectors containing
the RGD peptide at the C-terminus of pIX with a 75A
a-helical spacer could transduce more efficiently into
CAR-negative Eoma cells than vectors with a 30 or 45 A
a-helical spacer or no spacer. In the present study,
we used a similar a-helical spacer sequence to that used
by Vellinga et al.,’® but no enhanced transduction was
observed. The level of gene expression of Ad-RGD(pIX/
75)-L2 was approximately three times lower in the SF295
cells than Ad-L2. We speculated that the lower transduc-
tion efficiency of Ad-RGD(pIX/75)-L2 might be due to
the decreased incorporation efficiency of pIX-spacer-
RGD into Ad-RGD(pIX/75)-L2. Therefore, we examined
the incorporation of pIX into virus particles by Western
blotting using the anti-pIX antibody (Figure 5a). The
data obtained suggested that the incorporation efficiency
of pIX-spacer-RGD into Ad-RGD(pIX/75)-1.2 was greatly
decreased, and only a faint band (marked with an
asterisk) was observed, while that of pIX-RGD into Ad-
RGD(pIX)-L2 was similar to that into Ad-L2, a control
virus (Figure 5a). Therefore, a longer spacer might
hamper incorporation efficiency. This would be the
reason why Ad-RGD(pIX/75)-L2 did not show increased
transduction efficiency. To examine this phenomenon in
more detail, the incorporation of modified-pIX with the
FLAG tag or His tag (HHHHHH) peptide into each virus
was examined instead of the RGD peptide (Figure 5b).
Modified-pIX without the spacer (Ad-FLAG(pIX)-L2 and
Ad-His(pIX)-L2) was similarly incorporated into the
wild-type virus (Ad-L2), while that with the spacer
(Ad-FLAG(pIX/75)-L2 and Ad-His(plX/75)-L2) was
severely impaired. When the vectors were over-loaded
on the SDS-PAGE gel, the band of the RGD-, FLAG
tag- or His tag-modified pIX with a longer spacer
was observed. Therefore, incorporation efficiency of
modified-pIX was not completely impaired (Figure 5¢).
The pIX-spacer-His tag peptide was more efficiently
incorporated into Ad-His(pIX/75)-L2 than the pIX-
spacer-FLAG into Ad-FLAG(pIX/75)-L2, suggesting
that the kind of peptide inserted might affect the
incorporation efficiency when the longer spacer
sequence is used. Vellinga et al.’® reported the generation
of pIX-modified Ad vector with a longer spacer by
co-transfection of vector plasmid lacking pIX coding
region and the plasmid expresses a series of maodified
pIX. The incorporation efficiency of pIX with a longer
spacer into virion was lower than that of conventional-
pIX, although their efficiency was higher than that in
the present study. Subtle differences in the linker
sequence between pIX and the longer spacer or between
the longer spacer and the RGD peptide might
have caused this difference in results. Their group
recently reported new method for generation of pIX-
modified Ad vectors.®® They created a series of helper
cell lines producing modified-pIX with and without
longer spacers. The incorporation efficiency of pIX
with a longer spacer into virion generated by the method
was similar to that of unmodified-pIX. They also
showed that the heat-stability of pIX-modified Ad
vector with a longer spacer was worse than that of the
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Figure 5 Analysis of the incorporation efficiency of modified-pIX.
Incorporation efficiency of modified-pIX into the virus particles was
determined by Western blotting. The total protein (a and b, 1 pg;
¢, 10pg) of each vector in 1x sample buffer containing 4%
f-mercaptoethanol was separated on a 4-20% SDS-PAGE gel, and
pIX was detected by the anti-pIX antibody. As a control, the anti-
fiber knob antibody was used. (a) pIX-modified Ad vector contain-
ing the RGD peptide with or without a 75 A o-helical spacer. (b)
pIX-modified Ad vector containing the FLAG tag or His tag peptide
with or without a 75 A a-helical spacer. Ad-FLAG(pIX/75)-L2, Ad-
His(pIX)-L2 and Ad-His(pIX/75)-L2 containing the FLAG tag or
His tag peptide in the C-terminus of the pIX with or without a 75 A
a-helical spacer were similarly generated, as shown in Figure la.
(c) The pIX-modifed Ad vector containing the RGD, FLAG tag, or His
tag peptide with a 75 A a-helical spacer. The extra bands marked
with an arrow are proteclytic degradation products. The asterisks
indicate the band of the modified-pIX with a 75 A a-helical spacer.

conventional Ad vector and pIX-modified Ad vector
without longer spacer. For these reasons, care should be
taken in the use of a longer spacer.

Characlerization of capsid-modified adenovirus veclors

- § Kurachi et af

Vigne et al*' have reported that Ad vectors containing
the RGD peptide (DCRGDCF) at the HVR5 region of the
hexon can infect cells via cellular xv integrin indepen-
dently of CAR, which was inconsistent with the present
study. The precise mechanism for these differences
remains unclear. Subtle differences in the inserted RGD
peptide sequence (SRGSCDCRGDCFCGSFR including the
restriction enzyme-coding sequence in our study and
GSDCRGDCFGS in their study) or the difference in the cell
types used might have caused the discrepancy in results.

After .we submitted this manuscript, Campos and
Barry* reported a similar study in which fiber-, pIX-
and hexon-modification were compared. They generated
metabolically biotinylated Ad vectors by the insertion of
the biotin acceptor peptide (BAP) in each location to
directly compare targeted transduction through the fiber,
PIX and hexon using a variety of biotinylated ligands,
such as antibodies and proteins, which had a higher
affinity than the RGD peptide. They reported that the
modification of the fiber was more efficient than that of
pIX and hexon,® which is consistent with the present
report. They discussed how high affinity ligands at pIX
or hexon made it impossible for the virus to escape from
the endosome, and enter the cytoplasm, and traffic to the

nucleus because the interaction between ligands at pIX |

or hexon and the cellular receptor was very strong. In the
present study, we chose the RGD peptide to change (or
expand) the tropism of the Ad vector, which had a lower
affinity than antibodies or proteins. The modification of
pIX and hexon with the RGD peptide might also have
affected intracellular trafficking.

One of the possible reasons why the HI loop of the
fiber knob is efficient in the case of the RGD peptide is
that peptides displayed in the fiber knob can easily
access the target molecules (receptors) because fiber
knobs are the outmost capsid proteins of Ad vectors (the
HI loop of the fiber knob is more exposed than the
C-terminus). Therefore, pIX-modified or hexon-modified
Ad vectors without the fiber proteins might show
efficient ligand-mediated transduction because the
ligand can come close to the cellular surface receptor.
In addition, fiber-less Ad vectors do not infect cells via
CAR due to the lack of fiber proteins.>**> pIX-modified
or hexon-modified Ad vectors without fiber proteins
could be a platform vector for targeting, although the
fiber-less Ad vector was weaker against physical
burdens, such as heat-treatment and freeze-and-thaw,
than the conventional Ad vector (our unpublished data).

In summary, we have developed a simple method
based on in vitro ligation to construct Ad vectors contain-
ing heterologous peptides in the C-terminus of pIX or the
HVRS5 region of the hexon. These Ad vectors displayed
foreign peptides on the viral surface in each region. In the
case of the insertion of the RGD peptide, Ad vectors
modified in the HI loop of the fiber knob proved the better
choice. As the vector system shown here enables easy
construction of capsid-modified Ad vectors displaying a
peptide of interest, it has great potential for gene therapy
and gene transfer experiments.
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Granulocyte Colony-Stimulating
Factor Promotes the
Translocation of Protein

Kinase Cu in Neutrophilic
Differentiation Cells

TOSHIE KANAYASU-TOYODA,' TAKAYOSHI SUZUKI,' TADASHI OSHIZAWA, '
ERIKO UCHIDA,2 TAKAO HAYAKAWA,? anp TERUHIDE YAMAGUCHI!'™*
' Division of Cellular and Gene Therapy Products, National Institute of Health Sciences, Tokyo, Japan

? National Institute of Health Sciences, Tokyo, Japan

Previously, we suggested that the phosphatidylinositol 3-kinase (PI3K)-p70 56 kinase (p70 S6K) pathway plays an important role in
granulocyte colony-stimulating factor (G-CSF)-dependent enhancement of the neutrophilic differentiation and proliferation of HL-60
cells. While atypical protein kinase C (PKC) has been reported to be a regulator of p70 S6K, abundant expression of PKCu was observedin
myeloid and lymphoid cells. Therefore, we analyzed the participation of PKCu in G-CSF-dependent proliferation. The maximum
stimulation of PKCu was observed from 15 to 30 min after the addition of G-CSF. From 5 to 15 min into this lag time, PKCL was found to
translocate from the nucleus to the membrane. At 30 min it re-translocated to the cytosol, This dynamic translocation of PKCu was also
cbserved in G-CSF-stimulated myeloperaxidase-positive cells differentiated from cord blood cells. Small interfering RNA for PKCu
inhibited G-CSF-induced proliferation and the promation of neutrophilic differentiation of HL-60 cells. These data indicate that the

G-CSF-induced dynamic translocation and activation processes of PKCu are important to neutrophilic proliferation.

J. Cell. Physiol. 211: 189-196, 2007. © 2006 Wiley-Liss, Inc.

Hematopoietic cell differentiation is regulated by 2 complex
network of growth and differentiation factors (Tenen et al.,
1997; Ward etal., 2000). Granulocyte colony-stimulating factor
(G-CSF) and its receptors are pivotal to the differentiation of
myeloid precursors into mature granulocytes. In previous
studies (Kanayasu-Toyoda et al., 2002) on the neutrophilic
differentiation of HL-60 cells treated with either dimethyl
sulfoxide (DMSO) or retinoic acid (RA), heterogeneous
transferrin receptor (Tri-R) populations—transferrin
receptor-positive (Trf-R™) cells and transferrin receptor-
negative (Trf-R”) cells—appeared 2 days after the addition of
DMSO or RA. The TH-R™ cells were proliferative-type cells
that had higher enzyme activity of phosphatidylinositol 3-kinase
(PI3K) and protein 70 S6 kinase (p70 S6K), whereas the
Tr-R™ cells were differentiation-type cells of which Tyr705 in
STAT3 was much more phosphorylated by G-CSF. Inhibition of
either PI2K by wortmannin or p70 S6K by rapamycin was found
to eliminate the difference in differentiation and proliferation
abilities between Trf-R* and Tri-R™ cells in the presence of
G-CSF (Kanayasu-Toyoda et al., 2002). From these results, we
concluded that proteins PI3K and p70 SéK play important roles
inthe growth of HL-60 cells and negatively regulate neutrophilic
differentiation. On the other hand, the maximum kinase activity
of PI3K was observed at 5 min after the addition of G-CSF
(Kanayasu-Toyoda et al., 2002) and that of p70 S6K was
observed between 30 and 60 min after, indicating a lag time
between PI3K and p70 S6K activation. It is conceivable that any
signal molecule(s) must transduce the G-CSF signal during the
time lag berween PI3K and p70 S6K. Chung et al. (1994) also
showed a lag time between PI3K and p70 S6K activation on
HepG2 cells stimulated by platelet-derived growth factor
(PDGF), suggesting that some signaling molecules also may
transduce between PI3K and p70S6K.

Protein kinase C (PKC) is a family of Ser/Thr kinases involvedin
the signal transduction pathways that are triggered by
numerous extracellular and intracellular stimuli. The PKC

© 2006 WILEY L!SS INC

family has been shown to play an essential role in cellular
functions, including mitogenic signaling, cytoskeleton
rearrangement, glucose metabolism, differentiation, and the
regulation of cell survival and apoptosis. Eleven different
members of the PKC family have been identified so far. Based on
their structural similarities and cofactor requirements, they
have been grouped into three subfamilies: (1) the classical or
conventional PKCs (cPKCa, {3, B2, and v), activated by Cart.
diacylglycerol, and phosphatidyl-serine; (2) the novel PKCs
(nPKCS, €, 1, and 8), which are independent of Ca** but still
responsive to diacylglycerol; and (3) the atypical PKCs (aPKC{
and ), where PKC) is the homologue of human PKCu.
Atypical PKCs differ significantly from all other PKC family
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members in their regulatory domains, in that they lack both the
czlcium-binding domain and one of the two zinc finger motifs
required for diacylglycerol binding (Liu and Heckman, 1998).
Romanelli et al. (1999) reported that p70 S6K is regulated by
PKCL and participates in a PI3K-regulated signaling complex.
On the other hand, Selbie et al. (1993) reported that the tissue
distribution of PKCL is different from that of PKCUA, and that
PKCu\ appears to be widely expressed. If the p70 S6K could be
activated by aPKC, the regulation of p70 SéK activation would
seem to depend on the tissue-specific expression of PKCy
and/or PKCL. In neutrophilic lineage cells, the question is which
aPKC participates in the regulation of p70 S6K on G-CSF
signaling.

In this study, we show that G-CSF activated PKCy, promoting its
translocation from the nucleus to the cell surface membrane
and subsequently to the cytosol in DMSO-treated HL-60 cells.
We also show the translocation of PKC\ using
myeloperoxidase-pasitive neutrophilic lineage differentiated
from cord blood, which is a rich source of immature myeloid
cells (Fritschetal., 1993; Rappold et al., 1997; Huang etal., 1999;
Debili et al., 2001; Hao et al., 200 1). We concluded that PKC.
translocation and activation by G-CSF are needed for
neutrophilic proliferation.

Materials and Methods
Reagents

Anti-p70 56K polyclonal antibody was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-PKCu polyclonal antibody and
monoclonal antibady were purchased from Santa Cruz Biotechnology
and from Transduction Laborataries (Lexington, KY), respectively.
Anti-PKCL polycional antibody was purchased from Cell Signaling
Technology (Beverly, MA). Anti-myeloperoxidase antibody was
purchased from Serotec Ltd. (Oxford, UK). GF 109203X, and G& 6983
were obtained from Calbiochem-Novabiochem (San Diego, CA).
Wortmannin was obtained from Sigma Chemical (St Louis, MQ).
Anti-Histon-H| antibody, anti-Fcy receptor lla (CD32) antibody, and
anti-lactate dehydrogenase antibody were from Upstate Cell Signaling
Solutions (Lake Placid, NY), Lab Vision Corp. (Fremont, CA), and
Chemicon International, Inc. (Temecula, CA), respectively.

Cell culture

HL-60, Jurkut, K562, U937, and THP- | cells were kindly supplied by the
Japanese Ccllection of Research Bioresources Cell Bank (Osaka,
Japan). Cells were maintained in RPMI | 640 medium containing 10%
heat-inactivated FBS and 30 mg/L kanamycin sulfate at 37°C in
moisturized air containing 5% CO;. The HL-60 cells, which were at a
density of 2.5 x |0° cells/ml, were differenciated by 1.25% DMSO. Twe
days after the addition of DMSO, the G-CSF-induced signal
transduction was analyzed using either magnetically sorted cells or
non-sorted cells.

Magnetic cell sorting

To prepare Trf-R™ and Trf-R™ cells, magnetic cell sorting was
performed as previously reported (Kanayasu-Toyoda et al., 2002),
using an automatic cell sorter (AUTO MACS; Miltenyi Biotec, Bergisch
Gladbach, Germany). After cell sorting, both cell types were used for
Western blotting and PKCL enzyme activity analyses.

Preparation of cell lysates and immunoblotting

For analysis of PKCu and PKCL expression, a PVDF membrane blotted
with 50 pg of various tissues per lane was purchased from BioChain
Institute (Hayward, CA). Both a polymorphonuclear leukocytes
(PMNis) fraction and a fraction containing lymphocytes and monocytes
were isolated by centrifugation (400g, 25 min) using a Mono-poly
resolving medium (Dai-Nippon Pharmaceutical, Osaka, Japan) from
human whole blood, which was obtained from a healthy volunteer with
informed consent. T-lymphocytes were further isolated from the
mixture fraction using the Pan T Cell Isolation Kit (Miltenyi Biotec)
accerding to the manufacturer’s protocol. T-lymphocytes, P}MNS.
HL-60 cells, Jurkut cells, K562 cells, and U937 cells (I x 10") were
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collected and lysed in lysis buffer containing |% Triton X-100,

10 mM K;HPOL/KH,PO, (pH 7.5), | mM EDTA, 5 mM EGTA,

10 mM MgCly, and 50 mM B-glycerophosphate, along with 1/100 (v/v
protease inhibitor cockeail (Sigma Chemical) and 1/100 (v/v)
phaseha[ase inhibitor cockeail (Sigma Chemical). The cellular lysate
of 10” cells per lane was subjected to Western blotting analysis. Humai
cord blood was kindly supplied from the Metro Tokyo Red Cross Cor
Blood Bank (Tokyo, Japan) with informed consent. Mononuclear cells
isolated with the LymphoprepT” Tube (Axis-Shield PoC AS, Oslo,
Norway), were cultured in RPMI [ 640 medium containing 10% FBS i
the presence of G-CSF for 3 days. Cultured cells were collected, ant
the cell lysate was subjected to Western blotting analysis.

A fraction of the plasma membrane, cytosol, and nucleus of the
DMSO-treated HL-60 cells was prepared by differential centrifugatior
after the addition of G-CSF, as described previously (Yamaguchi et al.
1999). After the cells that had been suspended in 250 mM sucrose/
10 mM Tris-HCI (pH 7.4) containing |/100 (v/v) protease inhibitar
cockeail (Sigma Chemical) were gently disrupted by freezing and
thawing, they were centrifuged at 800g, 4°C for 10 min. The
precipitation was suspended in 10 mM Tris-HCI (pH 6.7) supplementec
with 1% SDS. It was then digested by benzon nuclease at 4°C for | hanc
used as a sample of the nuclear fraction. After the post-nucleus
supernatant was re-centrifuged at 100,000 rpm (452,000g) at a
temperature of 4°C for 40 min, the precipitate was used as a crude
membrane fraction and the supernatant as a cytosol fraction. Westerr
blotting analysis was then performed as described previously
(Kanayasu-Toyoda etal,, 2002). The bands that appeared on x-ray films
were scanned, and the density of each band was quantitated by Scior
Image (Scion, Frederick, MD) using the data from three separate
experiments.

Kinase assay

The activity of PKCu was determined by phosphorous incorporation
into the fluorescence-labeled pseudosubstrate (Pierce Biotechnolagy,
Rockford, IL). The cell lysates were prepared as described above and
immunoprecipitated with the anti-PKCu antibody. Kinase activity was
measured according to the manufacturer's protocol. In the analysis of
inhibitors effects, cells were pretreated with a PI3K inhibitor,

wortmannin (100 nM), or PKC inhibitors, GF109207X (10 1M) and
G56983 (10 M) for 30 min, and then stimulated by G-CSF for |5 min,

Observation of confocal laser-scanning microscopy

Upon the addition of G-CSF, PKC. localization in the DMSQ-treated
HL-60 cells for 2 days was examined by confocal laser-activated
microscopy (LSM 510, Carl Zeiss, Oberkochen, Germany). The cells
were treated with 50 ng/m| G-CSF for the indicated periods and then
fixed with an equal volume of 4.0% paraformaldehyde in PBS(—). After
treatment with ethanol, the fixed cells were labeled with anti-PK.C.
antibody and with secondary antibody conjugated with horseradish
peroxidase. They were then visualized with TSA'™" Flucrescence
Systems (PerkinElmer, Boston, MA).

Mononuclear cells prepared from cord blood cells were cultured in
RPMI 1640 medium containing 10% FBS in the presence of G-CSF for
7 days. Then, for serum and G-CSF starvation, cells were cultured in
RPMI 1640 medium containing 1% BSA for || h. Afer stimulation by
50 ng/ml G-CSF, the cells were fixed, stained with both anti-PKC.
polyclonal antibody and anti-myeloperoxidase monoclonal antibody,
and finally visualized with rhodamine-conjugated anti-rabbit IgG and
FITC-conjugated anti-mouse IgG, respectively.

RNA interference

Two pairs of siRNAs were chemically synthesized: annealed
(Dharmacon RNA Technologies, Lafayette, CO) and transfected into
HL-60 cells using Nucleofector'™ (Amaxa, Cologne, Germany). The
sequences of sense siRNAs were as follows: PKCy,
GAAGAAGCCUUUAGACUUUTA; p70 S6K,
GCAAGGAGUCUAUCCAUGAUU. As a control, the sequence
ACUCUAUCGCCAGCGUGACUU was used. Forty-eight hours
after treatment with siRNA, the cells were lysed for Western blot
analysis. For proliferation and differentiation assay, cells were
transfected with siRNA on the first day, treated with DMSO on the
second day, and supplemented with G-CSF on the third day. After
cells were subsequently cultured for § days, cell numbers and
formyl-Met-Leu-Phe receptor (fMLP-R) expression were determined.
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fMLP-R expression

The differentiated cells were collected and incubated with
FITC-conjugated MLP; then, labeled cells were subjected to flow
cytometric analysis (FACSCalibur, Becton Dickinson, Franklin
Lakes, NJ).

Statistical analysis

Statistical analysis was performed using unpaired Student's t-test.
Values of P < 0.05 were considered to indicate statistical significance.
Each experiment was repeated at least three times and representative
data were indicated.

Results
The distribution of atypical PKC in various tissues
and cells

Previously, we reported that the PI3K-p70 S6K-cMyc pathway
plays an important role in the G-CSF-induced proliferation of
DMSO-treated HL-60 cells, not only by enhancing the activity of
both PI3K and p70 S6K but also by inducing the c-Myc protein
(Kanayasu-Toyoda et al., 2002, 2003). We also reported that
G-CSF did not stimulate Erkl, Erk2, or 4E-binding protein |.
The maximum kinase activity of PI3K was observed 5 min after
the addition of G-CSF, and that of p70 Sé6K was observed
between 30 and 60 min after. It is conceivable that any signal
malecule(s) must transduce the G-CSF signal during the time lag
between PI3K and p70 S6K. Romanelli et al. (1999) suggested
that the activation of p70 56K is regulated by PKCE and
participates in the PI3K-regulated signaling complex. To
examine the role of atypical PKC in the G-CSF-dependent
activation and the relationship between atypical PKC and p70
S6K, the protein expression of PKCL and PKCu in various
human tissues and cells was analyzed by Western blotting. As
shown in Figure | A, both of the atypical PKCs were markedly
expressed in lung and kidney but were weakly expressed in
spleen, stomach, and placenta. In brain, cervix, and uterus, the
expression of only PKCi was observed. Selbie etal. (1993) have
reported observing the expression of PKC{ not in protein
levels butin RNA levels, in the kidney, brain, lung, and testis, and
that of PKCv in the kidney, brain, and lung. In this study, the
protein expression of PKCu in the kidney, brain, and lung was
consistent with the RNA expression of PKCu. Despite the
strong expression of PKCL RNA in brain (Selbie et al., 1993),
PKCL protein was scarcely observed. Although PKCu proteins
were scarcely expressed in neutrophils and T-lymphocytes in
peripheral blood, they were abundantly expressed in immature
bloed cell lines, that is, Jurkut, K562, U937, and HL-60 cells
(Fig. 1B), in contrast with the very low expression of PKCL
proteins. In mononuclear cells isolated from umbilical cord
blood, which contains large numbers of immature myeloid cells
and has a high proliferation ability, the expression of PKCu
proteins was also observed. Since Nguyen and Dessauer (2005)
have reported observing abundant PKCZ proteins in THP-|
cells, as a positive control for PKC{, we also performed a
Western blot of THP-1 cells (Fig. I B, right part). While PKCL
was markedly expressed in both THP-1 and HL-60 cells, PKCZ
was observed only in THP-1 cells.

These data suggested that PKC{ and PKC. were distributed
differently in various tissues and cells, and that mainly PKCu
proteins were expressed in proliferating blood cells.

Stimulation of PKCu activity by G-CSF

Among the | | different members of the PKC family, the aPKCs
(L and U/\) have been reported to activate p70 SéK activity and
to be regulated by PI3K (Akimoto et al., |998; Romanelli et ale
1999). As shown in Figure |, although the PKC{ proteins were
not detected by Western blotting in HL-60 cells or

mononuclear cells isolated from cord blood cells, it is possible
that PKCu could functionally regulate p70 S6K as an upstream
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Fig. |. Different distributions of PKC[ and PKC1. The protein
expression of PKCLappears in the upper part and that of PKCl in the
middle part in various tissues and cells. A: |, brain; 2, lung; 3, kidney, 4,
spleen; 5, stomach; 6, jejunum; 7, ileum; 8, colon; 9, rectum; 10, cervix;
11, uterus; 12, placenta. Anti-GAPDH blot is a control for various
tissues. B: |, jurkut cells; 2, K562 cells; 3, U937 cells; 4, HL-60 cells; 5,
neutrophils; 6, T-lymphocytes; 7, mononuclear cells from cord bloodin
the absence of G-CSF; 8, mononuclear cells from cord blood in the
presence of G-CSF. Anti-actin blot is a control. The right part shows
immunoblots of PKC., PKCI, and actin of THP-1 cells as a positive
control for PKC{. The cell numbers of THP-1 and HL-60 cells were
adjusted in relation to other cells on the left parts.

regulator in these cells. Therefore, we focused on the role of
PKCv as the possible upstream regulator of p70 Sé6K in
neutrophil lineage cells. First, we compared the expression of
PKCv in both Tr-R™ and Trf-R™ cells. PKCu proteins were
expressed more abundantly in Trf-R* cells than in Trf-R™ cells
(Fig. 2A, middle part), as with the p70 S6K proteins. A time
course study of PKCu activity upon the addition of G-CSF
revealed the maximum stimulation at |5 min, lasting until 30
min. The G-CSF-dependent activation of PKCu was inhibited by
the PKC inhibitars wortmannin, GF 109203X, and Gé 6983.
Considering the marked inhibitory effect of wortmannin on
PKCv and evidence that the maximum stimulation of PI3K was
observed at 5 min after the addition of G-CSF, PI3K was
determined to be the upstream regulator of PKCuin the G-CSF
signal transduction of HL-60 cells. The basal activity of PKCu in
Trf-R* cells was higher than thatin Trf-R ™ cells, and G-CSF was
more augmented. In Trf-R™ cells, PKCu activity was scarcely
stimulated by G-CSF. This tendency of PKCu to be activated by
G-CSF was similar to that of PI3K (Kanayasu-Toyoda et al,,
2002).
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Fig. 2. Expression of PKCuin Tri-R* and Trf-R ™ cells and effects of
G-CSF on PKCu activity. A: The expression of PKCcin Trf-R* and
Tr-R™ cells was subjected to Western blot analysis after magnetic cell
sorting. B: The G-CSF-dependent PKC. activation of the
DMSO-treated HL-60 cells was measured. The x-axis represents the
time lapse (min) after the G-CSF stimulation and the y-axis percent of
controlthatwas notstimulated by G-CSF.Columnsand bars represent
the mean + SD, using data from three separate experiments. Wort:
wortmannin (100 nM), GF: GF109207X (10 .M), Go: G66983 (10 uM).
Cells were pretreated with each inhibitor and then stimulated by
G-CSF for |15 min. C: The PKC. activity in the Trf-R™ and Tri-R™ cells
30 min after the addition of G-CSF. The y-axis represents the
percentage of control that was non-stimulated Trf-R™ cells. Columns
and bars represent the mean + SD, using data from three separate
experiments.

Effects of G-CSF on PKC1 translocation

Muscella et al. (2003) demonstrated that the translocation of
PKCL from the cytosol to the nucleus or membrane is required
for c-Fos synthesis induced by angiotensin Il in MCF-7 cells. It
was also reported that high glucose induced the translocation of
PKCt (Chuang et al., 2003). These results suggest that the
translocation of aPKC plays animportant role in its signaling. To
clarify the translocation of PKC, immuno-histochemical
staining (Fig. 3) and biochemical fractionation (Fig. 4) in
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DMSO-induced HL-60 cells were performed after the addition
of G-CSF. In a non-stimulated condition, PKCu in the HL-60
cells treated with DMSO for 2 days (Fig. 3, control) was
detected mainly in the nucleus. Analysis of Western blotting
(Fig. 4, left parts) and quantification of the bands (Fig. 4, right
columns) also revealed that PKCu was localized and observed
mainly in the nuclear fraction (Fig. 4A). During the 515 min
period after the addition of G-CSF, PKCw was found to
translocate (Figs. 3 and 4B) into the membrane fraction, after
which it re-translocated into the cytosol fraction (Fig. 4C). In
the presence of wortmannin, the G-CSF-induced translocation
of PKCu into the plasma membrane failed, but PKCw was found
to localize in the cytosolic fraction (Figs. 3 and 4B).
Myeloperoxidase is thought to be expressed in stage from
promyelocytes to mature neutrophils (Manz et al,, 2002). In
human cord blood cells (Fig. 3), PKCvin the cells co-stained with
anti-myeloperoxidase antibody was also localized in the nucleus
after serum depletion (Fig. 3B top parts). Ten minutes after the
addition of G-CSF, PKCu was found to translocate into the
membrane, and then into the cytosol at 30 min after the
addition of G-CSF. In the presence of wortmannin, the
G-CSF-induced translocation of PKCu into the plasma
membrane failed but PKCy was found to localize in the cytosol.
This suggested that the dynamic translocation of PKCu induced
by G-CSF is a universal phenomenon in neutrophilic lineage
cells. Taken together, these data support the possibility that
PI3K plays not only animportant role upstream of PKCi butalso
triggers the translocation from nucleus to membrane upon the
addition of G-CSF.

In order to assess the purity of each cellular fraction, antibodies
against specific markers were blotted. As specific markers,
Histon-HI, Fcry receptor lla (CD32), and lactate
dehydrogenase (LDH) were used for the nuclear, membrane,
and cytosolic fractions, respectively. The purities of the nuclear,
membrane, and cytosolic fractions were 82.0, 785, and 72.2%,
respectively (Fig. 4D).

Effects of siRNA for PKCi on proliferation
and differentiation

To determine the role of PKCu in neutrophilic proliferation and
differentiation, PKCu was knocked down by siRNA. When the
protein level of PKCu was specifically downregulated by siRNA
for PKCu (Fig. 5A), G-CSF failed to enhance proliferation of the
cells during 5 days' cultivation (Fig. 5B). The effect of siRNA for
PKCu on neutrophilic differentiation in terms of fMLP-R
expression was also determined. As shown in Figure 5C, fMLP-
R expression was promoted by siRNA for PKCu in either the
presence (lower part) or absence (upper part) of G-CSF. These
data indicate that PKCu positively regulates G-CSF-induced
proliferation and negatively regulates the differentiation of
DMSO-treated HL-60 cells.

Discussion

We previously reported that PI3K/p70 S6K plays an important
role in the regulation of the neutrophilic differentiation and
proliferation of HL-60 cells. Akimoto et al. (1998) and
Romanelli et al. (1999) reported that p70 S6K is regulated by
aPKC and aPKCA/PKCL, respectively. At first, we showed that
the distribution of PKC{ and PKCu proteins in various human
tissues and cells was not similar (Fig. |A), and that PKCu are
more abundantly expressed in proliferating blood cells: Jurkut,
K562, U937, and HL-60 cells (Fig. |B). Moreover, PKCu
proteins were also observed in cultured mononuclear cells of
cord blood, in which the myeloid progenitors were enriched in
the presence or absence of G-CSF (Fig. 1B). The
myeloperoxidase-positive cells as neutrophilic lineage cells, a
myeloid marker, were zlso stained with the antibody of PKCL
(Fig. 3B). Although PKC proteins are barely detected in
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PKC myeloperoxydase
. -.

0 min
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Wort
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Fig. 3. Translocation of PKCu after the activation of G-CSF. A: 2 days after the addition of DMSO, HL-60 cells stimulated by G-CSF were fixed,

incubated with anti-PKCLantibody, and visualized as described above.

The photographs can be seen at the left part of the figure, the fluorescent

photographs in the middle of the figure,and the mergedimagesat the right. B: G-CSF-stimulated mononuclear cells from cord blood were stained
with anti-PKCuantibody (red, left part) and anti-myeloperoxidase antibody (green, right part) after serum depletion. Under no stimulation, PKC.
was observed in the nucleus. G-CSF promoted the translocation of PKCt to the membrane within 5_15 min, and then to the cytosol. Wort:

wortmannin. YWhite bar: 10 pm.

neutrophilic HL-60 cells, PKCu proteins were markedly
expressed in these cells (Fig. |B). This study showed, for the
first time, the stimulation of PKCu activity in G-CSF-treated
HL-60 cells (Fig. 2B) at 15-30 min after the addition of G-CSF.
Maximum activation from the addition of NGF in PC12 cells was
also observed at 15 min (Wooten et al., 2001).

Atypical PKCs are lipid-regulated kinases that need to be
localized to the membrane in order to be activated. PKCZ is
directly activated by phosphatidylinositol 3,4,5-trisphosphate, a
product of PI3K (Nakanishi et al., 1993). We previously
reported that the maximum activation of PI3K was observed in
HL-60 cells 5 min after the addition of G-CSF (Kanayasu-
Toyoda et al., 2002). Most investigators have reported the
translocation of aPKC in either muscle cells or adipocytes
stimulated by insulin (Andjelkovic et al., 1997; Goransson et al.,
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1998: Galetic et al., 1999; Standaert et al., 1999; Braiman et al.,
2001: Chen et al., 2003; Kanzaki et al., 2004; Sasacka et al., 2004;
Herr etal., 2005). In response to insulin stimulation, aPKCU/\ is
translocated to the plasma membrane (Standaert et al., 1999;
Braiman etal., 2001), where aPKCU/\ is believed to be activated
(Galetic et al,, 1999: Kanzaki et al., 2004). In the present study,
the addition of G-CSF induced PKCu to translocate to the
membrane from the nucleus within 5—15 min (Figs. 3and 4), and
this translocation to the plasma membrane accompanied the
full activation of PKCu (Fig. 2B). Previously we reported also
that the maximum activation of p70 S6K in HL-60 cells was
observed from 30 to 60 min after the addition of G-CSF
(Kanayasu-Toyoda etal., 1999, 2002), suggesting that there was
a time lag between the activation of PI3K and p70 S6K upon the
~ddition of G-CSFin HL-60 cells. In the present study, PKCuwas
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The right parts show the quantitation of the bands of PKC. proteins.

Wort or W: wortmannin. PKC. protein was quantitated using datafrom three separate experiments. Columns and bars represent the mean 4 SD.
D:Eachcellfraction wasimmunoblotted with antibodies ofspecific marker. Histon-H |, Fcy receptor lla (CD32),andlactate dehydrogenase (LDH)

are specific markers for nuclear (N), membrane (M), and cytosolic (C) fra

ctions, respectively.

found to re-translocate from the plasma membrane to the
cytosol (Figs. 3 and 4C). In the presence of wortmannin, an
inhibitor of PI3K, PKC. failed to translocate into the plasma
membrane, but instead translocated to cytosol directly from
the nucleus upon the addition of G-CSF (Figs. 3 and 4B). PKC\
translocation was also observed in myeloperoxidase-positive
cells derived from human cord blood (Fig. 3B), indicating that
G-CSF-induced dynamic translocation of PKCi occurred in not
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only a limited cell line but also neutrophilic lineage cells. These
data suggest that PI3K plays an important role in the activation
and translocation of PKCu during the G-CSF-induced activation
of myeloid cells. Furthermore, the translocation to the plasma
membrane in response to G-CSF is wortmannin sensitive, but
the translocation from the nucleus upon G-CSF stimulation is
not affected by wortmannin, suggesting that the initial signal of
G-CSF-induced PKCu translocation from the nucleus may be
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Fig. 5. Effects of siRNA of PKCu on proliferation, differentiation, and phosphorylation at various sites of p70 S6K. A: Forty-eight hours after

transfection with siRNA of PKCuor p70 S6K, protein levels of PKCuwere compared. B: Proliferation of the cells transfected with siRNA of PKCLor
control (Cont) was measured 5 days after the addition of G-CSF. Columns and bars represent the mean = SD of triplicate wells (C""P<0.001).
C:fMLP-R expressionwas analyzed by flow cytometry 5 daysafter the addition of G-CSF.The gray arrow indicates cells transfected with the control
sequence of double-stranded RNA (Cont, gray lines), and the black arrow the cells transfected with siRNA for PKC. (black lines) in the presence

(lower part) or absence (upper part) of G-CSF.

PI3K-independent, but association of PKCu with the plasma
membrane could be mediated through a PI3K-dependent signal.
Cord blood is an important material of blood transplantation
for leukemia (Bradstock et al., 2006; Ooi, 2006; Yamada et al.,
2006) or for congenital neutropenia (Mino et al., 2004,
Nakazawa et al., 2004) because it contains many hematopoietic
stem cells such as CD34-positive cells or CD133-positive cells,
and also contains immature granulocytes. The neutrophilic
differentiation and proliferation are necessary processes after
transplantation,

Formyl-Met-Leu-Phe peptide evokes the migration, superoxide
production, and phagocytosis of neutrophils through fMLP-R,a
suitable marker for neutrophilic differentiation. In this study,
the reduction of PKCu by siRNA inhibited G-CSF-induced
proliferation (Fig. 5B) and promoted neutrophilic
differentiation (Fig. 5C) in terms of fMLP-R expression. These
data, however, suggest that PKCu promoted G-CSF-induced
proliferation and blocked differentiation at the same time.
The substrates of aPKC have recently been reported: namely,
the cytoskeletal protein Lethal giant larvae (Lgl) was
phosphorylated by Drosophila aPKC (Betschinger et al., 2003)
and glyceraldehydes-3-phosphate dehydrogenase (GAPDH)
was phosphorylated by PKCy (Tisdale, 2002) directly in both
cases. While the direct phosphorylation of p70 S6K by aPKC
was not observed (Akimoto et al., 1998; Romanelli et zl.,
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1999), the enzyme activity of p70 S6K was markedly enhanced
by co-transfection with aPKC and PDK- I, the latter of which is
recruited to the membrane due to the binding of
phosphatidylinositol-3,4,5-trisphosphate to its PH domain
(Anderson etal., 1998). The addition of G-CSF induced PKCito
increase phosphorylation at Thr-389, which is the site most
closely related to enzyme activity among the multi-
phosphorylation sites of p70 S6K (VWeng et al., 1998). However,
the mammalian target of rapamycin (mTOR), an upstream
regulator, also phosphorylates Thr-389 of p70 S6K and
markedly stimulates p70 S6K activity under coexistence with
PDK-| (Isctani et al., 1999). We could not rule out the
passibility that other PKC isoforms can contribute to the
activation of p70 S6K. We postulated that in G-CSF-stimulated
HL-60 cells, PKCu contributes to p70 S6K activation as an
upstream regulator.

Atypical PKC isoforms are reportedto play animportant role in
the activation of IkB kinase B (Lallena et al,, 1999). In
PK.C[-deficient mice, impaired signaling through the B-cell
receptor resulted in the inhibition of cell proliferation and
survival while also causing defects in the activation of ERK and
the transcription of NF-kB-dependent genes (Martin et al.,
2002). Moreover, Lafuente et al. (2003) demonstrated that the
loss of Par-4, that is, the genetic inactivation of the aPKC
inhibitor, led to an increased proliferative response of



