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Introduction

Summary

Changes in the glycan structures of some glycoproteins have been
observed in autoimmune diseases such as systemic lupus erythematosus
(SLE) and rheumatoid arthritis. A deficiency of a-mannosidase II, which
is associated with branching in N-glycans, has been found to induce SLE-
like glomerular nephritis in a mouse model. These findings suggest that
the alteration of the glycosylation has some link with the development of
SLE. An analysis of glycan alteration in the disordered tissues in SLE may
lead to the development of improved diagnostic methods and may help to
clarify the carbohydrate-related pathogenic mechanism of inflammation in
SLE. In this study, a comprehensive and differential analysis of N-glycans
in kidneys from SLE-model mice and control mice was performed by
using the quantitative glycan profiling method that we have developed
previously. In this method, a mixture of deuterium-labelled N-glycans
from the kidneys of SLE-model mice and non-labelled N-glycans from
kidneys of control mice was analysed by liquid chromatography/mass
spectrometry. It was revealed that the low-molecular-mass glycans with
simple structures, including agalactobiantennary and paucimannose-type
oligosaccharides, markedly increased in the SLE-model mouse. On the
other hand, fucosylated and galactosylated complex type glycans with high
branching were decreased in the SLE-model mouse. These results suggest
that the changes occurring in the N-glycan synthesis pathway may cause
the aberrant glycosylations on not only specific glycoproteins but also on
most of the glycoproteins in the SLE-model mouse. The changes in glyco-
sylation might be involved in autoimmune pathogenesis in the model
mouse kidney.

Keywords: isotope-tagging method; liquid chromatography/multiple-stage
mass spectrometry; systemic lupus erythematosus
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carcinoembryonic antigen in colon cancer.” Furthermore,
an increase in biantennary oligosaccharides lacking

Glycosylation is one of the most common post-transla-
tional modifications'* and contributes to many biological
processes, including protein folding, secretion, embryonic
development and cell-cell interactions.® Alteration of
glycosylation is associated with several diseases, including
inflammatory responses and malignancies;' © for instance,
significant increases in fucosylation and branching are
found in ovarian cancer and lung cancer.” Additionally, the
carbohydrate structure changes from type [ glycans
(GalB1-3GlaNAc¢) to type I glycans (Galf1-4GalNAc) in

galactose (Gal) was found on immunoglobulin G (IgG) in
systemic lupus erythematosus (SLE) and rheumatoid
arthritis,”"" and agalactoglycans are used for the early
diagnosis of rheumatoid arthritis, '

Systemic lupus erythematosus is an autoimmune disease
characterized as chronic and as a systemic disease, with
symptoms such as kidney failure, arthritis and erythema. In
addition to the known changes in glycosylation on 1gG,
there have been several reports on the association between
glycosylation and inflammation in SLE and rheumatoid
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Differential analysis of N-glycan in the kidney in a SLE mouse model

arthritis."*™"® A deficiency of a-mannosidase 1l (aM-II),
which is associated with branching in N-glycans, has been
found to induce human SLE-like glomerular nephritis in a
mouse model.'® Green et al. reported that branching struc-
tures of N-glycan in mammals are involved in protection
against immune responses in autoimmune disease patho-
genesis.'” Although there is no direct evidence that alter-
ation of glycosylation is the upstream event in the
pathogenesis of SLE, these findings suggest that changes in
the glycan structure may be involved in the inflammatory-
related autoimmune disorder. Glycosylation analysis may
lead to the development of improved diagnostic methods
and may help to clarify the carbohydrate-related patho-
genic mechanism of inflammation in SLE.

Mass spectrometry (MS) and liquid chromatography/
mass spectrometry (LC/MS) are the most prevalent
strategies for identifying disease-related glycans in glyco-
mics.'#2% Aberrant glycosylations in some disease samples
have been found by comparing mass spectra or chroma-
tograms between normal and disease samples; however,
because of the tremendous heterogeneities of the sugar
moiety in glycoprotein as well as the low reproducibility
of LC/MS, accurate quantitative analysis is difficult using
MS and LC/MS alone. To overcome these problems, we
previously developed the stable isotope-tagging method
for the quantitative profiling of glycans using 2-amino-
pyridine (AP).' After the glycans are released from sam-
ple and the reference glycoproteins are derivatized to
pyridyl amino (d¢-PA) glycans and to tetra-deuterium-
labelled pyridyl amino (d4-PA) glycans, respectively, a
mixture of both dy-PA and d,-PA glycans was subjected
to LC/MS, and the levels of individual glycans were calcu-
lated from the intensity ratios of dg-glycan and d,-glycan
molecular ions (Fig. la). Recently, alternative isotope-
tagging methods using deuterium-labelled compounds,
such as 2-aminobenzoic acid its derivatives, and perme-
thylation, have been proposed by other groups.” ' All of
these studies prove the utility of isotope-tagging methods
for the quantitative analysis of glycosylation.

In the present study, we used the isotope-tagging method
to analyse changes in N-glycosylation in the disordered kid-
ney in an SLE mouse model. We used an MRL/Mp]-lpr/lpr
(MRL-lpr) mouse which lacks the Fas antigen gene.*>
The MRL-Ipr mouse is known to naturally develop SLE-like
glomerular nephritis and is widely used in SLE studies.
MRL/Mp]J-+/+ (MRL-+/+) mice were used as controls.

Materials and methods

Materials

The kidneys of the SLE-model mice (MRL-lpr) and con-
trol mice (MRL-+/+) (n = 3) were purchased from Japan
SLC, Inc. (Hamamatsu, Japan). Thermolysin (EC
3.4.24.27), originating from Bacillus thermoproteolyticus
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Figure 1. (a) Quantitative glycan profiling using the stable isotope-
tagging method and liquid chromatography/mass spectrometry (LC/
MS$). (i) sample = control, (ii) sample > control, (iii) sample < con-
trol. (b) Total ion chromatogram obtained by a single scan (m/z
700-2000) of the dg-glycan and d,-glycan mixture.

Rokko, was purchased from Daiwa Kasei (Shiga, Japan).
Glycopeptidase A (PNGase A) was obtained from Sei-
kagaku Kogyo Corporation (Tokyo, Japan). Non-deute-
rium-labelled 2-aminopyridine (do-AP) and deuterium-
labelled 2-aminopyridine (dg-AP) were purchased from
Takara Bio (Otsu, Japan) and Cambridge Isotope Labora-
tories (Andover, MA), respectively.

Sample preparation

Mouse kidneys were filtered using a cell strainer (70 pum;
BD Biosciences, San Jose, CA) and contaminating blood
cells in the kidney cells were burst in 140 mm NH,CI-Tris
buffer (pH 7-2). The surviving kidney cells were washed
three times with phosphate-buffered saline containing a
mixture of protease inhibitors (Wako, Tokyo, Japan) and
dissolved in guanidine-HCl buffer (8 m guanidine-HCI,
0-5 m Tris=HCl, pH 8-6) containing a mixture of protease
inhibitors by vortexing at 4°. The protein concentration
was measured using a 2-D Quant Kit (GE Healthcare
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Bio-Sciences, Uppsala, Sweden). The protein solution
(200 pg proteins) was incubated with 40 mar dithiothrei-
tol at 65° for 30 min. Freshly prepared sodium iodo-
acetate (final concentration, 96 mai) was added to the
sample solution, and the mixture was incubated at room
temperature for 40 min in the dark. The reaction was
- stopped by adding cystine (6 mg/ml in 2 » HCD) in an
amount equal to the amount of dithiothreitol. The solu-
tion containing carboxymethylated proteins was diluted
in four times its volume of H,0, and the mixture was
incubated with 0-1 pug of thermolysin at 65° for 1 hr.
After terminating the reaction by boiling, the reaction
mixture was diluted in four times its volume of 0:2 m
acetate buffer. The N-linked glycans were released by
treatment with PNGase A (1 mU) at 37° for 16 hr and
were desalted using an EnviCarb C cartridge (Supelco,
Bellefonte, PA).

Labelling of N-glycans with dy-AP and dg-AP

Glycans released from the SLE-model mouse cells were
incubated in acetic acid (20 ul) with 12-5 m dy-AP at 90°
for 1 hr. Next, 3-3 s borane—dimethylamine complex
reducing reagent in acetic acid (20 pl) was added to the
solution and the mixture was incubated at 80° for 1 hr.
Excess reagent was removed by evaporation, and dy-PA
glycans were desalted using an EnviCarb C cartridge, con-
centrated in a SpeedVac and reconstituted in 20 pl of
5 ms ammonium acetate (pH 9-6). Glycans released from
the control mouse were labelled with dg-AP in a similar
manner. The resulting d,-PA glycans were combined with
dy-PA glycans, which were prepared from an equal
amount of proteins.

On-line liquid chromatography/mass spectrometry

The sample solution (4 pl) was injected into the LC/MS
system through a 5-pl capillary loop. The dy-PA and
dy-PA glycans were separated in a graphitized carbon col-
umn (Hypercarb, 150 x 0-2 mm, 5 pum; Thermo Fisher
Scientific, Waltham, MA) at a flow rate of 2 pl/min in a
Magic 2002 LC system (Michrom Bioresources, Auburn,
CA). The mobile phases were 5 mM ammonium acetate
containing 2% acetonitrile (pH 9-6, A buffer) and 5 mm
ammonium acetate containing 90% acetonitrile (pH 96,
B buffer). The PA-glycans were eluted with a linear gradi-
ent of 5-45% of B buffer for 90 min.

Mass spectrometric analysis of PA glycans was per-
formed using a Fourier transform ion cyclotron reso-
nance/ion trap mass spectrometer (FT-ICR-MS, LTQ-FT;
Thermo Fisher Scientific) equipped with a nanoelectro-
spray ion source (AMR, Tokyo, Japan). For MS, the
electrospray voltage was 2-0 kV in the positive ion mode,
the capillary temperature was 200° the collision energy
was 25% for MS" experiment, and the maximum injection

times for FT ICR-MS and MS" were 1250 and 50 milli-
seconds, respectively. The resolution of FT-ICR-MS was
50 000, the scan time (m/z 700-2000) was approximately
0-2 seconds, dynamic exclusion was 18 seconds, and the
isolation width was 3-0 U (range of precursor ions + 1-5).

Results

Quantitative profiling of kidney oligosaccharides in
the SLE-model mouse

The recovery of oligosaccharides from whole tissues and
cells is generally low because of the insolubility of the mem-
brane fraction and possible degradation of the glycans. To
improve the recovery of N-glycans from kidney cells, whole
cells were dissolved in guanidine hydrochloride solution,
and all proteins, including membrane proteins, were
digested into peptides and glycopeptides with thermolysin.
The N-glycans were then released from the glycopeptides
with PNGase A, which is capable of liberating N-linked
oligosaccharides even at the N- and/or C-terminals of
peptides. The N-linked oligosaccharides from the
SLE-model mice and control mice were labelled with d,-AP
and de-AP, respectively. The mixture of labelled glycans
derived from an equal amount of proteins was subjected to
quantitative glycan profiling using LC/MS".

Figure 1(b) shows the total ion chromatogram obtained
by a single mass scan (m/z 700-2000) of the glycan
mixture in the positive ion mode. Although the MS data
contain many MS spectra derived from contaminating
low-molecular-weight peptides, the MS/MS spectra of oli-
gosaccharides could be sorted based on the existence of
carbohydrate-distinctive ions, such as HexHexNAc* (m/z
366) and Hex(dHex)HexNAc' (m/z 512). The mono-
saccharide compositions of the precursor ions were calcu-
lated from accurate m/z values acquired by FT-ICR-MS.
Oligosaccharides found at 25-27 min were assigned to
low-molecular-mass glycans consisting of dHexo, Hex,
HexNAc, (dHex, deoxyhexose; Hex, hexose; HexNAc,
N-acetylhexosamine). High-mannose-type glycans, which
consist of Hexs.;gHexNAc,, were located at 20-28 min;
complex-type glycans (dHex,_;Hexs (HexNAc, 4) were
found at 21-27 min. Figure 2(a) shows the relative inten-
sities of the molecular ions of N-glycans in the SLE-
model mouse, which may correspond roughly to the
levels of individual N-glycans. More than half of all
glycans were complex-type oligosaccharides, and the most
prominent glycan was dHex;HexsHexNAcs. Man-9
(HexgHexNAc,) was the second most common oligo-
saccharide. Nearly one-quarter of the glycans were low-
molecular-mass glycans, and dHex,Hex,HexNAc, was the
third most abundant glycan in the SLE-model mouse,
The rate of percentage change in individual glycans
between the SLE-model mice and control mice was calcu-
lated from the intensity ratio of dg-glycan and d,-glycan
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molecular ions (Fig. 2b). The significant changes found in
many glycans are described below.

Increased oligosaccharides in the SLE-model mouse

Figure 3(a,b) show the mass and MS/MS spectra of the
most increased glycan, which showed a notable increase
in the SLE-model mouse. Based on m/z values of molecu-
lar ions and differences of 1-00 U in m/z values among
monoisotopic ions, the intense ion (m/z 973-40) and its
neighbour ion (m/z 977-43) were assigned to [M+H]" of
dy-PA dHex;Hex,HexNAc,, and d;-PA dHex;Hex,Hex-
NAc,, respectively (Fig. 3a). The intensity ratio of these
ions suggested that the level of dHex;Hex,HexNAc,
increased 3-6-fold in the SLE-model mouse. The structure
of this oligosaccharide was estimated to be a core-fucosy-
lated trimannosyl core lacking a Man residue from the
successive cleavages of Man (Y;: m/z 815), Man (Yy: m/z
653), GIcNAc (Yy: in/z 450) and Fuc (Y m/z 304)
(inset in Fig. 3b). Such a defective N-glycan is known as
a paucimannose-type glycan, and is rarely found in verte-
brates. All paucimannose-type glycans, such as dHex,
Hex;HexNAc, (a core-fucosylated trimannosyl core) and
Hex;HexNAc, (a non-fucosylated trimannosyl core) were
increased in the SLE-model mouse. Furthermore, a two-
fold increase was found in Hex,HexNAc, (Man-4).

Figure 4 shows the molecular ratios of individual
N-glycans between the SLE-model mice and control mice.
A remarkable increase (3-5-fold) was also found in

(@)

dHex;Hex;HexNAc,, which is assigned to a core-fucosy-
lated biantennary oligosaccharide lacking two non-reduc-
ing terminal Gal residues; its non-fucosylated form
(Hex;HexNAcy) was also increased 1-8-fold in the SLE-
model mouse. In other complex-type glycans,
dHex Hex;HexNAc, (1), which is assigned to a bianten-
nary oligosaccharide lacking one molecule of Gal,
increased 1-6-fold. Interestingly, a significant decrease was
found in dHex,Hex,HexNAc, (2), a positional isomer of
dHex;Hex,HexNAc, (1); this might have been caused by
galactosylation on either GlcNAc-Manal-3 or GlcNAc-
Manal-6. In contrast, no change was found between
fucosylated and non-fucosylated oligosaccharides, nor
between bisected and non-bisected oligosaccharides.

A significant increase was found in some high-
mannose-type oligosaccharides, such as HexsHexNAc,
(Man-5; + 137%) and HexgHexNAc, (1) (Man-6;
+ 136%), while Hex;HexNAc, (1,2) (Man-7) and a posi-
tional isomer of HexgHexNAc, (1) [Hex;HexNAc, (2)]
remained unchanged in the SLE-model mouse. A slight
increase was found in HexyHexNAc, (Man-8; + 116%)
and Hex;(HexNAc, (possibly assigned to Man-9 plus Glc;
+ 116%).

Decreased oligosaccharides in the SLE-model mouse

The mass spectrum of the most decreased glycan is shown
in Fig. 5(a). Based on differences of 0-5 U in m/z values
among monoisotopic ions, molecular ions at m/z 1180-97
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and 1182-98 are estimated to be [M + 2H]** of dy-PA
and d4-PA dHexsHexsHexNAcs (1), respectively. The
intensity ratio of dg : dy glycans suggests that this glycan
in the SLE-model mouse was decreased to 47% of the
amount found in the control mouse. Figure 5(b) shows
the MS*™ spectra of do-PA dHexsHexsHexNAcs (1) (pre-
cursor ion, m/z 1180-97). The fragment ion at m/z 512 in
MS/MS (i) and MS/MS/MS (ii) spectra, which corre-
sponds to dHex,Hex,;HexNAc,*, suggests the attachment
of two Lewis motifs on the side chains of the glycan. The
presence  of dHex,HexNAc,PA*. (m/z 446) and
dHex,Hex,HexNAc;PA* (m/z 1015) reveals the linkages
‘of a core fucose and a bisecting GIcNAc. Based on these
fragments, this decreased glycan is estimated to be a
Lewis-motif-modified, core-fucosylated and bisected bi-
antennary oligosaccharide (inset in Fig. 5).

As shown in Figs 2(b) and 4, oligosaccharides lacking
one molecule of Gal with and without bisecting Glc-
NAc [dHex;Hex,HexNAc; (2) and dHex,HexHexNAcs
(1)] were decreased to 48% and 55%, respectively. A
significant decrease was also found in other monogalacto-
biantennary oligosaccharides, such as dHex,Hex,Hex
NAc; (2) (a Lewis-motif-modified, core-fucosylated
monogalacto-biantennary) and dHex;Hex,HexNAc; (1)
(a Lewis-motif-modified core-fucosylated and bisected
monogalacto-biantennary).

The oligosaccharides, non-reducing ends of which are
fully galactosylated, were decreased in the SLE-model
mouse. For example, monofucosyl biantennary
dHex,HexsHexNAc, (1) and (2) were decreased 59% and
75%, respectively. The di-, tri- and tetra-fucosylated oli-
gosaccharides, dHex;HexgHexNAcs (1), dHexsHex¢Hex-
NAcg (1,2) and dHex4HexgHexNAcg (1,2), which were
estimated to be tri- and tetraantennary forms, were
also significantly decreased. These results show that
oligosaccharides with a complicated structure, such as
high branching oligosaccharides and di- and tri-fucosylated
oligosaccharides, were decreased in the SLE-model mouse.

Discussion

Using the isotope-tagging method, we demonstrated
aberrant N-glycosylation on the kidney proteins of a SLE-
model mouse. We found increases in low-molecular-mass
glycans with simple structures, including paucimannose-
type glycans, agalacto-biantennary oligosaccharides, Man-5
and Man-6, and decreases in glycans which have a compli-
cated and diverse structure, such as digalacto-biantennary
oligosaccharides and highly fucosylated glycans (Fig. 4). An
increase in agalacto-biantennary oligosaccharides on IgG
has been reported in the sera of patients with autoimmune
diseases, including SLE, rheumatoid arthritis and IgA
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nephropathy.”'"** The present findings show that abnor- elegans.*®*' The membrane protease B-N-acetylgluco-

mal glycosylation occurs not only in IgG in serum but also
in several glycoproteins in the SLE-model mouse kidney.
Figure 6 shows the biosynthesis pathway of N-linked
oligosaccharides in mammalian cells. Man-9, a product in
the early stage of the pathway, is processed to Man-5 in
the endoplasmic reticulum, and a GlcNAc and Fuc are
added to Man-5 in the Golgi apparatus. After the
removal of two. Man residues by aM-II, GlcNAc, Gal and
Fuc are further added to oligosaccharides by several
glycosyltransferases. There have been a few reports on
paucimannose-type oligosaccharides in vertebrates;”® how-
‘ever, these glycans are common oligosaccharides in other
multicellular organisms such as insects and Caenorhabditis

T

Pauci-mannose-type

saminidase is thought to mediate the synthesis of
paucimannose-type oligosaccharides.’> Based on core
fucosylation on some paucimannose-type oligosaccha-
rides, it was deduced that B-N-acetylglucosaminidase
might act on glycan synthesis after N-acetylglucosaminyl-
transferase I, .core fucosyltransferase and oM-I1.** The
synthesis of paucimannose-type oligosaccharides may be
involved in the suppression of growing diversity and
complexity of glycan structures.

We found a number of changes in the levels of
monogalacto-biantennary oligosaccharides in the SLE
mouse. Galactosylation to agalacto-biantennary oligo-
saccharides is mediated by [-1,4-galactosyltransferase

Endoplasmic reticulum Aoy
""" ' AL - Figure 6. Biosynthesis pathway of N-linked
: v oligosaccharides in mammalian cells. Triple
. > iy - - o . - __)_)_;,84!’ up-arrow, increases of more than +2.0; triple
: I down-arrow, decreases of not more than
: -2:0. Grey circle, mannose; white circle,
Man-9 LS. i

) [uw ﬂug mw galactose; grey triangle, fucose; black square,

Golgi apparatus N-acetylglucosamine. *P" is protein portion.
342 © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd, immunology, 126, 336-345
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(B—l,Al-Ga]Tzlse).33 Previous studies suggested that trans-
lational repression of P-1,4-GalTase in lymphocytes is
associated with an increase in agalacto-oligosaccharides
on IgG in the serum of the MRL-lpr mouse.* Although
the activity of B-1,4-GalTase remains unknown in the
SLE-model mouse, the increase in agalacto forms and
the decrease in digalacto forms imply changes in B-1,4-
GalTase activity. The present results suggest a decrease
in diverse and complex glycans, which are synthesized at
a late stage in the N-glycan synthesis pathway, and an
increase in the simple glycans appearing at an early stage
in the SLE-model mouse.

The activation of complements is involved in glomeru-
lar nephritis of SLE.**>7 The complements are activated
through three pathways: a classical pathway, an alternative
pathway and a lectin pathway. In the classical pathway, a
binding of Clq to an immune complex triggers the acti-
vation of Clr and Cls. Activated Cls cleaves C4 and C2,
generating C3 convertase (C4b2a), which generates C3b.
The complement component subsequently produces C5b-
9 complex, which leads to an inflammatory response on
host tissues.*®*™*' The excess deposition of immune com-
plexes followed by a sustained immune response triggers
tissue disorders, including lupus nephritis,**™** [n the
lectin pathway, mannose-binding lectin (MBL) is associ-
ated with the activation of complements. Two forms of
MBL (MBL-A and MBL-C) are present in complexes with
MBL-associated serine proteases (MASPs) in mice. The
MASPs are activated by binding MBL to Man or GlcNAc
on the surface of the antigen in a calcium-dependent
manner.**#° Like Cls in the classical pathway, activated
MASPs cleave C4 and C2.°*°' In lupus nephritis, MBL-A
and MBL-C in the immune complex bind to GlcNAc resi-
dues at the reducing ends of agalacto-biantennary oligo-
saccharides in IgG,”> and subsequently activate the
complements.*™ [n oM-II-deficient mice, which suffer
from SLE-like syndromes including kidney disorders, the
majority of glycans are hybrid-type oligosaccharides
because of the failure of Man trimming by the lack of
oM-IL'® Green etal. concluded that MBL recognized
Manal-3 and Manal-6 linkages in hybrid-type oligo-
saccharides,'”” and glycans lacking normal side chains,
including agalacto-biantennary oligosaccharides, might be
involved in the aberrant immune response in auto-
immune diseases. Paucimannose glycans, which contain
exposed Manal-3 or Manal-6 linkages, may be recog-
nized as ligand carbohydrates by MBL. Our present find-
ing, an increase in paucimannose oligosaccharides and
agalacto forms, might result from an alteration of the bio-
synthesis pathway of N-glycans. The alterations may cause
the aberrant glycosylations on most of the glycoproteins
rather than some glycoproteins in the SLE-model mouse.
The changes in glycosylation might be involved in an
autoimmune pathogenesis in the SLE-model mouse
kidney.

The continuous production of aberrant antibodies that
react with components from self-tissue and accumulation
in the immune complex are thought to promote tissue
damage in autoimmune disease.’”** The mechanism of
localized accumulation in the immune complex in some
tissues remains unknown in SLE. We found an increase
in glycans that may bind to MBL and subsequently pro-
mote complement activation via the lectin pathway in the
mouse kidney. Our present results suggest that an aber-
rant N-glycan synthesis pathway as well as an abnormal
immune system may be involved in the damage caused
by glomerular nephritis in the SLE-model mouse.
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ABSTRACT

Induced pluripotent stem (iPS) cells, which are generated
from somatic cells by transducing four genes, are expected
to have broad application teo regenerative medicine.
Although cstablishment of an efficient gene transfer system
for iPS cells is considered to be essential for differentiating
them into functional cells, the detailed transduction charac-
teristics of iPS cells have not been examined. Previously, by
using an adenovirus (Ad) vector containing the elongation
factor-1a (EF-12) and the cytomegalovirus enhancer/g-actin
(CA) promoters, we developed an efficient transduction sys-
tem for mouse embryonic stem (ES) cells and their aggre-
gate form, embryoid bodies (EBs). In this study, we applicd
our transduction system: to mouse iPS cells and investigated
whether cfficient differentiation could be achieved by Ad
vector-mediated transduction of a functional gene. As in the

case of ES cells, the Ad vector containing EF-1x and the CA
promoter could efficiently transduce transgenes into mouse
iPS cells. At 3,000 vector particles/cell, 80%-90% of iPS
cells expressed transgenes by treatment with an Ad vector
containing the CA promoter, without a decrease in pluripo-
tency or viability. We also found that the CA promoter had
potent transduction ability in iPS cell-derived EBs. More-
over, exogenous expression of a PPARy gene or a Runx2
gene into mouse iPS celis by an optimized Ad vector
enhanced adipocyte or osteoblast differentiation, respec-
tively. These results suggest that Ad vector-mediated tran-
sient transduction is sufficient to increase celiular
differentiation and that our transduction methods would be
uscful for therapeutic applications based on iPS cells. Stem
Criis 2009,27:1802-181

Disclosure of potential conflicts of interest is found at the end of this articie.

INTRODUCTION

Because embryonic stem {ES) cells, derived from the inner
cell mass ol mammalian blastocysts, can be calured indeli-
nitely in an undifferentiated state and differentiate into vari-
ous cell types {1, 2], ES cclls have been regarded as a poten-
tint source of specific cell populations for cell replacement
therapy. However, there are two important issues thal must be
addressed before ES cells can be applied for regenerative
medicine: onc is the cthical issue about the use of cmbryos,
and the other is the risk of immune rejection after transplanta-
tion. In 2006, Takahashi and Yamanaka [3] reported that ES
cell-like pluripotent cells, designated as induced pluripotent
stem (iPS) cells, could be generated from mouse skin fibro-
blasts by retroviral transduction ol four genes (POU domain
class 5 transcription factor | [Ocr-3/4). SRY-box containing

box 2 [Sox2|, cellular myclocytomatosis oncogene [c-Myc|,
and Kruppel-like factor 4 [Ki{f4]). A recent study demon-
strated that iPS cells possessed mostly the same characteristics
as ES cells, such as global gene expression [4], DNA methyl-
ation |5]. and histone modification [6]. Furthermore, iPS cells
give rise (o adult chimeric offspring and show compelence for
germiine transmission [4-6). Because iPS cells not only have
the properties as described above but also can overcome the
cthical concerns and problems with immunc rejection and
because human iPS cells can also be generated from somaic
cells [7-10], they are expecied to be applicable to regenera-
tive medicine in place of ES cells.

To apply iPS cells to regencrative medicine, establishing
methods for the differentiation of iPS cells into pure func-
tional cells is indispensable. Among the many methods for
promoting cellutar differentiation. genetic manipulation is one
of the most powerfui 1echnigues, because overexpression of u
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differentiation-associated gene in the cells is considered to
direct the cell fate from stem cells into functional cells. Many
studies have reported that gene transfer into stem cells pro-
moted their differentiation into functional differentiated cells,

including hematopoietic cells [11], pancreatic cells [12], and.

neurons [13].

Adenovirus (Ad) vectors are some of the most efficient
gene delivery vehicles and have been widely used in both ex-
perimental studies and clinical wials [14, 15]. Ad vectors arc
an attractive vehicle for gene transfer because they are easily
constructed, can be prepared in high titers, and provide effi-
cient transduction in both dividing and nondividing cells, We
have developed efficient methods for Ad vector-mediated
transduction into mouse ES cells and their aggregate form,
embryoid bodies (EBs) [16, 17]. We also showed that adipo-
cyte differentiation from mouse ES cells was markedly pro-
moted by use of the Ad vector for transient transduction ol
the peroxisome proliferator-activated receptor v (PPARY) gene
{171, which is known to play essential roles in adipogencsis
{18, 19].

Because our transduction method using an optimized Ad
vector was effective for enhancing the differentiation of
mouse ES cells into target cells, we attempted to apply this
system to mouse iPS cells and examined whether the adipo-
cyte and osteoblast differentiation potential of mouse iPS cells
could be increased by using Ad vector. In all studies, mouse
ES cells were used as a control for comparison with mouse
iPS cells. By comparing the promoter activity in mouse iPS
cells, we successfully developed a suitable Ad vector for gene
transfer into mouse iPS cells. We also found that adipocyte
and osteoblast differentiation (rom mouse iPS cells could be
facilitated by Ad vector-mediated transient transduction of a
PPARy gene and a runt-related transcription factor 2 (Runx2)
gene, respectively.

- " MATERIALS AND METHODS

Adenovirus Vectors

Ad vectors were constructed by an improved in vitro ligation
method {20, 21]. The shuttle plasmids pHMCMV5, pHMCAS,
and pHMEFS, which contain the cytomegalovirus (CMV) pro-
moter, the CMV enhancer/fi-actin promoter with f-actin intron
(CA) promoter (a kind gift from Dr. J. Miyazaki, Osaka Univer-
sity, Osaka, Japan) [22], and the human elongation factor-{z (EF-
fa) promoter, respectively, were constructed previously [16, 211.
The mCherry gene, which is derived from pmCherry (Clontech,
Mountain View, CA, http://www clontech.com), was inserted into
pHMCMVS5, pHMCAS, and pBMEFS, resulting in pHMCMV-
mCherry, pHMCA-mCherry, and pHMEF-mCheny, respectively.
pHMCMV-mCherry, pHMCA-mCherry, or pHMEF-mCherry was
digested with T-Ceul/PI-Scel and ligated into I-Ceud/PI-Scel-
digested pAdHM4 {20, resulting in pAd-CMV-mCherry, pAd-
CA-mCherry, or pAd-EF-mCherry, respectively, Ad-CMV-
mCherry, Ad-CA-mCherry, and Ad-EF-mCherry were generated
and purified as described previously [17]. The Rous sarcoma vi-
rus (RSV) promoter-, the CMV promoter-, the CA promoter-, or
the EF-1x promoter-driven fi-galactosidase (LacZ)-expressing Ad
vector (Ad-RSV-LacZ, Ad-CMV-LacZ, Ad-CA-LacZ, or Ad-EF-
LacZ, respectively), the CA promoter-driven mouse PPAR;2-
expressing Ad vector (Ad-CA-PPARy2), the CA promoter-driven
mouse Runx2-expressing Ad vector (Ad-CA-Runx2), and a trans-
gene-deficient Ad vector (Ad-null), were generated previously
[16, 17, 23, 24). The vector particle (VP) titer and biological titer
were determined by using a spectrophotometric method [25] and
by means of an Adeno-X Rapid Titer Kit (Clontech), respec-
tively, The ratios of the biological-to-particle titer were 1:31 for
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Ad-CMV-mCherry, 1:20 for Ad-CA-mCherry, {:28 for Ad-EF-
mCherry, 1:14 for Ad-CA-LacZ, 1:22 for Ad-EF-LacZ, 1:41 for
Ad-RSV-LacZ, 1:21 for Ad-CMV-LacZ, [:8 for Ad-CA-PPAR2,
1:17 for Ad-CA-Runx2, and 1:11 for Ad-nuil.

Mouse ES and iPS Cell Cultures

Three mouse iPS cell clones 20D17, 38C2, and stm99-1 (a kind
gift from Dr, S. Yamanaka, Kyoto University, Kyoto, Japan)
were used in the present study (20D17 was purchased from Riken
BioResource Center, Tsukuba, Japan, hup://www.brc.riken.jp) 4,
26]. 20D17 and 38C2, both of which carry Nanog promoter-
driven green fluorescent protein (GFP)/internal ribosomal entry
site/puromycin-resistant gene, were generated from mouse embry-
onic fibroblasts (MEFs) [4), and stm99-1, cuerying the Fbx 15 pro-
moter-driven f-geo cassette (a fusion of the f-galactosidase and
necomycin resistance genes), wis generated from gastric epithelial
cells [261. These mousce iPS cells and mouse E14 ES cells were
routinely cultured in leukemia inhibitory factor-containing ES
cell medium (Speciality Media) on mitomycin C-treated MEFs,
and iPS cell lines and ES cells were passaged every 2nd day
using 0.25% trypsin-EDTA (Invitrogen, Carlsbad, CA, hitp:/f
www.invitrogen.com). Mouse iPS cells 20D17 and El14 ES cells
were also cultured on a gelatin-coated dish, To obtain GFP-
expressing undifferentiated cells, iPS cells 20D17 were cultured
in ES cell medium containing 1.5 ug/ml puromycin (Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) on a gela-
tin-coated dish. Mouse iPS cell clone 20D17 was used in this
report except where otherwise indicated. EB formation from
mouse ES and iPS cells was induced using the hanging drop
method as described previously {17].

LacZ Assay

Mouse ES cells or iPS cells (5 x 10 cells) were plated on 24-
well plates. On the following day, they were transduced with
cach Ad vector (Ad-null, Ad-RSV-LacZ, Ad-CMV-LucZ, Ad-
CA-LucZ, or Ad-EF-LacZ) at 3,000 VPs/cell for 1.5 hours. At 24
hours after incubation, X-galactosidase (Gal) staining was per-
formed as described previously [16]. ES cell-derived EBs (ES-
EBs) or iPS cell-derived EBs (iPS-EBs) cultured for § days (5d-
ES-EBs or 5d-iPS-EBs, respectively) were transduced with each
Ad vector at 3,000 VPs/cell. Two days later, LacZ expression
was measured by X-Gal staining and $-Gal luminescence assays.

mCherry Expression Analysis

Mouse ES cells or iPS cells were plated on gelatin-coated 24-
well plates. On the following day, they were transduced with the
indicated dose of Ad-CA-mCherry or Ad-EF-mCherry for 1.5
hours. Twenty-four hours later, mCherry expression was analyzed
by flow cytometry on an LSR 1T flow cytometer using FACSDiva
software (BD Biosciences, Tokyo, Japan, http://www.bdbioscien-
ces.com), To transduce the EB interior, the ES-EBs or iPS-EBs
were transduced with 3,000 VPsfcell of Ad-CMV-mCherry or
Ad-CA-mCherry three times on days 0, 2, and 5 (hereinafter
referred to as triple transduction) {17]. In brief, Od-ES-EBs or Od-
iPS-EBs (ES or iPS cell suspension, respectively) were trans-
duced with Ad vector at 3,000 VPs/cell in a hanging drop for 2
days, and 2d-ES-EBs or 2d-iPS-EBs and 5d-ES-EBs or 5d-iPS-
EBs were transduced with the same Ad vector at 3,000 VPs/cell
for 1.5 hours. On day 7. mCherry expression in the ES-EBs or
iPS-EBs was visualized via confocal microscopy (Leica TCS SP2
AOBS; Leica Microsystems, Tokyo, Japan, http://www.leica.-
com). The ES-EBs or iPS-EBs were then trypsinized and ana-
lyzed for mCherry expression by flow cytometry.

Expression of Coxsackievirus and

Adenovirus Receptors

For detection of coxsackievirus and adenovirus receptor (CAR)
expression, ES and iPS cells, both of which were cultured on gel-
atin-coated dishes, were harvested by using phosphate-buffered
saline (PBS) containing | mM EDTA. Cells were then reacted

-916-



1804

with rat anti-mouse CAR monoclonal antibody (kindly supplied
from Dr. T. Imai, KAN Rescarch Institute, Hyogo, Japan) and
stained with phycoerythrin-labeled donkey anti-rat [gG (Juckson
Immunorescarch Laboratories, West Grove, PA, httpi//www jack-
sonimnno.com). CAR expression was analyzed by using an
LSR T flow cytometer.

In Vitro Differentiation

Two days after culture with a hanging drop, the EBs were trans-
ferred into a Petri dish and maintained for 3 days in suspension
culture in differcatiation medium (Dulbecco’s modified Eagle's
medium {Wako Chemical, Osaka, Japan, hitp://www. wako-chem.-
co.jplenglish] supplemented with 15% fetal calf serum [Specialty
Media, Inc., Phillipsburg, NJ, hup://www.millipore.com], 0.1 mM
2-mercaptoethanol [Nucalai Tesque, Kyoto, Japan, http://www.na-
calui.cojpen], |x nonessential amino acid [Specialty Media,
Inc.], | x nucleosides [Specialty Media, Inc.]. 2 mM c-glutamine
[Invitrogen], and penicillin/streptomycin [Invitrogen]) containing
100 nM all-rrans-retinoic acid (RA) (Wako Chemical) and then
cultured for 2 more days in differentiation medium without RA
[27, 28]. The cells were transduced with 3,000 VPsfeell of Ad
vector (Ad-CA-LacZ, Ad-CA-PPAR;2, or Ad-CA-Runx2) at days
0, 2, and 5 as described above and plated on a gelatin-coured
dish on day 7. For adipogenic or osteoblastic difterentiation, cells
were coltured in differentiation medium containing udipogenic
supplements (0.1 M 3-isobutyl-L-methylxanthine [Sigma-Aldrich),
100 nM insulin [Sigma-Aldrich], 10 nM dexamethasone [Wako
Chemical], and 2 nM triiodothyronine [Sigma-Aldrich]) or ostco-
genic supplements (50 pg/ml ascorbic acid 2-phosphate {Sigma-
Aldrich]), 5 mM f-glycerophosphate {Sigma-Aldrich], and 10 nM
dexamethasone [Wako Chemical]), respectively.

Biochemical Assays

Cells were cultured with adipogenic or osteogenic supplements
for 15 days after plating on gelatin-coated plates. Adipocyte dif-
ferentiation from mouse ES and iPS cells was evaluated by oil
red O staining and glycerol-3-phosphate dehydrogenase (GPDH)
activity. The oil red O staining and GPDH assay were performed
using a Lipid Assay kit and GPDH Assay kit, respectively (Pri-
mary Cell Co., Ltd, Hokkaido, Japan, http://www.primarycell.-
com), uccording to the manufacturer’s instructions. To detect ma-
rix mineralization in the cells, cclls were fixed with 4%
paraformaldehyde-PBS and stained with AgNO; by the von
Kossa method. To measure calcium deposition, cells were washed
twice with PBS and decalcified with 0.5 M acetic acid, and cell
culture plates were rotated overnight at room remperature. Insolu-
ble material was removed by centrifugation., The supernatants
were then assayed for calcium concentration with a calcium C-
test kit (Wako Chemical). DNA in pellets was extracted using &
DNeasy tissue Kit (Qiagen, Valencia, CA, htip://wwwl.qiagen.-
com), and calcium content was then normalized to cellular DNA.
Tor the measurement of alkaline phosphatase (ALP) activity, cells
were lysed in 10 mM Tris-HC! (pH 7.5) containing | mM MgCl,
and 0.1% Triton X-100, and the lysates were then used for assay.
ALP activity was measured using the LabAssay ALP kit (Wako
Chemical) according to the manufacturer’s instructions. The pro-
tein concentration of the lysates was determined using a Bio-Rad
assay kit (Bio-Rad, Hercules, CA, http://www.bio-rad.com), and
ALP activity was then normalized by protein concentration,

Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated from various kinds of cell populations
with the use of ISOGENE (Nippon Gene, Tokyo, Japan, http://
www.nippongene.com). cDNA was synthesized by using Super-
Script 1 reverse transcriptase (RT) (Invitrogen) and the oligo(dT)
primer. Polymerase chain reaction (PCR) was performed with the
use of KOD Plus DNA polymerase {Toyobo, Osuka, Jupan, http://
www.toyobo.co.jp/e). The product was assessed by 2% uagarose
gel electrophoresis followed by cthidium bromide staining. The
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sequences of the primers used in this study are listed in support-
ing information Table S|,

Teratoma Formation and Histological Analysis
Mouse iPS cells were transduced with Ad-CA-mCherry at 10,000
VPy/cell for 1.5 hours. After culture tor 3 days, mouse iPS cells
were suspended at | x 107 cells/ml in PBS. Nude mice (8-10
weeks; Nippon SLC, Shizuoka, Japan, http://www.jslc.co.jp) were
anesthetized with diethyl ether, and we injected 100 gl of the cell
suspension (1 x 10° cells) subcutaneously into their backs. Five
weeks later, tumors were surgically dissected from mice. Samples
were washed, fixed in 10% formalin, and embedded in paraffin.
After sectioning, the tissue was dewaxed in cthanol, rehydrated,
and stained with hematoxylin and cosin. This process was com-
missioned to Applied Medical Research Laboratory (Osaka,
Japan).

Mouse iPS Cells Express Coxsackievirus and
Adenovirus Receptor

In the present study, we mainly used the mouse iPS cell clone
20D17 [4]. To assess whether iPS cells have properties similar
to those of ES cells under the present culture conditions, we ini-
tially investigated the expression of cellular marker genes of
iPS cells (Fig. 1A). Semiquantitative RT-PCR analysis revealed
that Oct-3/4 and Nanog, both of which are unditferentiated
markers in ES cclls, were strongly expressed in iPS cells. iPS
cells also expressed GFP in the undifferentiated state only,
because GFP expression was driven by the Nanog promoter
[4]. By EB formation, the expression levels of Oct-3/4, Nanog,
and GFP in iPS cells were decreased and, in turn, the thrce
germ layer marker genes (ectoderm: nestin and fibroblast
srowth factor-5; mesoderm: brachyury T and fIk-1; and endo-
derm: GATA-binding protein-6 and x-fetoprolcin)  were
expressed. These resufts showed that the gene expression pat-
terns ol iPS cells were indistinguishable from those of ES cells.

We next examined the expression of CAR, a primary Ad
reccptor on the cellular surface, in iPS cells, because the
expression of CAR is known to be essential for the transduc-
tion using the conventional Ad vector [29-31]. We have
reported that CAR was highly cxpressed in mouse ES cells
and ES-EBs [16, 17]. RT-PCR and flow cytometric analysis
showed that CAR expression was observed in iPS cells and
the expression level of CAR in iPS cells and iPS-EBs was
cquivalent to that in ES cells and ES-EBs, respectively (Fig.
1A, 1B). Notably, the expression of CAR was observed in
more than 95% of GFP-cxpressing undifferentiated iPS cells.
These results suggest that iPS cells could be efficiently trans-
duced by using a conventional Ad vector,

Ad Vectors Containing the CA or the EF-la
Promoter Have Potent Transduction Activity in
Mouse iPS Cells

To examine the transduction efficiency in iPS cells by using
Ad vectors, we prepared LacZ-expressing Ad vectors under
the control of four differcnt promoters, the RSV promoter, the
CMV promoter, the CA promoter, or thc EF-l1a promoter
(Ad-RSV-LacZ, Ad-CMV-LacZ, Ad-CA-LacZ, or Ad-EF-
LacZ, respectively). We also prepared Ad-null, a transgene-
deficient Ad vector, as a control veclor, ES and iPS cells
were transduced with cach Ad vector at 3.000 VPs/cell, and
LacZ expression in the cells was measured. X-Gal staining
showed that Ad-RSV-LacZ- or Ad-CMV-LacZ-transduced ES
cells expressed hittle LacZ, whereas Ad-CA-LacZ- or Ad-EF-
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