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Results of recent studies have indicated that bone
marrow cells can differentiate into various cells of
ectodermal, mesodermal, and endodermal origins
when transplanted into the body. However, the prob-
lems associated with those experiments such as the
long latent period, rareness of the event, and diffi-
culty in controlling the processes have hampered de-
tailed mechanistic studies. In the present study, we
examined the potency of mouse bone marrow cells to
differentiate into cells comprising skin tissues using a
skin reconstitution assay. Bone marrow cells from
adult green fluorescent protein (GFP)-transgenic mice
were transplanted in a mixture of embryonic mouse
skin cells (17.5 days post-coitus) onto skin defects
made on the backs of nude mice. Within 3 weeks,
fully differentiated skin with hair was reconstituted.
GFP-positive cells were found in the epidermis, hair
follicles, sebaceous glands, and dermis. The localiza-
tion and morphology of the cells, results of immuno-
histochemistry, and results of specific staining con-
firmed that the bone marrow cells had differentiated
into epidermal keratinocytes, sebaceous gland cells,
follicular epithelial cells, dendritic cells, and endo-
thelial cells under the present conditions. These re-
sults indicate that this system is suitable for molecular
and cellular mechanistic studies on differentiation of
stem cells to various epidermal and dermal cells.
(Am J Pathol 2003, 163:1227–1231)

Until recently, it was a well-established concept that even
multi-potent stem cells give rise to only ontogenically
closely-related cell types. This classical view has drasti-

cally been altered by findings in the past decade that
some adult somatic cells show unexpectedly broad plas-
ticity1 and hence possess fertile potency to form various
tissues for clinical applications. The plasticity, however,
may be a double-edged sward. Instability of cellular phe-
notypes may lead to deterioration of the structure and/or
function of tissues made of the cells and may eventually
give rise to malignant cells. It is of the utmost importance,
therefore, to thoroughly study the plasticity and stability of
cell types that are of potential therapeutic use. Bone
marrow cells show the broadest differentiation potential
among adult somatic cell populations.1–3 This, together
with relatively easy availability, makes bone marrow one
of the most promising cell sources for clinical applica-
tions.

The skin has a complex tissue architecture composed
of a large variety of cell types of ectodermal and meso-
dermal origins. Most of these cells are produced from
corresponding progenitor/stem cells by tightly regulated
mechanisms. A subpopulation of cells located in the
bulge regions of hair follicles has been shown to give rise
to epidermal keratinocytes as well as hair follicles.4–7

These cells have been shown to have characteristics of
typical stem cells, including the capacity to produce
different cell lineages, the slow-cycling nature identified
as label-retaining cells,8,9 and the high proliferation po-
tential of these cells in culture.7,10–11 A cell population
having at least some of the characteristics of stem cells
has also been found in the basal layer of the epider-
mis.12,13

Recently, Krause et al3 showed that a single bone
marrow-derived hematopoietic stem cell could differenti-
ate into a number of different cell types, including epi-
dermis, in recipient mouse tissues. About 2% of epider-
mal cells were thought to be of the donor origin when
observed 11 months after transplantation. In female pa-
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tients transplanted with hematopoietic stem cells from
male donors, some cytokeratin-expressing cells with Y-
chromosomes were detected in the skin and liver.14

These results indicate that a subpopulation of bone mar-
row cells can differentiate into skin cells. However, the
problems associated with those experiments such as the
long latent period, rareness of the event, and difficulty in
controlling the processes have hampered detailed mech-
anistic studies.

In this study, we examined the repertoire of skin cell
types to which mouse bone marrow cells can differentiate
using a skin reconstitution assay.15,16 Adult mouse bone
marrow cells gave rise to epidermal keratinocytes, follic-
ular epithelial cells, sebaceous gland cells, dendritic
cells, and endothelial cells within 3 weeks after transplan-
tation.

Materials and Methods

Animals

ICR and C57BL/6 mice with confirmed pregnancy were
purchased from Nippon SLC (Hamamatsu, Japan).
Green fluorescent protein (GFP)-transgenic mice were
provided by Dr. Masaru Okabe (Osaka University) and
were maintained in the animal center of our university.
BALB/c nude mice were purchased from Nihon Charles
River (Yokohama, Japan).

Preparation of Embryonic Skin Cells

Dorsal skin tissues were obtained from mouse embryos
(30 to 40 embryos for one transplantation experiment) at
17.5 days post-coitus (dpc) and incubated in 0.05% col-
lagenase (Wako, Osaka, Japan) in a keratinocyte growth
medium17 without growth factors at 4°C overnight. The
epidermis was separated from the dermis under a dis-
secting microscope, and a cell suspension was prepared
by gentle pipetting followed by filtration with a #150 mesh
(Ikemoto, Tokyo, Japan).

Preparation of Bone Marrow Cells

Two femurs were dissected from the GFP-transgenic
mice for one transplantation experiment and washed
thoroughly to avoid possible contamination with cells out-
side the bones. Then both ends of each femur were cut
and the bone marrow was washed out with phosphate-
buffered saline (PBS). Cells were suspended by gentle
pipetting.

Transplantation of Cells

A mixed cell slurry containing approximately 5 � 106

each of epidermal and dermal cells was prepared. To
examine the differentiation capacity of bone marrow
cells, 5 � 106 bone marrow cells were mixed into the cell
slurry. Silicon chambers (Figure 1) were purchased from
Renner (Darmstadt, Germany). An area of back skin of

about 1 cm in diameter was removed from each nude
mouse under anesthesia, and the lower chamber was
inserted and sewn onto the muscle fascia. After applying
the cell slurry, the upper chamber was placed on the
lower chamber and fixed with a gluey tape. The chamber
was removed 1 week after the transplantation and the
tissue sections were made 3 or 4 weeks after the trans-
plantation.

Immunohistochemistry

Paraffin sections were made from the reconstituted skin
tissues 3 weeks after transplantation. For observation of
GFP-positive cells, the tissues were embedded in Tech-
novit 8100 (Heraeus Kulzer, Wehrheim, Germany) after
fixation with 4% paraformaldehyde to avoid heating
steps, which weaken the fluorescence of GFP. Sections
made from these blocks were also used for staining with
Oil Red O. After dipping in 60% isopropyl alcohol, the
sections were stained with Oil Red O (1.8 mg/ml, Wako)
and then washed with 60% isopropyl alcohol. For detect-
ing cytokeratins, rabbit polyclonal anti-mouse cytokeratin
K1-antibody or anti-mouse cytokeratin K6-antibody (Co-
vance, Richmond, CA) and TRITC-conjugated anti-rabbit
IgG (Sigma) were used as the first and second antibod-
ies, respectively. For detecting von Willebrand factor, the
sections were treated with monoclonal anti-human von
Willebrand factor (DakoCytomation, Copenhagen, Den-

Figure 1. Skin reconstitution assay using a silicon chamber. Epidermal and
dermal cell suspensions were prepared from embryonic mouse skin and
transplanted as a mixed slurry with or without cells from adult bone marrow.
Skin defects were made on the backs of nude mice.
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mark) followed by ENVISION� (DakoCytomation) and
visualized by the use of Simple Stain AEC solution
(Nichirei, Tokyo, Japan).

Results

Reconstitution of Skin Tissues Including Hair
Follicles by Embryonic Skin Cells

A mixture of 5 � 106 cells each of epidermal cells and
dermal cells prepared from C57BL/6 mouse embryos at
17.5 dpc was transplanted into a skin defect made on the
back of each nude mouse (Figure 1). Within 2 weeks, the
defect was completely re-shielded with apparently nor-
mal epidermis with short hair. Fully-grown black hair was
observed 4 weeks after the transplantation (Figure 2A).
Histological examination revealed that epidermis and hair
follicles (Figure 2B) with sebaceous glands (Figure 2B,
inset) had been formed. It is known that the mouse em-
bryonic epidermis at 17.5 dpc is multi-layered and fully
differentiated to form a cornified layer, but that hair folli-
cles are still developing and only hair pegs are ob-
served.18 This indicates that the transplanted epidermal
and dermal cells in our experiments segregated from
each other and followed the development program in the
new environment, as reported by Lichti et al16,19 Using
epidermal and dermal cells prepared from GFP-trans-
genic mice, we confirmed that the reconstituted skin
tissues were composed of transplanted cells and not of

host cells that had migrated from the surrounding tissues
(Figure 2, C-1 and C-2). Cells from ICR mouse embryos
also reconstituted skin tissues in a similar manner to
those from C57BL/6 mice (data not shown).

Differentiation of Adult Bone Marrow Cells to
Various Cell Types Composing Skin

When adult bone marrow cells from GFP-transgenic mice
were transplanted in a mixture with epidermal and dermal
cells from ICR mouse embryos at 17.5 dpc, skin tissues
were reconstituted with a similar time course to that in the
case of skin cells only. In sections of the reconstituted
skin 3 weeks after transplantation, many GFP-positive
cells were observed in the epidermis, hair follicles, seba-
ceous glands, and dermis (Figure 3A). Among 372 hair
follicles counted in the reconstituted area, 18 hair follicles
(4.8%) contained GFP-positive cells. The GFP-positive
cells were estimated to account for 10% to more than
90% of the cells in such hair follicles. GFP-positive cells
were found in 10 sebaceous glands among 87 seba-
ceous glands counted, accounting for 25% to more than
90% of the cells in the GFP-positive glands. Some hair
follicles were mostly composed of GFP-positive cells
(Figure 3, C and D). To characterize the skin cells derived
from the bone marrow cells, we performed immunohisto-
chemistry and specific staining. Suprabasal GFP-positive
cells in the epidermis (Figure 3, B-1 to 3) and in the lower
parts of sebaceous glands (Figure 3, F-1 to 3) expressed

Figure 2. Skin tissues reconstituted by a mixture of epidermal and dermal cells. A: Active hair growth in a region transplanted with embryonic epidermal and
dermal cells observed 3 weeks after transplantation. B: Histology of the reconstituted skin stained with hematoxilin/eosin. Epidermis and hair follicles with
sebaceous glands (inset) were seen. Bar, 50 �m (inset, 10 �m). C: Skin reconstituted by epidermal and dermal cells derived from GFP-transgenic mice. C-1:
DAPI staining of nuclei. C-2: Fluorescent microscopic image. The dotted line in C-1 indicates the part of reconstituted skin. Bar, 200 �m.
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cytokeratin K1, a representative differentiation marker of
epidermal keratinocytes and their related cells. The GFP-
positive cells in outer root sheath of hair follicles ex-
pressed cytokeratin K6 (Figure 3, E-1 to 3). Oil Red O
staining showed that at least some of the sebaceous
glands were derived from the transplanted bone marrow

cells and that they accumulated lipid in cytoplasm (Fig-
ure 3, G-1 to 2). No GFP-positive melanocytes were ob-
served.

In the dermis, some GFP-positive cells had formed a
circular structure (Figure 3H). As shown in Figures 3I-1,
erythrocytes were observed inside a circular structure of
dermal GFP-positive cells. These cells expressed von
Willebrand factor (Figure 3I-2) and were distinct from
cells expressing �-smooth muscle actin (data not
shown). GFP-positive cells with typical dendritic shapes
were observed in the epidermis (Figure 3J). We repeated
the transplantation seven times and obtained essentially
similar results. These results indicate that the trans-
planted bone marrow cells differentiated into various
cells to compose skin tissues.

Discussion

In this study, we examined the multi-potency of adult
mouse bone marrow cells using a skin-reconstitution as-
say. The localization in reconstituted skin, the morphol-
ogy, and the expression of respective marker proteins of
the bone marrow-derived cells (Figure 3) indicate that
adult bone marrow cells can differentiate into epidermal
keratinocytes, sebaceous gland cells, follicular epithelial
cells, dendritic cells, and endothelial cells within 3 weeks.

Realization of dormant differentiation potency of a
given cell partly depends on the environment/biological
context in which the cell resides. Embryonic stem cells
participate in the formation of almost all normal tissues
when injected into blastocysts, while they form teratomas
when subcutaneously injected into adult mice. Even ter-
atocarcinoma cells were found to contribute to the forma-
tion of some normal tissues when injected into blasto-
cysts.20 Another aspect to note in the formation of tissues
from progenitor/stem cells in vivo is that adult organs are
often self-sufficient, ie, they can compensate cell loss
without any supply of cells from other organs. Thus, sig-
nificant repopulation of exogenous hepatocyte progenitor
cells in the liver was observed only when the liver was
severely damaged.21,22 The characteristics of the system
we used are that the cells in a mixed suspension segre-
gate from each other and actively form a tissue architec-
ture through cell-cell and cell-environment interactions.
They do not simply restore the structure from which the
cells originate but they proceed in the expected devel-
opmental program to form mature tissues. Being placed
in these environments, the bone marrow cells were in-
structed by the embryonic skin cells and efficiently man-
ifested their potency to differentiate into skin-composing
cells. When only bone marrow cells were transplanted,
the lesion was not epithelialized and was rapidly re-
shielded by the surrounding skin tissues on removal of
the silicon chamber (data not shown). Due to these fea-
tures and the fact that the composition of cell suspension
can be easily modulated, the present assay is one of the
most appropriate systems for examining differentiation
potency of a given cell population.

We transplanted freshly-isolated unfractionated bone
marrow cells. At present, no information on the origin of

Figure 3. Participation of bone marrow cells in the reconstitution of skin.
Bone marrow cells derived from GFP-transgenic mice were transplanted with
epidermal and dermal cells from ICR mouse embryos. A: GFP-positive cells
were observed in the epidermis, hair follicles, and sebaceous glands 3 weeks
after transplantation. B-1 to 3: Epidermal cells. B-1, GFP-positive bone
marrow-derived cells; B-2, immunostained for cytokeratin K1; B-3, merged
figure. C: A nearly whole hair follicle including sebaceous glands was
positive for GFP. D: GFP-positive cells in outer and inner root sheaths of a
hair follicle. E-1 to 3: A hair follicle. E-1, GFP-positive bone marrow-derived
cells; E-2, immunostained for cytokeratin K6; E-3, merged figure. F-1 to 3: A
sebaceous gland. F-1, GFP-positive bone marrow-derived cells; F-2, immu-
nostained for cytokeratin K1; F-3, merged figure. G-1 and 2: A skin section
showing sebaceous glands. G-1, GFP-positive bone marrow-derived cells;
G-2, staining with Oil Red O (shown in red). Sebaceous glands derived from
bone marrow cells and embryonic skin cells are indicated by arrowheads
and arrows, respectively. H: GFP-positive cells scattered in the dermis.
Some of the dermal GFP-positive cells formed a circular structure in which
erythrocytes were observed (I-1). I-2: Immunohistochemistry for von Wille-
brand factor showing a cross-section of a blood vessel (shown in red). J:
Some GFP-positive cells in the epidermis have dendritic shapes. Inset, a
dendritic cell at a higher magnification. Bars in A, C, H, and J, 100 �m. Bars
in B, E, F, G, I, and the inset of J, 50 �m. Bars in D, 20 �m.
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cells that give rise to skin cells is available. Adult bone
marrow is thought to contain several different stem cells,
including hematopoietic and mesenchymal stem cells.23

It has been reported that hepatocytes were induced in
vivo from mesenchymal stem cells24 as well as from he-
matopoietic stem cells.25 There is evidence for the pres-
ence of a common progenitor cell population of hemato-
poietic and mesenchymal stem cells.26,27 Cells in normal
bone marrow that expressed some differentiation marker
proteins of muscle cells28 or hepatocytes29 have been
found. Further extensive studies are needed, however, to
gain clear insights into stem cell populations, their plas-
ticity, and the interrelationships among them in bone
marrow. To elucidate these issues, the development of
appropriate assay systems, such as our system, for dem-
onstrating differentiation/proliferation potential of cells is
needed.
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