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Hematopoietic stem cells (HSCs) can be found in several tissues of mesodermal origin. Uterine tissue contains
stem cells and can regenerate during each menstrual cycle with robust new tissue formation. Stem cells may
play a role in this regenerative potential. Here, we report that transplantation of cells isolated from murine
uterine tissue can rescue lethally irradiated mice and reconstitute the major hematopoietic lineages. Donor cells
can be detected in the blood and hematopoietic tissues such as spleen and bone marrow (BM) of recipient mice.
Uterine tissue contains a significant percentage of cells that are Sca-1 + , Thy 1.2 + , or CD45 + cells, and uterine
cells (UCs) were able to give rise to hematopoietic colonies in methylcellulose. Using secondary reconstitution,
a key test for hematopoietic potential, we found that the UCs exhibited HSC-like reconstitution of BM and
formation of splenic nodules. In a sensitive assay for cell fusion, we used a mixture of cells from Cre and loxP
mice for reconstitution and demonstrated that hematopoietic reconstitution by UCs is not a function of fusion
with donor BM cells. We also showed that the hematopoietic potential of the uterine tissue was not a result of
BM stem cells residing in the uterine tissue. In conclusion, our data provide novel evidence that cells isolated
from mesodermal tissues such as the uterus can engraft into the hematopoietic system of irradiated recipients
and give rise to multiple hematopoietic lineages. Thus, uterine tissue could be considered an important source of
stem cells able to support hematopoiesis.

Introduction

The adult mammalian uterine endometrium regenerates
during each menstrual cycle with robust new tissue for-

mation. The regenerative nature of the uterus suggests that
stem cells may play an important role in this tissue. Initially,
it was suggested that three different kinds of epithelial stem
cells—one type sensitive to estrogen, one to progesterone, and
the third to both—were responsible for the regenerative ability
of uterine tissue [1]. Later, Schwab and Gargett reported
identification of two subsets of uterine stem/progenitor cells
derived from the endometrium that had clonogenic potential
for either epithelial or mesenchymal differentiation [2,3]. We
have recently found that the uterus retains resident he-
mangioblasts from which two derivative cell clusters commit
to either a hematopoietic or an endothelial lineage [4].

The stem cells that give rise to blood cells are called
hematopoietic stem cells (HSCs). Mouse HSCs were first
identified on the basis of their ability to form colonies in the
spleens of lethally irradiated mice after bone marrow (BM)
transfer [5,6]. A widely accepted assay used to judge whe-

ther a particular cell type has the capacity to function as an
HSC is their ability to reconstitute blood cell lineages after
transplantation into lethally irradiated recipients [7]. If the
transplanted mice recover from BM reconstitution and all
types of blood cells reappear (bearing a genetic marker from
the donor animal), the transplanted cells are believed to have
included stem cells.

Besides the typical BM source of HSCs, recent papers
report that cells from adult non-hematopoietic tissues can
contribute to the regeneration of the hematopoietic system
in lethally irradiated mice [8–10]. For instance, Jackson
et al. [9] describe significant hematopoietic engraftment and
differentiation potential of adult skeletal muscle cells and
Bjornson et al. [8] showed that neural stem cells also had
HSC-like capacity. BM-derived cells also have the capacity
to differentiate into other kinds of cells, including muscle
cells, cardiomyocytes, and hepatocytes [11–13]. In sum, this
suggests that tissue-specific stem cells have differentiation
potential outside of their tissue of origin. This led us to
investigate in the current study whether cells derived from
uterine tissue could rescue lethally irradiated mice by
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generating and/or supporting the major hematopoietic line-
ages in vivo. Here, we show that the murine uterus contains
a population of stem cells that are capable of hematopoiesis.

Materials and Methods

Experimental animals

All animal procedures were approved by the University
Health Network Animal Care Committee. We used female
C57BL/6 mice and C57BL/6-TgN (ACTb-EGFP) 1Osb mice
( Jackson Laboratory), nude mice (National Institutes of
Health), Blimp-Cre mice, and Z/EG loxP reporter mice
(expressing EGFP on Cre-mediated excision at loxP sites;
generated by Novak et al. [14]).

Cell preparation

Under anesthesia, GFP + mice were heparinized and then
perfused through the descending aorta to flush all blood cells
from the organs. Uterine cells (UCs) were obtained by
mincing the uterus and incubating the tissue twice for 1 h
with Iscove’s Modified Dulbecco’s Medium, 0.25% trypsin,
2 mg/mL collagenase, and 0.01% DNAase at 37�C. Cells
were filtered through a 70 mm cell strainer, centrifuged,
washed, counted, and suspended in a solution of 0.1%
bovine serum albumin (BSA) with phosphate-buffered sa-
line (PBS) in preparation for reconstitution. BM cells were
prepared in 0.1% BSA with PBS [15]. For kidney cell
preparation, kidneys were mashed and filtered to generate a
single cell suspension [16]. The cells were centrifuged,
washed, counted, and suspended in 0.1% BSA with PBS in
preparation for reconstitution.

Flow cytometry analysis

One million UCs were stained with the following anti-
bodies: anti-mouse Sca-1-Phycoerythrin labeled, CD34,
cKit, CD45, CD31 (all BD Biosciences) and anti-mouse
Thy1.2, EpCAM-Allophycocyanin labeled, CD90.1, CD44-
PeCy7 labeled (all from eBioscience). Antibody incubation
was carried out for 30 min at 4�C in the dark. An Alexa
fluor 647-conjugated donkey anti-rat antibody (Molecular
Probes) was added with the unconjugated primary anti-
bodies. Isotype-identical sera served as controls (Becton
Dickinson). Cells were analyzed using a BD FACSCalibur
(BD Biosciences). The fluorescence intensity of 50,000 cells
for each sample was quantified.

BM reconstitution

BM cells, UCs, kidney cells (which are non-hematopoi-
etic) [17], or a combination of either GFP + UCs or GFP +

kidney cells with unfractionated GFP - BM cells (1:1 ratio;
3 · 106 cells in 250mL/mouse) were injected into lethally
irradiated female recipients (9.5 Gy g-irradiation) through
the tail vein [15]. These mice were used to assay animal
survival till 30 days post-implantation and for fluorescence
microscopy and flow cytometry for GFP + cells in blood,
spleen, BM, lung, heart, and uterus at 8 weeks after recon-
stitution. In addition, at 8 weeks post-reconstitution, spleen
and BM from UC + BM transplanted mice were analyzed by
dual-colored flow cytometry to identify GFP + cells that
express a variety of hematopoietic lineage markers.

Long-term fate of implanted UCs

Recipient mice reconstituted with a mixture of GFP +

UCs and GFP - BM cells were housed for 12 months. GFP +

cells were quantified by flow cytometry in blood, BM, and
spleen tissues. In a hematopoietic colony formation as-
say, GFP + cells isolated from the chimeric recipients were
cultured in MethoCult medium (StemCell Technologies
03434). Erythroid burst-forming unit (BFU-E), granulocyte-
macrophage colony forming unit (CFU-GM), and granulo-
cyte, erythrocyte, monocyte, megakaryocyte colony forming
unit (CFU-GEMM) progenitors were classified and quanti-
fied after 7 days in culture [18]. Recipient kidney, liver, and
brain tissues were collected and perfusion fixed in 10%
formalin in PBS. The fixed tissue samples were cut into
1 mm slices, embedded in paraffin wax, cut into 5 mm sec-
tions, stained with an anti-GFP antibody, and then photo-
graphed by light microscopy.

Secondary BM reconstitution

A combination of GFP + UCs and GFP - BM cells (1:1
ratio; 3 · 106 cells/animal) was injected into lethally irradi-
ated mice (primary reconstitution). After an 8-week recov-
ery from primary BM reconstitution, BM cells (3 · 106 cells/
animal) isolated from the chimeric recipients were injected
into different irradiated wild-type recipients to establish
secondary reconstitution. Nine days after secondary recon-
stitution, splenic tissue from the secondary recipients was
examined by fluorescence microscopy for the presence of
GFP + cell colonies. In the long-term secondary reconstitution
study, the percentages of cells in the blood, BM, and spleen
that expressed GFP were evaluated by flow cytometry in
secondary recipients 6 and 9 weeks after reconstitution.

In vivo cell fusion assay using the Cre-loxP system

Using Blimp-Cre mice and the loxP-containing Z/EG
reporter mouse strain, rare Cre-dependent excision events
can be identified. Cre recombinase is expressed in all he-
matopoietic lineages and progenitors of Blimp-Cre mice
[14]. When cell fusion between a Z/EG UC and a Blimp-Cre
BM cell occurs, the Cre protein facilitates the deletion of a
loxP-flanked transcription stop signal and turns on EGFP
expression. We used these strains as a sensitive system for
the contribution of UC-BM cell fusion to reconstitution by
using mixed Z/EG UCs and Blimp-Cre BM cells. These
cells were mixed in a 1:1 ratio, and then injected into irra-
diated nude mice to reconstitute the BM (total of 3 · 106

mixed cells/animal). GFP + cells that resulted from fused
Cre and Z/EG cells in the recipient BM, blood, and spleen
were quantified using flow cytometry at 8 weeks after
reconstitution.

BM reconstitution with uterine-resident
BM stem cells

It is conceivable that BM stem cells or circulating stem
cells transiently residing in donor uterine tissue could con-
tribute to reconstitution observed in the irradiated recipients.
To identify the source of the stem cells isolated from the
uterus, we first irradiated and then reconstituted female C57
mice with GFP + BM cells. In these mice, all BM-derived
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cells will be GFP + , including those that migrate and become
resident in other tissues, such as the uterus. We assessed
GFP expression in these reconstituted mice after 8 or 12
weeks in the BM, blood, and uterus by flow cytometry.
Then, we performed a secondary reconstitution using a 1:1
ratio of wild-type BM and uterine-derived cells from these
chimeric mice (which may contain uterine-resident GFP +

cells originating from the primary reconstituted BM) and
generated a second set of chimeric mice. GFP + cells, re-
presenting engrafted cells that were originally BM cells
resident in the uterus, were quantified in the blood, BM, and
spleen of the secondary recipients using flow cytometry 8 or
12 weeks after secondary reconstitution.

Statistical analyses

Data are presented as mean – standard error. Analyses
were performed using GraphPad (v. 4.0), with the critical a-

level set at P < 0.05. Comparisons between two groups were
made using unpaired, two-tailed, non-equal variance Stu-
dent’s t-tests. Time course and multi-group comparisons
were made using analysis of variances. When F-values were
significant, differences between the groups were specified
with Tukey’s multiple-comparison post-tests.

Results

Identification of unique HSC-like cells
in uterine tissue

To define the nature of UCs that may be competent to
produce hematopoietic cell lineages, flow cytometry was
used to quantify the expression of surface antigens on cells
isolated from mouse uteri. These data showed that isolated
UCs are 32.86 – 1.5% CD45 + (which may represent the
hematopoietic lineage, Fig. 1a), and 33.7 – 3.1% positive for
Thy1.2 (which may represent the mesenchymal lineage,

FIG. 1. Antigenic profiles of the isolated mouse uterine cells (UCs). (a) Representative images of flow cytometry
histogram plots show the population of UCs expressing the hematopoietic cell lineage markers Sca-1, CD34, c-Kit, and
CD45, and the endothelial marker CD31. The percentage of UCs expressing the lineage markers are shown in the ac-
companying bar graph. (b) Representative images of flow cytometry histogram plots show the population of UCs expressing
mesenchymal cell lineage markers Thy1.2, EpCAM, CD90.1, and CD44. The percentage of UCs expressing mesenchymal
cell lineage markers are shown in the accompanying bar graph. (c) Representative dual-colored flow cytometry plots show
the CD34/Sca-1, cKit/Sca-1, Thy1.2/Sca-1, and Thy1.2/CD34 double-positive cells. Quantification of these dual-labeled
cells is shown in the accompanying bar graphs. Color images available online at www.liebertpub.com/scd
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Fig. 1b). In the uterine hematopoietic-like compartment,
14.54 – 2.3% of cells are Sca-1 + (Fig. 1a). These UCs were
Thy1.2hi and epithelial cell adhesion marker (EpCAM)lo

(Fig. 1b), suggesting they are likely from the endometrial
stroma. In summary, the UCs are Sca-1 + , CD34lo, CD45hi,
cKitlo, and CD31 - (suggesting they are hematopoietic in
lineage, Fig. 1c) but are mostly negative for uterine mes-
enchymal markers such as CD44, CD90.1 (Fig. 1b). These
data suggest the existence of unique uterine HSC-like cells
(Sca-1 + , CD34lo, and c-Kitlo), which are most likely derived
from the endometrial stroma.

UCs reconstitute the hematopoietic
compartment of the BM

One standard test for HSC potential is the ability for the
cells to reconstitute the BM of a lethally irradiated recipient
[19]. To demonstrate hematopoietic activity, the putative

stem cell must produce new cells over the long term. We
found that transplantation with cells from uterine prepara-
tions was capable of delaying death after myeloablation, and
that all mice reconstituted with UCs alone survived signif-
icantly (P < 0.01) longer over the 4 week duration of the
study than those in a control group injected with kidney
cells alone (Fig. 2a). Kidney cells were chosen as a negative
control, because the kidney is a highly differentiated organ
and renal cells lack hematopoietic activity [17]. This dem-
onstrates that cells within the UC population have hemato-
poietic potential.

The recipient survival rate increased to 80% when mice
were implanted with BM cells and 95% when mice were
implanted with a 1:1 mixture of UCs freshly isolated from
GFP + transgenic mice and BM cells from wild-type mice
(3 · 106 cells/animal, Fig. 2a), indicating a possible syner-
gistic effect between uterine and BM cells in rescuing ani-
mals after myeloablation. After 8 weeks, 33–42% of cells in

FIG. 2. UCs reconstitute the hematopoietic compartment of the bone marrow (BM). (a) Kaplan–Meier survival curves
illustrating the percent survival (in days, y-axis) of lethally irradiated mice reconstituted with BM cells, UCs, kidney cells,
or a 1:1 mixture of GFP + UCs and wild-type BM cells. Survival was significantly greater (P < 0.05) with UCs (n = 10) than
kidney cells (n = 8) but was higher with the BM cells and highest with the mixed cells (n = 20; log-rank test for trend chi-
square = 12.48). (b) Representative fluorescence micrographs showing GFP + cells in recipient tissues at 8 weeks after
reconstitution with UCs + BM cells. The percentage of GFP + cells was quantified by flow cytometry. (c, d) Dual-colored
flow cytometry to quantify the percentage of GFP + cells co-expressing markers of hematopoietic lineage (double-positive
cells) from recipient spleen (c) and BM (d). Color images available online at www.liebertpub.com/scd
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the blood, spleen, and BM of mixed UC/BM cell recipients
were GFP + (Fig. 2b), indicating the presence of implanted
UCs, while GFP expression was absent in the hematopoietic
tissues of mice reconstituted with a 1:1 mixture of GFP +

kidney cells and wild-type BM cells (data not shown). This
demonstrates that some cells isolated from the uterus are
able to migrate to and engraft into the blood and major
hematopoietic organs.

Fate of engrafted cells in animals rescued with UCs

Further assessment of GFP expression in the BM and
spleen of the GFP + UC/BM cell recipients (Fig. 2c, d) re-
vealed that most GFP + cells also expressed the hematopoietic
marker CD45, as well as markers typically associated with
hematopoietic progenitors or stem cell populations, includ-
ing Sca-1, and, to a lesser extent, CD34 in the BM, and
CD34 and AC-133 in the spleen. We also detected the ex-
pression of lymphoid (T-cell markers CD8 and CD4) and

myeloid (macrophage marker Mac-3) lineages. Together,
these findings suggest that the injected UCs contributed
fully to hematopoietic cell lineage restoration in the recip-
ient BM and blood.

Functional studies of potential HSCs
in reconstituted mice

The studies outlined earlier demonstrate that UCs contain
cells with HSC-like potential over the short term, and we
next wanted to determine whether these cells could dem-
onstrate long-term engraftment and contribute to diverse
tissues. Twelve months after reconstitution, GFP expression
persisted in *10–20% of cells in the blood, BM, and spleen
of the chimeric mice (Fig. 3a). To confirm that the engrafted
UCs retained their hematopoietic potential at 12 months
after reconstitution, we performed a hematopoietic colony
formation assay of sorted GFP + cells from the BM of long-
term reconstituted chimeric mice. GFP + colonies were

FIG. 3. UCs are capable of
long-term hematopoietic re-
constitution. Lethally irradi-
ated mice were injected with
a mixture of GFP + UCs and
wild-type (C57BL/6) BM
cells. (a) Percentages of cells
from various recipient tissues
expressing GFP at 12 months
after reconstitution (assayed
by flow cytometry). C57BL/
6, wild-type, Chimeric, UC
recipients (n = 5). (b) Hema-
topoietic colony formation
assay. Sorted GFP + cells
isolated from the BM of UC
recipients at 12 months post-
reconstitution produced dif-
ferent types of hematopoietic
colony-forming units (CFUs)
after 7 days in differentia-
tion culture. (c) Representative
micrographs of immunohis-
tochemical staining for GFP
and endothelial marker ex-
pression in sections from re-
cipient tissues. GFP + UCs
differentiated into kidney, liver,
brain (blue arrows), and en-
dothelial cells (red arrows)
within the respective tissues.
Color images available online
at www.liebertpub.com/scd
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observed after 7 days in semi-solid hematopoietic growth
media. Early erythroid progenitors (BFU-E), granulocyte-
macrophage progenitors (CFU-GM) and multilineage pro-
genitors (CFU-GEMM) were enumerated at frequencies of
20 – 4, 82 – 17, and 7 – 3 per 1 · 105 GFP + BM cells, re-
spectively (Fig. 3b). In contrast, no GFP + colonies were
detected in BM cell cultures from control mice. Supporting
the widespread engraftment and multilineage potential of
the implanted UCs, immunohistochemical staining further
revealed GFP + cells in parenchymal kidney, liver, and brain
tissues (Fig. 3c). This suggests that stem cells derived from
uterine tissue have the capacity to traffic to peripheral tis-
sues and form differentiated cells.

UCs are capable of secondary hematopoietic
reconstitution

A second component of the standard test for HSC po-
tential is long-term self-renewal, meaning stem cells iso-
lated from a transplanted individual can themselves be used
to reconstitute the BM of another, lethally irradiated recip-
ient (secondary reconstitution). We injected BM cells from
chimeric mice previously reconstituted at 8 weeks with a
mixture of GFP + UCs and wild-type BM cells into irradi-
ated, wild-type recipients (Fig. 4a). Under fluorescence
microscopy, we detected numerous GFP + cell colonies in
the splenic tissue of the secondary recipients 9 days after
secondary reconstitution (Fig. 4b). GFP expression was also
present in *20% of cells in the blood, BM, and spleen for at
least 9 weeks (Fig. 4c). Altogether, these data suggest that

UCs contain a population with true HSC potential, as proved
by their ability to establish long-term reconstitution.

Hematopoietic reconstitution by UCs
is independent of cell fusion or contamination
by resident BM-derived cells

Since the UCs used to reconstitute the BM of lethally
irradiated mice were mixed with wild-type BM cells, we
used a Cre/loxP recombination system (illustrated in Fig.
5a) to determine whether fusion of GFP + UCs with donor
BM cells could account for our observation of GFP ex-
pression in the hematopoietic compartment of reconstituted
recipients. BM cells isolated from Cre mice (expressing Cre
in all hematopoietic lineages and progenitors) combined
with UCs isolated from Z/EG mice [14] were injected into
irradiated nude mice. Since the Z/EG UCs would express
GFP only when fused with Cre BM cells, these mice pro-
vided a sensitive system to visualize cell fusion events be-
tween co-injected BM and UC cells [20,21]. We detected
GFP expression in < 1% of recipient BM, blood, or spleen
cells at 8 weeks after reconstitution (Fig. 5b), indicating that
cell fusion could not account for the significant UC-derived
hematopoiesis observed in the reconstituted animals.

BM stem cells and circulating HSCs are known to traffic
transiently to or reside in uterine tissue [22,23], raising the
possibility that these cells could have contributed to hema-
topoietic reconstitution in the irradiated recipients [24]. To
address this, we first reconstituted irradiated female mice
with GFP + BM cells (Fig. 6a). Eight or twelve weeks later,

FIG. 4. UCs are capable of
secondary hematopoietic re-
constitution. (a) Bone mar-
row cells (BMCs) isolated
from UC recipients at 8 weeks
after primary reconstitution
were injected into a second
set of lethally irradiated mice
(secondary reconstitution). R,
reconstitution. (b) Representa-
tive images illustrating GFP+

nodules in the secondary re-
cipient spleen at 9 days after
secondary reconstitution. (c)
Percentages of cells from var-
ious secondary recipient tis-
sues expressing GFP at 6 and
9 weeks after secondary re-
constitution (assayed by flow
cytometry, n = 5). Color ima-
ges available online at www
.liebertpub.com/scd
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GFP expression was observed in 70–75% of BM cells and in
6% of UCs (Fig. 6b, c). Next, UCs isolated from these
chimeric mice (and containing a mixture of native UCs and
GFP + cells of blood or BM origin but residing in the uterus)
were mixed with wild-type BM cells and used to reconsti-
tute another group of irradiated mice. In this model, all BM-
derived cells that were resident in the uterus of chimeric
donor mice would express GFP, while cells of uterine origin
from the chimeric donor mice would be GFP - . We detected
no GFP + cells in the BM, blood, or spleen of the secondary
recipients at 8 or 12 weeks after reconstitution (Fig. 6b, c),
implying that the UCs used in our initial reconstitution ex-
periments were not likely derived from trafficking BM or
circulating HSCs.

In summary, cells isolated from the murine uterus and
engrafted into the hematopoietic system of irradiated re-
cipients gave rise to a range of blood cell types. Our data
provide novel evidence of a possible HSC-like niche in the
adult uterine tissue.

Discussion

The current series of experiments provides novel evi-
dence that cells isolated from mesodermal tissues such as
the uterus can engraft into the hematopoietic system of ir-

radiated recipients and give rise to multiple hematopoietic
lineages. Our data provide novel evidence of a possible
HSC-like niche in the adult uterus. The prolonged regen-
erative capacity of the uterus that underlies the menstrual
cycle led researchers many years ago to speculate that the
uterus contains populations of stem cells [1]. Somewhat
later, clonogenicity assays confirmed the presence of a stem
cell population in uterine tissue [25,26]. Our group refined
the understanding of uterine stem cells by showing that
some had the properties of hemangioblasts, demonstrating
the ability to differentiate along either hematopoietic or
endothelial lines [4]. The stem cell potential in the uterus
may play an important role in healing of tissues outside the
uterus: Our group has shown that UCs home to injured
myocardium and aid in functional healing [27]. Together,
these results suggest that UCs may provide a convenient
source of cells with hematopoietic activity. Here, we show
that stem cells within the uterine tissue can successfully
contribute to hematopoietic lineages in a lethally irradiated
animal, suggesting they would be well suited to trans-
plantation therapies that require cells with hematopoietic
potential.

The uterus is composed of three predominant cellular
compartments: endometrial epithelium, endometrial stroma
(together called the endometrium), and the myometrium.

FIG. 5. Hematopoietic reconstitu-
tion by UCs is independent of cell
fusion with BM cells. (a) Schematic
illustrating the Cre/loxP recombina-
tion system used to detect cell fusion
in the hematopoietic compartment of
mice. Very few cells in the recipient
BM expressed GFP (which indicates
fusion; black arrow in photomicro-
graph). R, reconstitution. (b) By flow
cytometry, the fusion rate (% of cells
expressing GFP – standard deviation)
was < 1% in recipient BM, blood, and
spleen at 8 weeks after reconstitution
(n = 3). Color images available online
at www.liebertpub.com/scd
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Based on immunohistochemistry, all endometrial epithelia,
glandular, and luminal cells expressed EpCAM [28]. En-
dometrial stroma is marked by Thy1.2. We examined the
antigenic profile of the isolated mouse UCs by flow cy-
tometry and found that isolated UCs are about 33% positive
for CD45 (which may represent the hematopoietic lineage)
and 34% positive for Thy1.2 (which may represent the
mesenchymal lineage). In the hematopoietic compartment,
about 15% of the cells are Sca-1 + . The uterine Sca-1 + cells
were Thy1.2hi and EpCAMlo, suggesting these cells are most
likely from the endometrial stroma. Our data also showed
that these cells are CD34lo, CD45hi, cKitlo, and CD31 - ,
suggesting they are hematopoietic in lineage, but are mostly
negative for uterine mesenchymal markers such as CD44,
CD90.1. These data suggest the existence of unique uterine
HSC-like cells (Sca-1 + , CD34lo, and c-Kitlo), which were
most likely derived from the endometrial stroma.

When transplanted alone, UCs were able to significantly
extend the lifespan of lethally irradiated mice compared
with those transplanted with kidney cells, suggesting that
UCs can contribute to short-term hematopoietic function in
these mice. Despite this hematopoietic function, UCs alone
had a limited capacity for long-term reconstitution of the
hematopoietic system of these mice. To assess the hema-
topoietic activity of cells derived from uterine tissue, we
adopted a competitive BM transplantation model in which
lethally irradiated mice were given a test cell population
from a distinguishable strain of mice mixed with BM
[29,30]. UCs were prepared from the uteri of GFP + mice,
mixed with whole BM from wild-type mice, and trans-
planted into lethally irradiated wild-type mice. The recipient
survival rate reached 95% after this procedure. After 8
weeks, approximately 42% of cells in the blood, BM, and
spleen of recipient mice were GFP + , indicating the presence

FIG. 6. Hematopoietic re-
constitution by UCs is in-
dependent of contamination
by BM-derived cells. (a)
Schematic illustrating the sec-
ondary reconstitution experi-
ment to assess the possibility
that BM-derived cells contrib-
uted to hematopoietic reconsti-
tution of irradiated recipients.
(b) Eight weeks after irradi-
ated mice were injected with
GFP+ BM cells (n = 4), GFP +

cells were detected in recipient
BM, blood, and uterine tissue
by flow cytometry. By flow
cytometry, GFP expression
was not detected in secondary
recipient tissues reconstituted
with uterine tissue at 8 weeks
after secondary reconstitution
(n = 4, reconstituted from two
different primary-reconstituted
mice). (c) Twelve weeks after
irradiated mice were injected
with GFP + BM cells (n = 4),
GFP + cells were detected
in recipient BM, blood, and
uterine tissue by flow cy-
tometry. By flow cytometry,
GFP expression was not de-
tected in secondary recipient
tissues reconstituted with uter-
ine tissue at 12 weeks after
secondary reconstitution (n = 4,
reconstituted from two dif-
ferent primary-reconstituted
mice). Color images avail-
able online at www.liebertpub
.com/scd
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of implanted UCs. Further assessment of GFP expression in
the BM and spleen of the mice transplanted with GFP + cells
revealed that most GFP + cells also expressed the hemato-
poietic marker CD45 and other markers typically associated
with hematopoietic progenitor/stem cell populations, such as
Sca-1 and CD34. These data suggest that the injected UCs
contributed to hematopoietic cell lineage restoration in the
recipient BM and blood.

A major principle of HSC biology is that true stem cells
must be highly proliferative and able to generate progeny
that can repopulate secondary recipients [31,32]. Thus, we
injected BM cells from chimeric mice (previously recon-
stituted at 8 weeks with a mixture of GFP + UCs and wild-
type BM cells) into irradiated, wild-type recipients. We
found numerous GFP + cell colonies in the splenic tissue of
the secondary recipients at 9 days after secondary recon-
stitution. GFP expression was detected in the blood, BM,
and spleen for at least 9 weeks. Together, these findings
suggest that uterine tissue contains a cell population with
true HSC-like ability to establish long-term reconstitution.

Our procedure for UC transplantation did not include
sorting cells for stem cells markers. The cells with HSC-like
potential likely made up only a small percentage of the
transplanted cells. It is possible that the transplanted UCs
without stem cell potential contributed to HSC-like UC cell
engraftment by the production of cytokines or extracellular
matrix material. Further studies will be needed to delineate
the precise stem cell and microenvironment properties re-
quired for optimal UC hematopoietic function and engraft-
ment. Our data lead us to suggest that the uterus contains a
cell population with HSC-like phenotypes and activities.
However, what are the specific characteristics associated
with these hematopoietically active cells in the uterus? We
propose three possible models to account for their activity.
First, it is possible that the adult uterus contains multiple
distinct stem cell populations: a mesenchymal stem cell, an
HSC, and possibly other stem cell types. Second, it is possible
that stem cells resident in the murine uterus, well known to be
potent stem cells [2], can transdifferentiate when placed in a
challenging environment. Third, it is possible that a primitive
multipotent stem cell exists in the uterus and is capable of
differentiating into hematopoietic cell types. We recently
reported such a cell—a non-BM-derived hemangioblast in
the adult uterus [4]. Since the hematopoietic reconstitution
by UCs is not a function of fusion with donor BM cells or
of contamination by resident BM-derived cells in the uter-
ine tissue, our currently favored model is that uterine he-
mangioblasts may account for this hematopoietic activity.

Our observations not only raise important questions about
the specificity of cell fate in developmental biology but also
reveal the clinical potential of using ectopic stem cells for
reconstitution of hematopoiesis. Some questions remain to
be answered, including confirming the anatomic location of
the uterine HSC-like niche, delineating the specific im-
munophenotypes of the UCs with HSC-like potential, as
well as the potential of epithelial and mesenchymal stem
cells and determining the physiological significance of pu-
tative stem cells of various types in uterine tissue. This study
demonstrated HSC-like cells in the uterus. However, we did
not evaluate differences between these cells and HSCs in the
BM. Future work will also examine the specific similarities
and differences between BM and UCs with hematopoietic

activity. In addition, these studies have not outlined the
prevalence of these reconstitution-capable HSC-like cells
within the uterus, a question we plan to address in future
studies. It should also be noted that we did not achieve
100% GFP + reconstitution in the BM of recipient mice
in this study. We have, however, established that cells
within the uterine niche are capable of performing HSC-like
functions within the BM, paving the way for more mecha-
nistic studies. These studies will include a detailed lineage-
tracing or lineage-depletion examination of the contribution
and differentiation capability of UCs from the reconstituted
BM to the GFP + cells found in peripheral organs, such as
the kidney, liver, and brain (Fig. 3c). It is worth mentioning
that some groups have identified stem/progenitor cells in
menses [33,34]. Thus, suitable uterine tissue could be an
easily accessible cell source that is useful for treatment of
blood diseases or stem cell-based therapy. Indeed, a double-
blind, placebo-controlled phase II clinical trial exploring the
use of UCs for stem cell therapy is currently underway [35].
More extensive mechanistic evaluations, along with clinical
trials, are required to determine the role these cells might
play in future therapies.

Summary

We have shown that the uterus contains an HSC-like stem
cell compartment that can reconstitute the BM of lethally
irradiated mice. These UCs show stem cell properties in
long-term and secondary reconstitution studies, suggesting
these cells have true hematopoietic potential. We have ex-
cluded the possibility that these results are due to either
fusion of the UCs with BM-derived cells or the function of
BM cells resident in the uterus. These HSC-like UCs may
provide a potent and convenient stem cell source for future
HSC therapies.
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