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Stro-1 is the best-known mesenchymal stem cell marker. However, despite its bone marrow origin, its locali-
zation in bone marrow has never been demonstrated. By immunofluorescence staining, we show here that
~0.74% of nucleated bone morrow cells expressed Stro-1. We also found that ~8.7% of CD34-expressing cells
expressed Stro-1, and more than 20% of Stro-1-expressing cells did not express CD34. In adipose tissue Stro-1
expression was identified in the endothelium of arterioles and capillaries. Stro-1 was also localized in the
endothelium of some but not all adipose tissue veins. Endothelial expression of Stro-1 was also identified in
blood vessels in penis and in leg muscles, but not in other tested tissues. In these other tissues, Stro-1 was scantly
expressed near but not in blood vessels. These variable and endothelial expression patterns of Stro-1 point to a
need to re-examine published data that relied on Stro-1 as a mesenchymal stem cell marker.

Introduction

IN A 2007 REVIEW ARTICLE, Kolf et al. stated: “Stro-1 is by far
the best-known mesenchymal stem cell (MSC) marker” [1].
However, despite such a prominent position in MSC research
and first report of the Stro-1 antibody 20 years ago [2], the
Stro-1 antigen remains unidentified. In contrast, the Stro-3
and Stro-4 antigens, which are much more recently described
and defined by far less-utilized Stro-3 and Stro-4 antibodies,
have been identified as “tissue nonspecific alkaline phos-
phatase” and “heat shock protein-90b,” respectively [3,4].

Stro-1 antibody is produced by one of several hybridomas
that were generated by immunizing mice intrasplenically
with human CD34+ bone marrow cells [2]. These hybrid-
omas were initially screened against T- and B-cell lines, and
then further selected for reactivity with subpopulations of
CD34-expressing cells. Hybridomas that fulfilled these cri-
teria were cloned and one of the clones was named Stro-1.
Additional tests identified Stro-1 antibody as of the IgM
isotype and reacting with stromal cells in the adherent layer
of long-term bone marrow cultures [2].

Stro-1 antibody has been used predominantly for fluo-
rescence-activated cell sorting analysis, and, to a much less
extent, immunocytochemical staining of candidate MSCs. In
both situations, disagreements over whether a particular cell
population is Stro-1 positive or negative are not uncommon
[5-7]. Importantly, a population of human bone marrow-
derived MSCs termed “size-sieved stem cells” has been
found to be consistently negative for Stro-1 [8]. Thus, in re-
gard to fluorescence-activated cell sorting and immunocy-

tochemical staining, the utilization of Stro-1 antibody as an
MSC probe is in need of a critical re-evaluation.

In addition to the above-mentioned problems, the use of
Stro-1 antibody for immunohistochemical (IHC) or immu-
nofluorescence (IF) staining has encountered difficulties as
well. Importantly, despite its strong association with the
bone marrow, Stro-1 antibody has been used in only 1 study
to stain the bone marrow. In this study Stro-1 antibody was
shown to react to blood vessel walls in frozen sections of
human bone marrow [9]. However, whether Stro-1 stained
the bone marrow stroma was not indicated. In another
study, Stro-1 was found to localize to endothelial cells and
perivascular cells of the blood vessel wall in human thymus
[10]. Thus, in regard to IHC or IF staining, the presumed
bone marrow stromal specificity of the Stro-1 antibody has
not been demonstrated. Rather, Stro-1 antibody appears to
react with endothelial cells and undefined perivascular cells.

In support of the statement that Stro-1 is the best-known
MSC marker [1], we have found that more than a hundred
studies depended on Stro-1 antibody for the identification
and/or isolation of various types of MSCs. However, un-
fortunately few of these studies have demonstrated Stro-1
reactivity in the tissues from which the respective MSCs
were identified or isolated. This deficiency can be problem-
atic because Stro-1’s reactivity with endothelial and peri-
vascular cells [6,10] may lead to incorrect conclusions about
the identity of the MSCs of interest. Thus, by sharing our
experience with the use of Stro-1 antibody in IHC and
IF staining of various tissues (including bone marrow),
the present study hopes to encourage MSC researchers to
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consider supplementing their studies with the localization of
Stro-1 in the relevant tissues.

Materials and Methods
Tissue procurement

Adipose tissue samples were obtained from patients
during routine abdominoplasty after informed patient con-
sent and according to the guidelines set by our institution’s
Committee on Human Research. Rat tissues were obtained
from 2-month-old male Sprague-Dawley rats (Charles River
Laboratories, Wilmington, MA). All animal care and treat-
ment procedures were approved by our Institutional Animal
Care and Use Committee. Paraffin-embedded human pros-
tate tissue sections were obtained from the tissue core of our
institution’s cancer center.

Preparation of tissue sections

Frozen tissue sections were prepared by first fixing freshly
dissected tissues in cold 2% formaldehyde and 0.002% sat-
urated picric acid in 0.1 M phosphate buffer, pH 8.0, for 4h
followed by overnight immersion in buffer containing 30%
sucrose. The specimens were then embedded in OCT Com-
pound (Sakura Finetek USA, Torrance, CA) and stored at
—70°C until use. Fixed frozen tissue specimens were cut at
10 um, mounted onto Superfrost Plus charged slides (Fisher
Scientific, Pittsburgh, PA), and air-dried for 5min.

Paraffin-embedded tissue sections were prepared by first
fixing freshly dissected tissue (<3 mm thick) with 10% for-
malin at room temperature for 48h, followed by washing
with running water for 1h. The fixed tissue was then dehy-
drated through 70%, 80%, and 95% alcohol, and cleared with
xylene. The tissue was then embedded in paraffin, cut at
5 pm, mounted onto Superfrost Plus charged slides, and air-
dried overnight.

IHC staining

Frozen tissue sections were placed in 0.3% H,0O,/methanol
for 10min, washed twice in phosphate-buffered saline
(PBS) for 5 min, and incubated with 3% horse serum in PBS/
0.3% Triton X-100 for 30min at room temperature. After
draining solution from the tissue section, the tissue was in-
cubated with mouse anti-Stro-1 antibody (R&D Systems,
Inc., Minneapolis, MN). The tissue was stained with the Elite
ABC kit (Vector Laboratories, Burlingame, CA), followed by
hematoxylin counterstain.

Paraffin-embedded tissue sections were deparaffinized in
Histo-clear (National Diagnostic, Atlanta, GA) and hydrated
in graded alcoholic solutions and distilled water. Antigens
were retrieved by microwave heating for 30 min in an anti-
gen unmasking solution (Vector Laboratories). Endogenous
peroxidase activity was blocked with 0.5% hydrogen per-
oxide in methanol for 30 min, followed by washing in PBS,
pH 7.4. Normal goat serum was applied to the sections for
30 min to bind nonspecific sites. After draining solution from
the tissue section, the tissue was incubated with mouse anti-
Stro-1 (R&D Systems). Staining of the tissue was performed
with the Elite ABC kit (Vector Laboratories), followed by
hematoxylin counterstain.
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IF staining

Frozen tissue sections were placed in 0.3% H,0O,/methanol
for 10 min, washed twice in PBS for 5 min, and incubated with
3% horse serum in PBS/0.3% Triton X-100 for 30 min at room
temperature. After draining solution from the tissue section,
the tissue was incubated with rabbit anti-CD34 (Santa Cruz
Biotechnology, Santa Cruz, CA), mouse anti-Stro-1 (R&D
Systems), or mouse anti-smooth muscle actin (SMA) (Sigma-
Aldrich, St. Louis, MO). After rinses with PBS, the sections
were incubated with FITC- or Texas Red-conjugated second-
ary antibody (Vector Laboratories). Nuclear staining was
performed with 4’,6-diamidino-2-phenylindole.

Image analysis and quantification

IF-stained tissues were examined with Nikon Eclipse E600
fluorescence microscope and photographed with Retiga 1300
Q-imaging camera using the ACT-1 software (Nikon Instru-
ments, Inc., Melville, NY). For quantification of CD34 and Stro-
1-positive cells in bone marrow, 5 random fields of each tissue
section at 200 x magnification were selected, and the numbers
of nucleated cells (blue 4’,6-diamidino-2-phenylindole stain-
ing), CD34-positive cells (green stained), and Stro-1-positive
cells (red stained) counted manually. To quantify CD34 /Stro-1
double-positive cells, 5 random fields of each tissue section at
1000 x magnification were analyzed.

Results
Stro-1 and CD34 expression in bone marrow

Despite the fact that Stro-1 antibody was produced
by using bone marrow CD34-expressing cells as antigen [2],
the relative expression of Stro-1 and CD34 in bone mar-
row has not been reported. In the present study we performed
IF staining and identified CD34-expressing and Stro-1-
expressing cells in rat femoral bone marrow (Fig. 1A). For
quantification, we counted these cells and nucleated cells in
5 random microscopic fields of each tissue section at 200 x
magnification (Fig. 1B). The results show that there were
517 +66 CD34-expressing cells, 23 + 14 Stro-1-expressing cells,
and 3,200+ 146 nucleated cells per microscopic field (mean+
SD). Thus, among nucleated cells 16.2+2.43% were CD34-
positive, whereas 0.74+0.47% Stro-1 positive. To determine
the number of cells that expressed both CD34 and Stro-1, we
counted individual cells at 1000 x magnification (Fig. 1C-H).
The results show that among CD34-expressing cells, 8.7%
expressed Stro-1, and among Stro-1-expressing cells, 78.6%
expressed CD34.

Stro-1 expression in adipose tissue

Among various types of MSCs, adipose-derived stem cells
(ADSCs) have been our main interest, and in our previous
studies we have discussed the controversy concerning
ADSC’s Stro-1 expression status [6,7]. In the present study
we performed both IHC and IF staining for Stro-1 on human
subcutaneous adipose tissues. As shown in the IHC image in
Fig. 2A, Stro-1 reactivity was localized to the endothelium of
2 arterioles (diameters of 25 and 45 ) and 1 capillary (10 ).
This endothelial specificity was further confirmed by IF
staining for both Stro-1 and SMA (Fig. 2B, C). Interestingly,



FIG. 1. Stro-1 and CD34
staining of rat bone marrow.
Frozen sections of rat femoral
bone marrow were stained
with CD34 (green), Stro-1
(red), and 4’, 6-diamidino-2-
phenylindole (blue). Boxed
area in (A) is magnified in (B).
Panels (C-E) show several
CD34" /Stro-1~ cells (green
color in C and E) and a single
CD34" /Stro-1* cell (orange
color in E). (F-H) Several
CD347™ /Stro-1" cells (no col-
or in F and G; blue color in
H), 2 CD34%/Stro-1" cells
(orange color in H), and a
single CD347 /Stro-1*  cell
(red in G and H).
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some capillary cells expressed both Stro-1 and SMA (ar-
rowheads, Fig. 2C), and some but not all veins showed Stro-1
reactivity in the endothelium (Fig. 2D).

Stro-1 expression in urogenital tissues

We performed IHC staining on most urogenital tissues;
however, due to space limitation, we chose to display the
images of 4 representative tissues. In the bladder, scant Stro-
1 reactivity was seen in the submucosa and the stained cells
appeared to locate near but not in blood vessels (Fig. 3A).
Similar Stro-1 localization (scant submucosal expression and
vascular vicinity) was seen in the urethra and vagina (data
not shown). In the prostate, scant Stro-1 reactivity was lo-
calized in the stroma with unknown cellular identity (Fig.
3B). In the penis, Stro-1 reactivity was seen in helicine ar-
teries and in some but not all cavernous endothelia (Fig. 3C).
The endothelium of dorsal arteries also stained positive (In-
set, Fig. 3C). In the testis, the seminiferous tubules were
devoid of Stro-1 reactivity, whereas the interstitium was
scantly positive (Fig. 3D).

Stro-1 expression in heart, skeletal muscle,
aorta, and rectum

In the heart, the cardiac muscle and endothelium were
devoid of Stro-1 expression, whereas scant Stro-1 reactivity
was seen in the vicinity of blood vessels (Fig. 4A). In leg
muscle, Stro-1 reactivity was seen only in the endothelium of
blood vessels (Fig. 4B). In the aorta, the endothelium and
smooth muscle were devoid of Stro-1 expression; the vasa
vasorum was negative as well although in its vicinity strong
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Stro-1 expression was seen (Fig. 4C). In the rectum, scant
Stro-1 reactivity was seen in the submucosa and the stained
cells were located near but not in blood vessels (Fig. 4D).

Discussion

Numerous studies have considered Stro-1 an important
marker for MSCs, including ADSCs. However, in our effort
to identify ADSCs in adipose tissue, we were surprised by
Stro-1’s exclusive expression in the endothelium of the adi-
pose vasculature [6]. We later learned that endothelial ex-
pression of Stro-1 has been reported in the thymus [10] and
disagreements over whether ADSCs express Stro-1 are
commonplace. Although there has been no explanation for
Stro-1’s endothelial localization, differences in Stro-1 anti-
body sources and detection methods have been offered as
explanations for the controversy concerning ADSC’s Stro-1
expression status [5]. In regard to different Stro-1 antibody
sources, we have found that all 5 commercially and aca-
demically available Stro-1 antibody preparations produced
similar results in IHC and flow cytometric analysis (data not
shown). As such, alternative reasons are needed to possibly
resolve controversies surrounding Stro-1; to begin this pro-
cess, it is important that we understand what the Stro-1 an-
tigen really is.

The immunogen by which Stro-1 antibody was generated
is a cell preparation of CD34-postive bone marrow cells [2].
Further screening procedures and analyses suggested that
the Stro-1 antigen is likely located in the bone marrow
stroma [2]. However, neither the CD34 connection nor the
bone marrow stoma localization has been previously dem-
onstrated within bone marrow. In the present study,
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attempts to resolve these 2 important issues were carried out
as we demonstrated the localization of CD34 and Stro-1
antigens in femoral bone marrow (Fig. 1). Further, we
determined that Stro-1 was expressed by ~8.7% of CD34-
expressing cells. Interestingly, we found that not all Stro-
1-expressing cells expressed CD34 — as one would have
expected because CD34" cells were the immunogen for
Stro-1 antibody. Instead, we found that more than 20% of
Stro-1-expressing cells did not express CD34, and this may
be related to the fact that CD34 expression is reversible [11].
In any event, our studies have provided the basis for future
experiments that may lead to the identification of the Stro-1
antigen.

In a 2001 review article, Bianco et al. [10] stressed the
importance of establishing in vivo-in vitro relationship by
using Stro-1 antibody for not only cytemetric analysis but
also IHC. The authors went on to imply why in vivo locali-
zation of Stro-1 had not been done was due to “Stro-1
reagent has limited application in fixed and paraffin-
embedded tissue.” However, in the present study we dem-
onstrated that Stro-1 could be localized in frozen bone
marrow sections, and we also conducted IHC localization of
Stro-1 in paraffin-embedded tissues. Importantly, it should
be pointed out that at least 5 published studies have dem-
onstrated the applicability of Stro-1 antibody for paraffin-
embedded tissues [12-16].

In frozen adipose tissues Stro-1 was localized to the en-
dothelium of arterioles and capillaries. Interestingly, while
Stro-1 expression in arterioles was independent of SMA ex-
pression, colocalization of Stro-1 and SMA was identifiable
in the capillaries (Fig. 2B, C). One possibility is that the Stro-
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FIG. 4. Stro-1 staining of various tissues.
Frozen tissue sections of rat heart (A), leg
muscle (B), aorta (C), and rectum (D)
were stained for Stro-1 by IHC. BV, blood
vessels; VV, vasa vasorum.

1/SMA double-positive cells in capillaries are vascular
progenitor cells that are yet to differentiate into separate
endothelial and smooth muscle cells. In any case, another
interesting finding in adipose tissue was the appearance of
both Stro-1-positive and -negative veins (Fig. 2D). Whether
this is an indication of differences in these veins’ physio-
logical, vasculogenic, or other biological states remains to be
elucidated.

Endothelial expression of Stro-1 was also identified in
blood vessels in penis (Fig. 3C) and in leg muscles (Fig. 4B).
In regard to leg muscles, a previous study has shown that
skeletal muscle-derived cells expressed Stro-1 abundantly
[17], and a more recent study contended that skeletal stem
cells could be enriched by Stro-1 selection [18]. However,
since neither study has demonstrated the localization of Stro-
1 in skeletal muscles, the identity and tissue origin of their
skeletal-derived cells need further confirmation. Likewise,
while we found no Stro-1 immunoreactivity in seminiferous
tubules (Fig. 3D), a recent study described the isolation
of Stro-1-positive gonadal stem cells without confirmation of
their tissue origin [19]. Such a lack of in vivo confirmation of
Stro-1 expression is by no means unique to the above-
mentioned studies but widespread among MSC studies that
relied upon Stro-1 as marker. In any case, we have found that
endothelial Stro-1 expression was limited in tissue distribu-
tion, as most tissues, including heart and aorta, that have
strong endothelial representation did not display such fea-
ture. Instead, these tissues expressed very little Stro-1 and
only in the vicinity of blood vessels. However, this vascular
vicinity is different from what have been described as peri-
vascular by Bianco et al. for Stro-1 expression [10]. Thus,
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although similar results have been obtained from frozen and
paraffin-embedded tissues, the cellular identity of Stro-1
expression in these tissues remains unknown and must be
further investigated.
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