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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 11, 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

carcinoembrvonic antigen in colon cancer.® Furthermore,
an increase in  biantennary oligosaccharides lacking

Glvcosvlation 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
glyeosylation is associated with several diseases, including
inflammatory responses and malignancies;*® for instance,
significant increases in fucosvlation and branching are
found in ovarian cancer and lung cancer.” Additionally, the
carbohydrate  structure changes from tvpe 1 glycans
{GalB1-3GlaNAc) to tvpe il glveans (GalP1-4GalNAch in

galactose {Gal) was found on immunoglobulin G (I1gG) 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 svstemic disease, with
symptoms such as kidney failure, arthritis and ervthema. In
addition to the known changes in ghveosylation on IgG,
there have been several reports on the association between
glycosvlation and inflammation in SLE and rheumatoid
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arthritis.’”>™'% A deficiency of a-mannosidase I {aM-11),
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 upsiream 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 1o clarify the carbohydrate-related patho-
genic mechanism of inflaimmation 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 LG/MS, accurate quantitative analysis is difficult using
MS and LC/MS alone. To overcome these problems, we
previously developed the stable isotape-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 (dy-PA) glycans and to tetra-deuterium-
labelled pyridyl amino (d,-PA) glycans, respectively, a
mixture of both d,-PA and d4-PA glycans was subjected
to LC/MS, and the levels of individual glycans were calcu-
lated from the intensity ratios of dy-glycan and d,-glycan
molecular jons (Fig. 1a). ‘Recently, alterpative isotope-
tagging methods using deuterium-labelled  compounds,
such as 2-aminobenzoic acid its derivatives, and perme-
thylation, have been proposed by other groups.?? 1 Al 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/Mpl-lpi/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/Mpl-+/+ (MRL-+/+) mice were used as controls.

Materials and methods

Materials

The kidnevs of the SLE-model mice (MRL-Ipr} and con-
trol mice (MRL-+/+) (n =3 were purchased from Japan
SLC, Inc.  (Hamamatsu, Japant.  Thermolysin  (EC
3.4.24.27), originating from Bacillus thermoprateolyricis

(a) Controf Sample
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Figure 1. {a) Quantitative glyean proliling using the stable isotope-
tagging method and liquid chromatography/mass spectrometry {167
MS), (i) sample = contral, (i) sample > contral, (i) sample < con-
rol. () Total ion chromatogram obtained by a single scan (n/z
Z00-2000) of the dg-gycan 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 (dy-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 um;
BD) Biosciences, San Jose, CA) and contaminating blood
cells in the kidney cells were burst in 140 my NH,Cl-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-HC buffer (8 y guanidine-HCl,
0-5 1 Tris=HCl, pH 8-6) containing a mixture of protease
inhibitors by vortexing at 4% The protein concentration
was measured using 2 2-0 Quant Kit {GE Healthcare
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Bio-Sciences, Uppsala, Sweden). The protein solution
{200 pg proteins) was incubated with 40 mm dithiothrei-
tol at 65° for 30 min. Freshly prepared sodium jodo-
acetate (final concentration, 96 mwv) 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 M HCD in an
amount equal to the amount of dithiothreital. The solu-
tion containing carboxymethylated proteins was diluted
in four times its volume of H,0O, and the mixture was
incubated with 0-1 pg 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 &
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 do-AP and d,-AP

Glycans released from the SLE-model mouse cells were
incubated in acetic acid (20 pl) with 12-5 M d,-AP at 90°
for 1 hr. Next, 3.3 M borane-dimethylaniine complex
reducing reagent in acetic acid (20 pl) was added to the
solution and the mixture was incubated at 80° for | hr.
Excess reagent was removed by evaporation, and do-PA
glycans were desalted using an EnviCarb C cartridge, con-
centrated in a SpeedVac and reconstituted in 20 pl of
5 mv ammonium acetate (pH 9-6). Glycans released from
the contro} mouse were labelled with dg-AP in a similar
manner. The resulting d,-PA glvcans were combined with
dy-PA glycans, which were prepared from an equal
amount of proteins.

On-line liguid chromatography/mass spectrometry

The sample solution (4 pul} was injected into the LC/MS
system through a 5-pl capillary loop. The dy-PA and
d,-PA glycans were separated in a graphitized carbon col-
amn (Hypercarb, 150 X 0-2 mm, 5 pmi 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 mu
ammonium acetate containing 90% acetonitrile (pH 9-6,
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 23% for M$S" 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 (nm/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 dy-AP
and d,-AP, respectively. The mixture of labelled glycans
derived from an equal amount of proteins was subjected 1o
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 dHex,,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, ;Hex; HexNAc, ) 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-glvcans. More than haif of all
glycans were complex-type oligosaccharides, and the most
prominent ghvcan was dHexsHexsHexNAcs.  Man-9
{(HexyHexNAc,) was the second most common oligo-
saccharide. Nearly one-quarter of the glvcans were low-
molecular-mass glvcans, 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 dy-glvcan and d;-glvean
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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-mode] mouse. Based on m/z valies of molecu-
lar ions and differences of 1-00 U in m/z values among
monoisotopic jons, the intense ion (m/z 973-40) and its
neighbour ion (m/z 977-43) were assigned to [M+H]" of
dyg-PA dHex,Hex,HexNAc,, and dy-PA dHex Hex:Hex-
NAG,, 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-fucasy-
lated trimannosyl core lacking a Man residue from the
successive cleavages of Man (Ya: ni/fz 815), Man (Y, m/z
653), GIINAc (Y): m/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,
HexsHexNAc, (a core-fucosylated trimannosyl core) and
Hex;HexINAc» (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;HexNAc,) 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-Manai-3 or GleNAc-
Manz1-6. 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-tvpe  oligosaccharides, such as HexcHexNAc,
(Man-3; 4 137%) and Hex,HexNAc; (1) (Man-6;
+ 136%), while Hex;HexNAc, (1,2) (Man-7) and a posi;
tional isomer of Hex,HexNAc, (1) [HexgHexNAc, (2)]
remained unchanged in the SLE-model mouse. A slight
increase was found in HexgHexNAc, (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 glyean is shown
in Fig. 5{a). Based on differences of 0-5 U in m/z values
among monoisotopic ions, molecular jons at m/z 1180-97
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amine.

and 118298 are estimated to be 'M + 2H|** of d,-PA
and d;-PA  dHex;HexsHexNAc; (1), respectively. The
intensity ratio of d, : dy glycans suggests that this glycan
in the SLE-mode] mouse was decreased 1o 47% of the
amount found in the control mouse. Figure 5(b) shows
the MS*™ spectra of dy-PA dHexzHexsHexNAcs (1) (pre-
cursar ion, m/z 1180-97). The fragment jon at m/z 512 in
MS/MS (i) and MS/MS/MS (i) 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,HexNA¢, PA"  (m/z  446) and
dHex,Hex,HexNAc;PA' (m/z 1013) reveals the linkages
of a core fucose and a bisecting GleNAc. 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 Gle-
NA¢ |dHex,Hex,HexNAc, (2) and dHex;Hex;HexNAc;
(1] were decreased to 48% and 35%, respectively. A
significant decrease was also found in other monogalacto-
biantennary oligosaccharides, such as  dHex,Hex Hex
NAgr (20 {a  Lewis-motif-modified, core-fucosvlated
monogalacto-biantennary) and dHex;Hex;HexNA¢; (1)
@ Lewis-motif-modified  core-fucosylated and  bisected
monogalacto-biantennarv).

The oligosaccharides, non-reducing ends of which are
fully galactosvlated, were decreased in the SLE-model
example,  monofucosyl
dHex,HexsHexNAc, (1) and (2) were decreased 59% and
75%, respectively. The di-, tri- and tetra-fucosylated oli-
gosaccharides, dHexsHex,HexNA¢, (1), dHexsHex Hex-
NAc, (1.2) and dHex,Hex,HexNAc, (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.

mouse,  For biantennary

Discussion

Using the isotope-tagging method, we demonstrated
aberramt N-glycosylation on the kidney proteins of a SLE-
model mouse. We found increases in low-molecular-mass
glvcans 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. 43. An
increase in agalacto-biantennary oligosaccharides on 1gG
has been reported in the sera of patients with autoimmune
diseases, including SLE. rheumatoid arthritis and 1gA
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nephropathy.®''®* The present findings show that abnor- elegans.*®*' The membrane protease f-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 GleNAc and Fuc are
added to Man-5 in the Golgi apparatus. After the
removal of two Man residues by aM-11, 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

A, ©
-~

it & i

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-acetvlglucosaminyl-
transferase 1, core fucosvitransferase and »M-11.** 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 e('?)
""" s A Figure 6. Binsynthesis pathway of  N-linked
: ojigusaccharides in mammalian eclls. Triple
o > . . > - - _)__)_;z & up-arrow, increases of more than +2.05 triple
: ? down-arrow, decreases of not more  than
: —2.0. Grev circle, mannose; while  circle,
Man-9 [ . .

Mw Mn wﬂ galactose; grey triangle, fucase; black square,

Golgi apparatus N-acetvlglucosamine. 'P” is pratein portion.
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(B-1,4-GalTase).®® Previous studies suggested that trans-
lational repression of (-1,4-GalTase in lymphocytes is
associated with an increase in agalacto-oligosaccharides
on 1gG in the serum of the MRL-lpr mouse.™ Although
the activity of B-14-GalTase remains unknown in the
SLE-mode] mouse, the increase in agalacto forms and
the decrease in digalacto forms imply changes in 3-1,4-
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 easly stage
in the SLE-model mouse.

The activation of complements is involved in glomeru-
lar nephritis of SLE*> The complements are activated
through three pathways: a classical pathway, an alternative
pathway and a lectin pathway. In the classical pathway, a
binding of C1q to an immune complex triggers the acri-
vation of Clr and Cls. Activated Cls cleaves C4 and C2,
generating C3 convertase (C4b2a), which generates C3b.
The complement component subsequently produces CSb-
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.'™™** In 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 GleNA¢
on the surface of the antigen in a calcium-dependent
manner.**™" Like Cis 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 1gG,** and subsequently activate the
complements.”™>* In aM-1l-deficient mice, which suffer
from SLE-like syndromes including kidney disorders, the
majority of glvcans are hybrid-tvpe oligosaccharides
because of the failure of Man trimming by the lack of
*M-IL'® Green et al. concluded that MBL recognized
Manxi-3 and Manx1-6 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 Manz1-3 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 gheosylations on most of the glvcoproteins
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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Human mesenchymal stem cells (hMSCs) are multipotent cells that differentiate into
several cell types, and are expected to be a useful tool for cellular therapy. Although
the hMSCs differentiate into osteogenic cells during early to middle stages, this
differentiation capacity decreases during the late stages of cell culture. To test a
hypothesis that there are biomarkers indicating the differentiation potential of
hMSCs, we performed microarray analyses and profiled the gene expression in six
batches of hMSCs (passages 4-28). At least four genes [necdin homolog (mouse)
(NDN), EPH receptor A5 (EPHAS5), nephroblastoma overexpressed gene (NOV) and
runt-related transcription factor 2 (RUNX2)] were identified correlating with the
passage numbers in all six batches. The results showed that the osteogenic
differentiation capacity of hMSCs is down.regulated in the late stages of cell culture.
It seemed that adipogenic differentiation capacity was also down-regulated in late
stage of the culture. The cells in late stage are oligopotent and the genes identified in
this study have the potential to act as guality-control markers of the osteogenic
differentiation capacity of hMSCs.

Key words: cellular therapy, culture stage marker, differentiation, gene expression,
stem cell.

Abbreviations: EPHA5, EPH receptor A5; hMSCs, human mesenchymal stem cells; NDN, necdin homolog
(mouse): NOV, nephroblastoma overexpressed gene; PBS, phosphate buffered saline; RUNX2, runt-related

transcription factor 2.

INTRODUCTION

‘Cellular therapy’ is a new concept in treating diseases
with cells that have regeneration potential. Currently, it
is at the clinical research stage, however, the use of
cellular therapeutics in regular clinical settings will be
implemented in near future. Cellular therapeutics
involves the use of cells derived from human tissue,
either cultured and/or modified, in regenerating and
repairing damaged tissues and consequently improving
the functions in the human body. Hence, tissue or
embryonic stem cells that have the potential to differ-
entiate into a variety of cell types are one of the prime
candidate cells for cellular therapeutics. If is difficult to
overview the entire discipline of cellular therapeutics
since the cells themselves represent ‘life’.

Stem cells, one of the candidates for cellular therapeu-
tics, produce daughter cells identical to themselves that
differentiate into other types of cells (I). The fate of
the stem cells is determined by cellular signaling,
although the underlying mechanism is still unknown.
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It is therefore important to investigate the gene expres-
sion patterns that influence the cellular signaling path-
ways and identify the representative biomarkers that can
act as indicators of the differentiation potential of the
stem cells. Recently, it has been reported that human
somatic cells can be induced to pluripotent stem cells (2).
There have been several reports suggesting that
cellular therapeutics is a promising treatment for several
diseases. C-kit-expressing cells obtained from the bone
marrow have been used in cardiac tissue repair in mice
experiments (3). Previous studies have reported the use
of autologous bone marrow cells transplantation for
the post-infarction recovery of cardiac function (4-9).
Cytotoxic T cells have also been used for cellular therapy
to protect from infectious diseases in an immunodefi-
cient condition following hematopoietic stem cell trans-
plantation (10). Mesenchymal stem cells (MSCs) are also
used for therapy expecting immunosuppressive effects
(11, 12). Previous studies on MSCs also indicate that
these cells possess the ability for chondregenic (13),
osteogenic (14, 15) and adipogenic differentiation, and
possibly other differentiating capabilities (I6). In a
clinical setting, it is difficult to assess the overall profile
of each batch of the cells. We hypothesized the existence
of quality-control markers for the differentiation poten-
tial of human mesenchymal stem cells (hkMSCs) and used
gene expression profiling to identify these markers.

<" 2008 The Japanese Biochemical Society.
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EXPERIMENTAL PROCEDURES

Cell Culture—The hMSCs derived from bone marrow
(Lonza (Cambrex), Walkersville, Maryland, USA] were
cultured in mesenchymal stem cell growth medium
{(MSCGM) [Lonza {(Cambrex) #PT-3001; mesenchymal
stem cell basal medium supplemented with mesenchymal
cell growth supplement, L-glutamine and penicillin/
streptomycin] at 37°C in COz (5%) incubator. Cells
were passaged according to the manufacturer’s protocol
with slight modification using trypsin-EDTA solution
[Lonza (Cambrex) #CC-3232). Lot numbers of the hMSC
batches were as follows: #4F1127, #4F0312, #5F0138,
#4F1560, #4F0591 and #4F0760. Informed consent was
obtained in Poietics human mesenchymal stem cell
systems {Lonza (Cambrex)]. All differentiation proce-
dures were performed according to Lonza (Cambrex)
protocol with slight modification.

Osteogenic Differentiation—The hMSCs were plated
onto 12-well plates and 24 h later, the medium was changed
to MSCGM (as control) or ostcogenic induction medium
(OIM) [Lonza (Cambrex) #PT-3002; differentiation basal
medium containing dexamethasone, ascorbate, mesenchy-
mal cell growth supplement, L-glutamine, penicillin/
streptomycin and f-glycerophosphate]. Medium was
changed every 3—4 days and cells were differentiated for
21 days.

Calcium Deposition Assay—Calcium deposition was
measured using the Stanbio Total Calcium Liquicolor™
kit (Stanbio Laboratory, Boerne, Texas, USA; #0150-250)
according to the manufacturer's protocol (Cambrex,
Stanbio Laboratory). Briefly, the cells cultured on 12-well
plates for 22 days (osteogenic-induced for 21 days) were
rinsed with phosphate buffered saline (PBS) without
calcium and magnesium [Lonza (Cambrex) #17-516Q]
and harvested in 0.5 N HC1 (600 pl). Calcium was extracted
from the cells by shaking the tubes for approximately 20h
at 4°C. Lysates were centrifuged at 500g for 2 min at 4'C
and 20pl of the supernatant was used for the assay.
Absorption at 560nm was measured to detect the
Ca-ortho-cresolphthalein complexone (OCPC) complex
using an EnVision 2103 multilabel reader (PerkinElmer,
Waltham. Massachusetts, USA). Calcium deposition was
adjusted with the total protein concentration of the
samples. Cells harvested in 0.5N HCl were centrifuged
at 15,000rpm for 10 min at 4'C. The pcllet was washed
once with PBS without calcium and magnesium, and
resuspended in 100l of 0.1N NaOH/0.1% SDS. After
overnight incubation at 37 'C, the lysate was centrifuged at
15,000 rpm for 10min at room temperature, and the
supernatant was quantitated using the DC protein assay
(Bio-Rad Laboratories, Hercules, California, USA) accord-
ing to the manufacturer’s protocol. Absorbance at 620 nm
was measured using the EnVision 2103 multilabel reader
(PerkinElmer). The standard curve was obtained using
bovine serum albumin.

Adipogenic D:ffewnuatwn—The cells were plated onto
a 24 well-plate at 2.1 x 10%/em?, and cultured in MSCGM
for 5-6 days. After cells reach confluence, medium was
changed to MSCGM t(as control) or adipogenic induction
medium (AIM) [Lonza {Cambrex) #PT-3004; induction
basal medium supplemented with recombinant human
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insulin, L-glutamine, mesenchymal stem cell growth
supplement, penicillin/streptomycin, dexamecthasone,
indomethacin and IBMX (3-Isobutyl-1-methylxanthine)].
Medium was changed after 3 days into adipogenic main-
tenance medium (maintenance basal medium supplemen-
ted with recombinant human insulin, L-glutamine,
penicillin/streptomycin  and mesenchymal stem cell
growth supplement). After three complete cycles of induc-
tion/maintenance, the cells were cultured for 7 more days
in adipogenic maintenance medium, replacing the medium
every 2-3 days.

Oil Red O staining—The cells were rinsed with 500 yl of
PBS and fixed with 10% neutral buffered formalin (500 pl).
After washing with sterile water, the cells were washed
with 60% 2-propanol (5001) for 2-5 min and stained with
Qil Red O (500 pl) for 5 min. The cells were rinsed with tap
water and stained with Harris’ hacmatoxylin (500 pl) for
1min and rinsed with the water. Lipid vesicles were
observed with microscope Biozero BZ-8000 (KEYENCE,
Osaka, Japan).

Chondrogenic Differentiation—The cells (3 x 10°) were
washed with incomplete chondrogenic induction medium
[Lonza (Cambrex) #PT-3003; chondrogenic basal medium
containing dexamethasone, ascorbate, ITS (insulin-trans-
ferrin-sodium selenite) + supplement, sodium pyruvate,
proline, penicillin/streptomycin, L-glutamine] and were
resuspended in 0.5 ml of complete chondrogenic induction
medium (CCIM; incomplete condrogenic induction
medium supplemented with 10 ng/m] of TGF-B3) or
MSCGM (as control} and cultured in 15ml polypropylene
culture tubes. The medium was replaced every 3—4 days
and the cells were cultured for 24 days.

Safranin-O Stains for in vitro Chondrogenesis—The
chondrogenic pellets were fixed in 10% neutral buffered
formalin and paraffin embedded. The paraffin sections were
stained with Weigert's iron hematoxylin (Wako 298-21741),
0.02% fast green FCF (MP biomedicals 195178) and 0.1%
Safranin-O (Sigma HT 90432), followed by observation w1th
microscope Biozero BZ-8000 (KEYENCE).

Total RNA Purification—The hMSCs were cultured
on a 10em dish, lysed in 600l of Buffer RLT (RNeasy"
Lysis Buffer) with B-mercaptoethanol and homogenized
using a QIA shredder (QIAGEN, Diisseldorf, Germany).
Total RNA was purified using RNeasy* mini spin columns
according to manufacturer’s protocol (QIAGEN). Total
RNA was eluted with RNase-free water.

Microarray Analysis—Total RNA (100ng or 1ug) was
reverse transcribed and amplified using a GeneChip® kit
(Affymetrix, Santa Clara, California, USA) and the
biotinylated ¢cRNA was hybridized onto the GeneChip*
Human Genome U133 Plus 2.0 Array (54,613 probe sets).
The data was analysed using GeneChip Operating System
software (versions 1.2-1.4), followed by statistical analysis.
The data was also analysed using GeneSpring™ (version
7.3) (Agilent, Santa Clara, California, USA). The data
discussed in this publication have been deposited in NCBI's
Gene Expression Omnibus (GEO; http//www.nchi.nlm.
nih.gov/geo/) (17, 18). They are accessible through GEO
Series accession number GSE7637 for the data from
4F1560, and GSE7888 for the data obtained from all six
batches. The statistical method for microarray data
analysis has been also discussed elsewhere (19).
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Cluster Analysis—The microarray data of 169 probe
sets obtained from six batches of hMSCs was subject to
cluster analysis using the Gene Expression Statistical
System (NCSS, Kaysville, Utah; Dr Jerry L. Hintze).
Fold change of signal intensity to the average signal
intensity of early stage was analysed and a double
dendrogram was plotted on a log 2 scale.

Gene Ontology Analysis—Gene ontology analysis was
conducted using Ingenuity Pathway Analysis (IPA)
(Ingenuity® Systems, Redwood City, California, USA),
NetAffyx (Affymetrix) and GOTM (Gene Ontology Tree
Machine, Vanderbilt University, Nashville, Tennessee,
USA) analyses. Probe sets with signal intensity values
associated with the passage numbers were subject to
analyses. The functional analysis identified the biological
function and/or diseases that were most significant to the
data set. Genes from the data set that were associated
with biological functions and/or diseases in the Ingenuity
Pathways Knowledge Base (IPKB) were considered for
further analysis.

¢DNA Synthesis and Real-time PCR Using Tagman
Low-density Array—RT-PCR (reverse transcriptase—
PCR) analysis was performed to assess the mRNA levels
in six batches of hMSCs using TaqMan® low-density array
(TLDA) (Format 48) (Applied Biosystems, Foster City,
California, USA). The data was normalized using GAPDH
(glyceraldehyde-3-phosphate dehydrogenase). Forty-six
genes including GAPDH as endogenous control are listed

in Supplementary Table 1. cDNA was synthesized using a’

High-capacity ¢cDNA synthesis kit (Applied Biosystems)
and Multiscribe reverse transcriptase. cDNA synthesized
from 100ng of total RNA was used for the analysis (2 ng of
total RNA per well). Real-time PCR was analysed using
7900 HT real-time PCR system (Applied Biosystems). The
conditions for the PCR reaction were as follows: 50°C
(2min) and 94.5°C (10 min), and 40 cycles at 97°C (30 sec)
and 59.7°C (1 min). Relative quantification values were
calculated by the comparative Ct method using SDS 2.2.2
software (Applied Biosystems).

Pathway Network Analysis—Data were analysed using
the IPA (Ingenuity® Systems, www.ingenuity.com). A
data set containing gene identifiers and corresponding
expression values was uploaded into the application.
Each gene identifier was mapped to its corresponding
gene object in the IPKB. A fold-change cutoff of 3 for
both up- and down-regulation and a p-value cutoff of 0.05
were set to identify the genes to be analysed. These
genes, called focus molecules, were overlaid onto a global
molecular network developed from information in the
IPKB. Networks of these focus molecules were then
algorithmically generated based on their connectivity.
The functional analysis of a network identified the
biological functions and/or diseases that were most
significant to the genes in the network. The genes in
the networks associated with biological functions and/or
diseases in the IPKB were considered for the analysis.
Genes and gene products are represented as nodes,
and the biological relationship between two nodes is
represented as an edge (line). All edges are supported by
at least one reference from the literature, textbook or
canonical information stored in the IPKB. Human,
mouse and rat orthologs of a gene are stored as separate
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objects in the IPKB, but are represented as a single
node in the network. The node colour indicates the
degree of up- (red) or down- (green) regulation. Nodes are
displayed using various shapes that represent the
functional class of the gene product.

Statistical Analyses—Non-parametric analysis was
used for microarray data analyses. The Spearman
correlation coefficient and two-tailed p-values were cal-
culated. P<0.001 or P<0.05 were considered to be signif-
icant. RT-PCR data was analysed with non-parametric
analysis. The Spearman correlation coefficient and two-
tailed p-values were calculated. To compare the specific
passage number and stage, Student’s ¢ test was per-
formed. Two-way ANOVA followed by Bonferroni post-
test was performed for osteogenesis data. GraphPad
Prism®* 4 and Microsoft® Office Excel were used for
statistical analysis and drawing graphs.

RESULTS

Microarray Analysis of hMSCs—To identify the quality-
control markers in different stage of the culture, we
performed DNA microarray analyses. Non-parametric
analysis and a ratio (max/min of signal intensity) cutoff
of 3.071,524 (1.05'2*, 5% change in each passage from
5th to 28th) showed that the expression level of 341
probe sets out of a total of 54,613 probe sets had a
significant association with passage numbers (hMSC lot
#4F1560, passage numbers 5, 7, 9, 13, 21 and 28).

Gene ontology analyses showed that the mapped genes
corresponded to the probe sets belonging to various
categories of molecular and cellular functions such as
cell-to-cell signaling and interaction, cellular movement,
cell death, cellular assembly, cellular organization and cell
cycle, and physiological system development, and biologi-
cal functions such as hematological system development
and function, immune and lymphatic system development
and function, tissue development, immune response and
embryonic development. The top five disease categories
that the genes mapped to, as identified using the IPA
software, included cardiovascular, hematological, muscu-
loskeletal, oncogenic and reproductive disorders.

Figure 1 shows the results of cluster analysis obtained
from microarray data of six batches of hMSCs in early
(passage #4-5), middle (#7-9) and late stages (#22-28).
Seventy-nine genes out of the 169 probe sets were
categorized by function and disease as per IPA analysis.
Networks were analysed for each of the six batches and a
representative network is shown in the Supplementary
Fig. 1. A list of all top networks in each analysis is shown
in Table 1. Many network categories with the top score
in each analysis were involved in cancer or regulation of
cell cycle. Additionally, specific networks for each sample
were generated when the batches were individually
analysed.

Calcium Deposition of Osteogenic-induced Cells—In
Fig. 2, calcium deposition in hMSC cultures (4F0312,
5F0138, 4F1560, 4F0591, 4F0760) were measured during
passages 7, 9, 10 and 19. The results showed that the
osteogenic differentiation occurred in early to middle
stages and was dramatically suppressed during the late
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Double Dendrogram
Rows

Genes

Fig. 1. Microarray analysis of hMSCs. One hundred and
sixty-nine probe sels extracled from microarray dala of six
batches of hMSCs. |n =6 in early stage (#4 or 5), passage #9, late
stage (#22, 24 or 28), n=5 in passage #7]. Cul off value of
signal intensily ralio (max/min of average in cach stage) is

stages of cell culture. These findings suggest that the
expression levels of genes associated with osteogenesis
are different at the late stages compared with those at
earlier stages of cell culture.

Statistical analysis of microarray and calcium deposition
data from three batches (5F0138, 4F1560, 4F0591) of
hMSCs in middle (#7-10) and late (#19-28) stages showed
that the expression of NDN [necdin homolog (mouse)] has a
positive correlation with calcium deposition (P <0.05).

Adipogenic Differentiation of hMSCs—Figure 3A
shows the results of Oil Red O staining of adipogenic-
induced cells. The cells were adipogenic induced for 21
days and lipid was stained with Oil Red O. Adipogenesis
of hMSCs seemed to be down-regulated in late culture
stage of 5F0138, 4F0591 and 4F0760, while the adipo-
genic-differentiation capacity seemed to be retained in
passage #20 of 4F1560.

Chondrogenic Differentiaion of hMSCs—Figure 3B
shows the Safranin-O staining of chondrogenince-
differentiated hMSCs. The cells were differentiated in
CCIM for 24 days and stained with Safranin-O. The cul-
ture in passages 7, 17 and 22 of 4F0591 showed chondro-
genic-differentiated morphology (a, b, c, respectively).
The culture in late stage seemed to be chondrogenic
differentiated as shown (¢). The cells cultured in
MSCGM as control did not show any chondrogenic-
differentiated morphology (d).

RT-PCR Analysis of hMSCs—The quantitative RT-
PCR data showed that some genes had similar expres-
sion profiles in all the six batches examined.
Up-regulated genes, which were identified as candidates
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Double Dendrogram
Rows

224
205438 at
B 21w

2.949145023 [5% change in each passage number from early
to ]at.e stage; 1.05 (pnssage number range of average in early and late nlngc‘!].

Double dendrograms of up-regulated 135 probe sets (A) and
down-regulated 34 probe sets (B) are shown.

for the stage-specific markers included EPHA5 (EPH
receptor A5), NOV (nephroblastoma overexpressed gene),
SERPINE]1 [serpin peptidase inhibitor clade E (nexin,
plasminogen activator inhibitor type 1), member 1],
ITGA4 lintegrin, alpha 4 (antigen CD49D, alpha 4
subunit of VLA-4 receptor)], and down-regulated genes,
which are also candidates for the stage-specific markers
included NDN, RUNX2 (runt-related transcription
factor 2) and RUNX3 (runt-related transcription factor
3). NOV is a growth factor and is involved in the
proliferation of bone cancer cell lines (20). It is notable
that the expression of NOV in lot #4F1127 was relatively
stable. SERPINE1 is involved in the protein-binding
function and diseases such as heart failure (21). RUNX2
is a member of the runt domain-containing family of
transcription factors and suggested to regulate osteo-
genic differentiation (22). RUNXS3 is also a member of the
runt domain-containing family of transcription factors
and a candidate tumor suppressor (23). EPHA5, NOV,
NDN and RUNX2 showed altered expression correlating
with passage numbers (P<0.01) (Fig. 4). The results of
RT-PCR analysis of 45 genes examined are shown in
Supplementary Fig. 2.

DISCUSSION

hMSCs will be used for cellular therapeutics in clinical
settings in the near future. The importance of quality
control of the cells will be significani as the use of
cellular therapeutics becomes more common. In this
report, we report on profiling the gene expression of
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Fig. 2. Calcium deposition of hMSCs. The cells in each
passage numbers indicated were plated on 12-well plates and
cultured in MSCGM (control: clear column) or OIM (osteogenic
differentiated; filled eolumn) for 21 days. The amounts of calcium
deposition in 4F0312, 5F0138, 4F1560, 4F0591 and 4F0760 are
indicated in (A, B, C, D and E), respectively. Calcium deposition

hMSCs through early and late stages of cell culture.
Replication was performed by testing six different batches
of cells. All six batches examined showed a marked
decrease in culture growth rate with increasing passages.

The hMSC potential for osteogenic differentiation was
down-regulated in all the batches of hMSCs examined
during the late culture stage. The osteogenic differentia-
tion was observed in all the batches of hMSCs examined
for passages 7, 9 and 10. Also, every batch examined
showed a down-regulation of the osteogeneic process
during the 19th passage. As previously stated, four
genes, NDN, EPHA5, NOV and RUNX2 showed altered
expression depending on the culture stage. EPHAS and
NOV were up-regulated as the cells were further
passaged, while NDN and RUNX2 were down-regulated.

RT-PCR data indicated that the expression of NDN in
all batches examined decreased during the late stages of
culture. The expression of NDN in lot #4F1127, #4F0312
and #5F0138 was relatively stable until the 14th
passage, which was then followed by a decrease in
expression during the late stages. Microarray data also
showed that the expression of NDN in passages 22-28
were decreased compared to that in passages 4-8.
Furthermore, our results showed a positive correlation
between the expression of NDN in hMSCs and the
potential to differentiate into osteogenic cells as mea-
sured by the calcium deposition rates. Previous reports
suggested that necdin, an NDN homolog, interacts with
IL-1x precursor (24). The expression of NDN in hMSCs
decreascs with increasing passages. 1t is possible that
NDN down-regulation is involved in activation of IL1-
Myd88 pathway by dying cells (25).

Every batch showed a passage-dependent increase in
the expression level of EPHA5. EPHAS is transmem-
brane receptor protein tyrosine kinase, known as Ephrin
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osteogenesis in passage #19 was compared to that in passage
number 7 tn =31,

A5 receptor, and belongs to the ephrin receptor sub-
family. Recently, it has been shown that EPHAS5 is
involved in cellular growth and tumor malignancies
(26, 27). Also, it is known that the expression level of
human EPHA5 mRNA is high in primary human breast
carcinoma cells (28).

NOV/CCN3 is a growth factor that plays several roles
in cellular migration, growth, proliferation and chemo-
taxis. The previous finding that NOV inhibits the pro-
liferation of a cancer cell line is consistent with the
observation that NOV expression level is increased in the
senescing phase, which coincides with the low prolifera-
tive stage of hMSCs. Furthermore, in primary skin
fibroblasts, NOV/CCN3 protein increases the expression
of human SERPINE! mRNA level (29). This is consistent
with our cbservation that the expressions of SERPINE]
as well as NOV are up-regulated during the late stages of
cell culture. Mutant human SERPINE1 (T333R; A355R),
which lacks the protease-inhibitory activity, decreases
the quantity of rat laminin and inhibits matrix accumu-
lation (30). On the other hand, previous finding indicated
that the expression of mouse Myodl {myogenic differ-
entiation 1) mRNA level and Myog (myogenin) protein
decreased in C2/4 cells (subclone of C2C12 mesenchymal
cells) stably expressing NOV, which suggests that NOV
suppresses the myogenic differentiation of C2/4 cells (31).

The expression of RUNX2 was also decreased in late
stage of the culture. RUNX2 is a member of the runt
family of transcription factors and suggested to be
involved in osteogenesis (22). It is possible that down-
regulated osteogenic differentiation of hMSCs is caused
by the decreased expression of RUNX2. Recent reports
have shown that 3D cultures of human adipose tissue-
derived endothelial and osteoblastic progenitors generate
osteogenic—vasculogenic constructs (32). It might be
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Fig. 3. Adipogenic differentiation and chondrogenic

differentiation of hMSCs. (A) The cells in each passage
numbers indicated were plated on 24-well plates and cultured
in MSCGM (as control) or AIM (adipogenic differentiation
medium) for 21 days. The cells were stained with Oil Red O.

interesting to investigate the gene expression profile of
the 3D culture of hMSCs.

In conclusion, microarray and RT-PCR data of the six
batches of hMSCs suggested that four genes, EPHAS5,
NOV, NDN and RUNX2 have the potential to act as stage-
specific markers during hMSC culture. These genes can be
used as candidates for quality control markers of the
culture status with regard to the differentiation potential
for future clinical application of hMSCs for ccllular
therapeutics. We reported that the capacity of hMSCs for
osteogenic differentiation was highly suppressed during
the late culture stages. NDN or RUNX2 may be a quality
control marker of hMSC capacity for osteogenic differen-
tiation. The observations of adipogenic differentiation
of hMSCs suggested that each batch shows different
transition in differentiation potential. It secmed that

17 (MSCGM)

(B) The cells in passage. #7, #17 or #22 of 4F0591 were cultured
in CCIM for 24 days and stained with Safranin O (a, b, ¢,
respectively).  Proteoglicans stained red. The cells in
passage #17 were also cultured in MSCGM (as control) for 24
days (d).

the capacity tends to be suppressed in late stage of
the culture. The observations of chondrogenic differentia-
tion suggested that the differentiation potential of
hMSCs is retained in late stage of the culture. It seems
that the cells in the late stage have limited differentiation
potential (oligopotent). Furthermore, network analysis
and gene expression analysis revealed that the expression
profiles are distinct for each passage number. These
findings imply the importance of quality control for safe
application of hMSCs for cellular therapy and usefuln-
ess of expression analysis for finding marker genes.
Phenotype profiling and profiling at the genome level,
including chromosomal analysis, might need more
rescarch in the future. The profiling of the cells, in both
differentiated and 3D states, will also need to be investi-
gated for future clinical applications.

J. Biochem.
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Fig. 4. Gene expression profiles of culture stage markers Relative quantity value was plotted on a log 10 scale. The
suggested for hMSCs. Individual plots for six batches of hMSCs expression of four genes (A-D) was correlated with passage
obtained from RT-PCR data. The expression of EPHA5 (A), and numbers (P<0.01). ™" P<0.001, * P<0.05 when the expression in
NOV (B) increased, while that of NDN (C) and RUNX2 (D) passage #14 was compared to that in late stage (passage #22 and
decreased as the cells were further passaged in each batch. #28) (n=6 in passage #14, n=10 in late stage).

Supplementary data are available at JB online.
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