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Abstract

To characterize mesenchymal stem cells (MSC), we compared gene expression profiles in human bone marrow MSC (11 lines)
and human fibroblasts (4 lines) by RT-PCR and real time PCR. Messenger RNA levels of MHC-DR-o, MHC-DR-3, MHC-DR-
associated protein CD74, tissue factor pathway inhibitor-2, and neuroserpin were much higher in MSC than in fibroblasts, even in
the presence of large interindividual variations. Those of adrenomedullin, apolipoprotein D, C-type lectin superfamily member-2,
collagen type XV al, CUG triplet repeat RNA-binding protein, matrix metalloproteinase-1, protein tyrosine kinase-7, and Sam68-
like phosphotyrosine protein/T-STAR were lower in MSC than in fibroblasts. FACS analysis showed that cell surface expression of
MHC-DR was also higher in MSC than in fibroblasts. MHC-DR expression decreased after osteogenic differentiation, whereas the
expression of adrenomedullin—a potent stimulator of osteoblast activity—along with collagen XV al and apolipoprotein D
increased after osteogenic differentiation. The marker genes identified in this study should be useful for characterization of MSC
both in basic and clinical studies.
© 2005 Elsevier Inc. All rights reserved.
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Bone marrow mesenchymal stem cells (MSC), which
are also called plastic-adherent marrow cells or bone
marrow stromal cells, can differentiate into osteoblasts,
chondrocytes, adipocytes, tenocytes, and muscle cells
in vitro and/or in vivo [1-11]. MSC can easily be iso-
lated from adult bone, and can be expanded with serum
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ex vivo, so these cells are promising for regenerative
medicine: they are already being used for treatment of
osteogenesis imperfecta or bone/cartilage defects [7,8].
Nonetheless, MSC have not been fully characterized,
and thus it is difficult to examine whether ex vivo ex-
panded MSC population is free of fibroblasts. Bone
marrow may contain fibroblasts or can be contaminated
by fibroblasts during aspiration, and the fibroblasts—to-
gether with MSC——could possibly be expanded in the
presence of serum ex vivo. However, the appearance
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of MSC is similar to that of fibroblasts. In addition, we
found that several cell surface antigens, previously con-
sidered to be MSC markers, were also expressed in fibro-
blasts at similar levels. In other words, molecular
markers for MSC remain unknown. To address this
issue, we compared gene expression profiles between
human bone marrow MSC and connective tissue fibro-
blasts—using DNA macroarrays, RT-PCR, and real
time PCR. We identified 13 genes differentially ex-
pressed between these cells. Since contamination of
transplantable cells by fibroblasts may delay regenera-
tion, we used these markers to distinguish MSC from
fibroblasts before transplantation at Hiroshima Univer-
sity Hospital.

Materials and methods

MSC and fibroblast cultures. MSC were obtained from iliac crest or
alveolar/jaw bone according to a protocol approved by Ethical
Authorities at Hiroshima University. In addition, human iliac MSC
were purchased from Bio-Whittaker (Walkersville, MD). For isolation
of alveolar/jaw bone marrow, we selected patients whose bone marrow
sites had been opened during oral surgery, and obtained marrow
aspirates using routine syringes and needles [12]. Bone marrow cells
including erythrocytes were seeded at a density of 0.1 ml aspirate per
35-mm tissue culture dish (Corning) and maintained in 2 ml DMEM
supplemented with 10% fetal bovine serum (Hyclone), 100 U/ml pen-
icillin G, and 100 pg/ml streptomycin (medium-A). Three days after
seeding, floating cells were removed and the medium was replaced by
fresh medium-A. Thereafter, attached cells (plastic-adherent marrow
cells) were fed with fresh medium-A supplemented with 1 ng/ml
FGF-2. FGF-2 was added every other day. Passages were performed
when cells were approaching confluence: the cells were seeded at a
density of 5 x 10> cells/cm? on 100-mm tissue culture dishes (Corning)
and maintained in 10 ml medium-A supplemented with 1 ng/ml FGF-2
[9]. To avoid direct actions of FGF-2 on gene expression, FGF-2 was
removed from the culture medium of MSC or fibroblasts 72 h before
isolation of RNA. Human skin fibroblasts were purchased from
Kurabo (Tokyo, Japan), and human gingival fibroblasts were isolated
as described previously [13]. Fibroblasts were also maintained in cul-
ture as described above.

Osteogenic differentiation. MSC or fibroblasts at passage fifth to
eighth were seeded at 4 x 10* cells per 16-mm well in a 24-well plate,
and maintained for 7-28 days in medium-A supplemented with 10 mM
B-glycerophosphate, 100 nM dexamethasone, and 50 pg/ml ascorbic
acid-2-phosphate [1,9].

Microarray analysis and RT-PCR. Total RNA was isolated using
TRIZOL reagent (Invitrogen), when the fifth to eighth passage cultures
became confluent. Poly(A)" RNA was purified using Micro poly(A)
purist (Ambion). DNA microarray analysis was performed with 0.5 pg
poly(A)" RNA by Kurabo Life Array analysis service (Incyte
Genomics; Lot # KL01081).

For RT-PCR, first-strand cDNA was synthesized with 1 pg of total
RNA using SuperScript first-strand synthesis system for RT-PCR
(Invitrogen). Using the cDNAs as a template, PCR was carried out
under the following conditions: denaturation at 94 °C for 30s and
primer extension at 65 °C for 1.5 min in 28 cycles for adrenomedullin;
30 cycles for matrix metalloproteinase-1 (MMP-1), tissue factor
pathway inhibitor-2, apolipoprotein D, collagen type XV al, CUG
triplet repeat RNA-binding protein, serine (or cysteine) proteinase
inhibitor clade-1 member-1 (neuroserpin), protein tyrosine kinase-7,
Sam68-like protein, MHC-DR-a and MHC-DR-B; 33 cycles for
C-type lectin superfamily member-2. The sequences of primers are

shown in supplementary Table 1. Obtained PCR products were sepa-
rated on 1% agarose gels,and stained with ethidium bromide.

Real time PCR. With the above cDNAs (1 pg) as a template, real
time quantitative RT-PCR analyses were performed using an ABI
Prism 7700 Sequence Detection System instrument and software (PE
Applied Biosystems, Foster City, CA). Sequences of the primers and
probes are shown in supplementary Table 2. The primers and probes
for CD73 (4331182-CD74) and GAPDH (4310884E) were purchased
from PE Applied Biosystems. The mRNA level relative to that of
GAPDH was calculated.

FACS analysis. Cells at passage fifth to eighth were harvested with
trypsin and EDTA, centrifuged at 1500g for 5 min, and resuspended at
5% 10° cells/ml in phosphate-buffered saline (PBS) containing 3% fetal
bovine serum. Aliquots containing 10° cells were incubated with
individual primary antibodies or control IgG for 30 min at room
temperature. The cells were washed in PBS containing 3% fetal bovine
serum and incubated with a fluorescent conjugated secondary antibody
for 30 min at room temperature. Samples were analyzed using a
FACSCalibur cytometer (Becton Dickinson), and the data were ana-
lyzed using CELLQUEST software (Becton Dickinson). The following
monoclonal antibodies (mAbs) were used: fluorescein isothiocyanate
(FITC)-conjugated or R-phycoerythrin (PE)-conjugated antibodies
against HLA-DR (MHC-DR), CD13, CDI14, CD29, CD34, CD44,
CD49b, CD54, CD56, CD71, CD90, CD105, CD106, CD117, CD124,
CD138, CD144, MHC-DR, HLA-ABC, mouse-IgG1, mouse-IgG2a or
mouse IgM (Immunotech Coulter Company); antibodies against
MHC-DR, CD73, CD74, CD123, CD140b, CD166 or mouse-1gG3
(Pharmingen); antibodies against Flk-1 (Santa Cruz Biotechnology);
antibodies against MT-MMP-1 (Sigma); antibodies against STRO-1
(Genzyme); antibodies against RANKL (R&D Systems), and anti-
rabbit-IgG (Chemicon International).

Statistical analysis. Student’s ¢ test was used.

Results

Differential expression of candidate marker genes between
MSC and fibroblasts

MSC or fibroblast lines were obtained from alveolar/
jaw bone, ilium, gums or skin of young adults of similar
age (Table 1). Under the osteogenic conditions, alveolar
(MSC-1) and iliac MSC (MSC-9) induced matrix calcifi-
cation—which was stained with alizarin red—on days 21
and 28 (supplementary Fig. 1). All of the other MSC
lines—but none of the fibroblast lines—also induced cal-
cification by day 28 (Table 1).

Gene expression profile was compared between MSC-
1 and fibroblast-2 using DNA microarrays (9400 genes):
many (~100) genes showed different signals (>2-fold) be-
tween these cells. To confirm the different expressions, we
performed RT-PCR analysis for these genes with seven
MSC and four fibroblast lines: many genes showed large
interindividual variations or very low expression levels,
so the comparison was difficult. Nonetheless, the follow-
ing genes appeared to be expressed differently between
MSC and fibroblasts: the mRNA levels of MMP-1
(Fig. 1A), adrenomedullin, (B), protein tyrosine kinase-
7 (C), collagen type XV al (D), Sam68-like phosphotyro-
sine protein/T-STAR (E), C-type lectin superfamily
member-2 (F), CUG triplet repeat RNA-binding protein
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Table 1
Fibroblast and MSC lines used in this study
Cell lines Tissues Age Sex OB
Fibroblast-1 Gums 17 M —
Fibroblast-2 Gums 18 F -
Fibroblast-3 Skin 29 F -
Fibroblast-4 Skin 33 F -
MSC-1 Alveolar/jaw 26 M +
MSC-2 Alveolar/jaw 24 F +
MSC-3 Alveolar/jaw 19 F +
MSC-4 Alveolar/jaw 23 F +
MSC-5 Alveolar/jaw 24 F +
MSC-6 Alveolar/jaw 19 F +
MSC-7 Alveolar/jaw 36 M +
MSC-8 Ilium 24 F +
MSC-9 Tlium 22 F +
MSC-10 Ilium 19 F +
MSC-11 Tlium 24 M +
Note. OB, osteogenic differentiation.
Fibroblasts MSC Ratio of mRNA levels
1 2 3 4 5 6 7 8% 9 10 1 in DNA microarrays

Fig. 1. RT-PCR analysis for genes expressed differently in fibroblasts
and MSC. Fibroblast-1, -2, -3, and -4 (lanes 1-4, respectively) and
MSC-1, -2, -3, -4, -9, 10, and -11 (lanes 5-11, respectively) were
isolated from 11 different donors. The ratio of the mRNA level
between MSC and fibroblasts in DNA microarray analysis is shown on
the right of the panel. (A) MMP-1; (B) adrenomedullin; (C) protein
tyrosine kinase-7; (D) collagen type XV al; (E) Sam68-like phospho-
tyrosine protein; (F) C-type lectin superfamily member-2; (G) CUG
triplet repeat RNA-binding protein; (H) apolipoprotein D; (I) tissue
factor pathway inhibitor-2; (J) neuroserpin; (K) MHC-DR-a; (L)
MHC-DR-B; (M) GAPDH.

(G), and apolipoprotein D (H) were lower in MSC than
in fibroblasts. In contrast, mRNA levels of tissue factor
pathway inhibitor-2 (I), neuroserpin (J), MHC-DR-a
(K), and MHC-DR-B (L) were higher in MSC than in
fibroblasts. The GAPDH mRNA level in MSC was equal
to that in fibroblasts (M).

Real time PCR analysis showed that mRNA levels of
these genes, relative to GAPDH, were statistically differ-

ent (P <0.05) between 11 MSC and 4 fibroblast lines
(Fig. 2). Of the 12 genes, MHC-DR-a and - showed
differential expression between iliac and alveolar MSC
(see below).

FACS analysis of MHC-DR expression

Since MHC-DR-a and - mRNA levels were higher
in MSC than in fibroblasts, we examined the protein le-
vel of MHC-DR by FACS analysis (Fig. 3A): no posi-
tive cells were detected with fibroblast lines, whereas
MSC lines showed MHC-DR expression at low or mod-
erate levels.

Differential expression of CD74 mRNA between MSC
and fibroblasts

Since MHC-DR expression was higher in MSC
than in fibroblasts, we compared the expression of
MHC-DR-associated protein CD74 in MSC and fibro-
blasts. The mRNA level of CD74 in iliac MSC was
higher than that in fibroblasts, although alveolar/jaw
MSC showed CD74 expression at lower levels than
did iliac MSC (Fig. 3B).

Changes in marker expressions after osteogenic
differentiation

We compared marker gene expressions before and
after osteogenic differentiation. The MHC-DR-o and/or
-B mRNA levels in five MSC lines decreased after osteo-
genic differentiation, and the MHC-DR- mRNA level
in alveolar MSC was lower than that in iliac MSC (Fig.
4A). In contrast, apolipoprotein D, adrenomedullin,
and collagen type XV al—which were suppressed both
iniliac and alveolar MSC—increased after osteogenic dif-
ferentiation (Fig. 4B). No changes in mRNA levels of tis-
sue factor pathway inhibitor-2, neuroserpin, C-type lectin
superfamily member-2, CUG triplet repeat RNA-binding
protein, MMP-1, protein tyrosine kinase-7, or Sam68-
like phosphotyrosine protein could be detected after oste-
ogenic differentiation (data not shown). These findings
suggest that MHC-DR is a positive marker for undiffer-
entiated MSC, whereas the expression of apolipoprotein
D, adrenomedullin, and collagen type XV al is temporar-
ily suppressed at the undifferentiated stage.

FACS analysis of cell surface antigens

Some cell surface antigens—in addition to
MHC-DR—may be expressed selectively in MSC.
SH2 (CD105), SH3 (CD73), ALCAM (activated leuko-
cyte cell adhesion molecule/CD166), CD13, CD29
(integrin B-1), PDGF receptor, CD44 (hyaluronate
receptor), and CD90 (Thy-1) were expressed in MSC
and/or perichondrium mesenchymal stem cells
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Fig. 2. Real time PCR analysis of candidate genes. Expressions of the candidate genes relative to GAPDH in confluent cultures of fibroblast-1, -2, -3,
and -4 (closed columns) and MSC-1, -2, -3, -4, -5, -6, -7, -8, -9, -10, and -11 (open columns) were examined by real time PCR. (A) MMP-1; (B)
adrenomedullin; (C) protein tyrosine kinase-7; (D) collagen type XV al; (E) Sam68-like phosphotyrosine protein; (F) C-type lectin superfamily
member-2; (G) CUG triplet repeat RNA-binding protein; (H) apolipoprotein D; (I) tissue factor pathway inhibitor-2; (J) neuroserpin; (K) MHC-
DR-a; (L) MHC-DR-B. Values are averages & SD for 4 or 11 cultures. The mRNA levels of all examined genes were statistically significant between

MSC and fibroblast lines (P < 0.05).
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Fig. 3. Expression levels of MHC-DR and CD74 in MSC and fibroblasts. (A) FACS analysis of MHC-DR expression on the cell surface of MSC.
MHC-DR expression in fibroblast-2, -3, and -4 (closed columns) and MSC-5, -6, -7, -8, -9, -10, and -11 (open columns) were examined by FACS
analysis with anti-MHC-DR antibody (Immunotech Coulter). Values are averages 4= SD for three fibroblast or seven MSC lines. (B) The expression
of CD74 mRNA in alveolar/jaw MSC (A-MSC), iliac MSC (I-MSC), and fibroblasts. CD74 mRNA expression in fibroblast-1, -2, -3, and -4, alveolar
MSC-1, -2, -3, -4, and -5, and iliac MSC-9, 10, and -11 in confluent cultures was examined by real time RT-PCR. Values are averages 4+ SD for three

to five cultures.

[1,14-18]. SH2 and SH3 levels decreased after osteo-
genic differentiation [14], and ALCAM was expressed
selectively in perichondrium mesenchymal cells [15].
However, it is unknown whether these cell surface
markers were present or absent in fibroblasts. In this

study, we compared the levels of these markers in hu-
man MSC and fibroblasts: overall, the surface marker
expression levels in MSC in this study were consistent
with those reported in the literature [1,14-16,18], but
none of the cell surface antigens—including SH2,
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Fig. 4. Effects of osteogenic differentiation on gene expression in MSC.
(A) Decrease in MHC-DR mRNA expression after osteogenic
differentiation. MSC-3, -4, -9, -10, and -11 were maintained for 28
days in medium-A alone (open column) or in medium-A supplemented
with 10 mM B-glycerophosphate, 100 nM dexamethasone, and 50 pg/
ml ascorbic acid-2-phosphate in the osteogenic status (closed columns).
Values are averages + SD for three cultures. (B) Increases in mRNA
levels of marker genes in MSC after osteogenic differentiation. MSC-3,
-4, -9, -10, and -11 were maintained for 28 days in medium-A alone
(open columns) or in medium-A supplemented with 10 mM -glycer-
ophosphate, 100 nM dexamethasone, and 50 pg/ml ascorbic acid-2-
phosphate (closed columns). Values are averages+ SD for five
cultures.

SH3, ALCAM, and STRO-1—differed between MSC
and fibroblasts (supplementary Fig. 2). The levels of
these cell surface markers in iliac MSC or fibroblasts
were similar to those in alveolar MSC [12]. STRO-1
has been found in freshly isolated MSC [17], but in this
study, MSC showed STRO-1 expression at a low level
(supplementary Fig. 2). Previous studies have also
shown that STRO-1" cells in human MSC population
are only 7 £ 6% [18], so STRO-1 may be progressively
lost with time in these cultures. In any case, our find-
ings suggest that STRO-1 is not essential for the differ-
entiation potential of MSC.

Application of marker genes to regenerative medicine

At Hiroshima University Hospital, we have com-
menced clinical studies on regenerative medicine for
periodontal diseases, using autologous MSC. Before
transplantation, we compared the marker gene expres-
sions in patients’ MSC (iliac MSC) with those in stan-
dard iliac MSC and fibroblast lines (Table 2). In the
case of patient-1 (63, male), all examined genes in ex-
panded plastic-adherent cells showed a similar expres-
sion pattern to that of standard MSC lines. Fibroblast
contamination was unlikely, because MMP-1 and colla-

Table 2
Evaluation of ex vivo expanded MSC population before transplanta-
tion using marker genes

Genes Relative mRNA levels
Patient-1 Standard ~ Standard
MSC fibroblasts
MMP-1 28 9+10 1206 + 1097
Adrenomedullin 3 1+£1 15+5
CUG triplet repeat, 7 6+5 148 + 107
RNA-binding protein-2
Collagen type XV al 1 No signal 475+ 163
Sam68-like phosphotyrosine ~ No signal ~ No signal 3+2
protein
C-type lectin, superfamily 3 5+4 231 + 191
member-2
Apolipoprotein D 14 3+£2 426 + 326
Tissue factor pathway 9 23+ 17 444
inhibitor-2
MHC-DR-$ 2121 563 + 769 2+1
MHC-DR-a 1561 582 + 402 2+2

Before transplantation, we examined the expression pattern of marker
genes in patient’s MSC expanded ex vivo, standard MSC, and stan-
dard fibroblasts. The patient’s MSC were cultured, and total RNA in
confluent cultures at passage 3 was isolated as described in Materials
and methods. Gene expression profile in the patient’s cells was com-
pared with that in RNA samples of MSC-9, MSC-10, MSC-11,
fibroblast-1, fibroblast-2, and fibroblast-3 by real time PCR. Values are
averages of duplicate determinations (patient-1) or averages + SD for
three cultures (standard lines).

gen type XV ol mRNA levels in the marrow cells were
only 1% of those in the fibroblastic lines (Table 2). In
contrast, MHC-DR-a and - mRNA levels in the mar-
row cells were 1000-fold greater than those in the fibro-
blast lines. Similar results were obtained with cells from
patient-2 (39, male), patient-3 (64, female), patient-4 (46,
female), patient-5 (25, male), patient-6 (56, female), and
patient-7 (22, male) (data not shown). After the quality
examination, we were able to transplant these cells with
abundant self-confidence.

Discussion

We identified several genes differentially expressed be-
tween MSC and fibroblasts, and the differential expres-
sion was unrelated to age, sex or culture conditions.
We used MSC and fibroblasts from donors of similar
age and cultured under similar conditions; sex did not
affect the gene expressions (data not shown).

In addition, the difference was not due to in vivo
location of the cell, since we used iliac and alveolar
MSC, and skin and gingival fibroblasts. Alveolar
MSC had potent osteogenic potential in vitro and in
vivo, although their chondrogenic or adipogenic poten-
tial was less than that of iliac MSC [12]. Alveolar and
iliac MSC shared many common marker genes, with a
few genes (MHC-DR and CD74) being expressed at
different levels.
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MSC showed a lower level of MMP-1 and a higher le-
vel of its inhibitor—tissue factor pathway inhibitor-2—
than did fibroblasts. Tissue factor pathway inhibitor-2
suppresses the activity of the collagenases—MMP-1
and MMP-13—as well as the gelatinases—MMP-2 and
MMP-9 [19], so MSC may be less active in collagen-ma-
trix breakdown. On the other hand, reduced expression
of neuroserpin may increase activities of tissue-type plas-
minogen activator [20].

Type XV collagen occurs in basement membrane
zones of tissues [21], and type XV collagen-derived
endostatin has antiangiogenic actions [22]. Adrenomed-
ullin—a member of the calcitonin family—stimulates
osteoblastic activity and bone growth in vivo [23,24].
Accordingly, adrenomedullin mRNA expression in-
creased after osteogenic differentiation of MSC. Protein
tyrosine kinase-7 is essential for neural tube closure
[25] and is involved in tumor metastasis [26]. Sam68§-
like phosphotyrosine protein (an Src substrate) is in-
volved in cell proliferation [27,28]. Apolipoprotein D
increases platelet-derived growth factor actions and
synergistically stimulates migration of vascular smooth
muscle cells [29]. Roles of the molecules in MSC re-
main unclear, but higher or lower levels of these mole-
cules are characteristic of MSC. We are investigating
the physiological roles of molecules in MSC or
fibroblasts.

We also found that the expression of MHC-DR (class
IT) was higher in MSC than in fibroblasts, whereas
MHC (class I)/HLA-ABC was expressed in MSC and
fibroblasts at similar levels (supplementary Fig. 2). The
expression level of MHC-DR-associated protein CD74
was also higher in MSC than in fibroblasts. CD74 binds
to MHC-DR and this interaction involves the peptide-
binding groove of MHC-DR [30]: MHC-DR-a and -B
molecules are assembled with CD74 protein in the endo-
plasmic reticulum [31]. The physiological relevance of
MHC-DR and CD74 expression in MSC is unknown,
but MSC can modulate immune response [32].

Plastic-adherent marrow cells/MSC are often desig-
nated as a colony-forming unit-fibroblastic (CFU-F),
and some CFU-F colonies do not show any differentia-
tion potentials. Thus, ex vivo expanded adherent cell
populations may contain fibroblast-like cells. In addi-
tion, bone marrow samples can be contaminated by con-
nective tissue fibroblasts during surgery or aspiration.
Contamination of MSC populations by fibroblasts de-
lays regeneration and could be harmful, and thus we
need to confirm the absence of fibroblasts before trans-
plantation. Conventionally we have to incubate trans-
plantable cells in differentiation-induction media for
21-28 days to examine the presence of MSC with mul-
ti-lineage differentiation potential, but this does not
show the presence of fibroblasts directly. In the present
study, we developed a method of distinguishing MSC
from fibroblasts promptly before transplantation—us-

ing marker genes. This quality examination should be
crucial to regenerative medicine with MSC. In addition,
identification of marker genes will help us characterize
MSC and examine their in vivo location.
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