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Bone marrow-derived epithelial cells and hair
follicle stem cells contribute to development
of chronic cutaneous neoplasms
Heuijoon Park1,2,3,4, Sonali Lad4, Kelsey Boland4, Kelly Johnson4, Nyssa Readio4, Guangchun Jin3,

Samuel Asfaha3, Kelly S. Patterson3, Ashok Singh4, Xiangdong Yang3, Douglas Londono5, Anupama Singh4,

Carol Trempus6, Derek Gordon5, Timothy C. Wang3 & Rebecca J. Morris1,2,4

We used allogeneic bone marrow transplantation (BMT) and a mouse multistage cutaneous

carcinogenesis model to probe recruitment of bone marrow-derived epithelial cells

(BMDECs) in skin tumors initiated with the carcinogen, dimethylbenz[a]anthracene (DMBA),

and promoted with 12-O-tetradecanolyphorbol-13-acetate (TPA). BMDECs clustered in the

lesional epithelium, expressed cytokeratins, proliferated, and stratified. We detected cyto-

keratin induction in plastic-adherent bone marrow cells (BMCs) cultured in the presence of

filter-separated keratinocytes (KCs) and bone morphogenetic protein 5 (BMP5). Lineage-

depleted BMCs migrated towards High Mobility Group Box 1 (HMGB1) protein and epidermal

KCs in ex vivo invasion assays. Naive female mice receiving BMTs from DMBA-treated

donors developed benign and malignant lesions after TPA promotion alone. We conclude that

BMDECs contribute to the development of papillomas and dysplasia, demonstrating a sys-

temic contribution to these lesions. Furthermore, carcinogen-exposed BMCs can initiate

benign and malignant lesions upon tumor promotion. Ultimately, these findings may suggest

targets for treatment of non-melanoma skin cancers.
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Stem cells have shown great promise for therapeutic and
regenerative medicine. However, accumulating evidence has
suggested a strong link between tissue stem cells and the

origin of cancer. Many tumors have been proposed to have a
heterogeneous cellular origin. We and others have demonstrated
a role for keratin 15 (K15)-expressing hair follicle (HF) pro-
genitor cells in skin tumorigenesis and have shown a contribution
by both K15-positive and negative progenitors in papilloma
development1–3. However, the source of the K15-negative cells in
papillomas remains unknown. Possible sources include other
epidermal stem/progenitor cells or stem cells from tissues such as
the bone marrow (BM). We report here significant recruitment of
BMCs to cutaneous epithelium in the contexts of tumor initiation
and promotion.

Recent studies have implicated BMCs as a cellular source for
tissue regeneration. In vitro co-culturing with bone morphoge-
netic protein 4 (BMP4) demonstrated that both hematopoietic
stem cell (HSC) and mesenchymal stem cell (MSC) populations
from the BM contributed to wound healing of several organs
independently of cell fusion4,5. In vivo studies revealed that BMCs
migrated preferentially to the site of injury and contributed to
tissue regeneration6–8. Studies in skin have shown the plasticity of
bone marrow-derived cells (BMDCs) and their contribution to
epidermis during acute skin wound healing9–13. Multipotential
plasticity of BMCs in the skin has been demonstrated by an
in vivo grafting assay with genetically labeled (i.e., EGFP-
expressing) BMCs12. Furthermore, acute cutaneous wound heal-
ing following allogeneic BMT revealed that genetically labeled or
Y chromosome-positive BMDCs engrafted within the epidermal
germinal layer at the site of the injury, and that a subset
of BMDCs directly differentiated into cytokeratin and
Ki67-expressing cells without cell fusion9–11. Recently, a sub-
population of platelet-derived growth factor receptor (PDGFR)-
alpha-positive, non-hematopoietic BMDCs cells were found to
engraft to skin following acute injury13. Despite these provocative
observations, the number of recruited BMCs was quite small.

Several clinical observations also support the hypothesis that
exogenous cellular sources contribute to cancer development.
Detection of X and Y chromosomes by fluorescence in situ
hybridization (FISH) has been a useful approach for identifying
the donor origin of tumors in gender-mismatched allogeneic BM
or organ transplanted recipients. Engraftment of donor-derived
cells has been detected in epithelia of several cancers including
glioblastoma, oral squamous cell carcinoma, lung cancer, gas-
trointestinal cancer, and skin carcinoma14–17. Studies with Heli-
cobacter infection gastric cancer models showed that keratin-
positive BMDCs were identified within the neoplastic gastric
glands of infected mice18,19. These studies suggested that BMDCs
might contribute to the development of chronic inflammation-
mediated gastric cancer. However, with the exception of these
latter two studies, the previous tumor models have not addressed
severe chronic inflammation associated with epithelial hyperpla-
sia characteristic of skin cancer or chronic non-healing cutaneous
ulcers. Moreover, the clinical significance of BMC recruitment in
the foregoing studies could not be determined due to low inci-
dence of recruited cells and non-quantitative data.

Therefore, we addressed the contribution of BMDCs during
skin carcinogenesis in the presence of chronic inflammation and
epidermal hyperplasia. Here, we report that BMCs became
keratin-immunoreactive in vitro in the absence of cellular contact
or fusion. In vivo, chronic TPA treatment of mice recruited more
clusters of BMDCs in hyperplastic epidermis than did acute TPA
treatment alone. Significant numbers of proliferating BMDECs
were detected in both chemically induced papillomas and ulcer-
associated dysplasia. In ulcer-associated dysplasia, contribution of
both BMDECs and progeny of K15-positive bulge stem cells was

observed. Moreover, transplantation of BMCs from DMBA-
exposed mice could initiate squamous skin lesions in naive reci-
pients upon TPA promotion. We conclude that large numbers of
BMDECs are recruited to a subset of cutaneous papillomas and
dysplastic ulcers and reflect a previously unrecognized systemic
contribution to these lesions.

Ultimately, these findings may contribute to the identification
of potential therapeutic targets for the treatment of non-
melanoma skin cancer as well as other cancers and may pro-
vide a novel source of progenitor cells for regenerative medicine.

Results
BMC/KC co-culture induced cytokeratin expression in BMCs.
To demonstrate the plasticity of BMCs, BMCs were co-cultured
with primary KCs followed by identification of KC markers.
Whole BMCs were harvested from the femurs and tibiae of male
C57BL/6 mice, and plastic-adherent BMCs were co-cultured with
1-week-old primary mouse epidermal KCs separated by an
impassable filter (Supplementary Figure 1a) in the presence of
mouse MSC culture medium (MesenCult). Immunostaining
confirmed that all plastic-adherent BMCs were CD34−, CD44+

(Fig. 1a, b). One week after co-culture, keratin expression was
detected in the BMCs using a pan-keratin antibody. Tg.AC cells
(a KC cancer cell-line developed from Tg.AC mice20), Swiss
mouse 3T3 cells, and plastic-adherent BMCs without treatment
were used as controls (Fig. 1c, e, Supplementary Figure 2). Pan-
keratin immunoreactive BMCs were counted from the entire
surface of the culture dishes, based on DAPI-positive nuclei and
keratin immunoreactive cytoplasm (Fig. 1c, e, g). Initially, few
keratin-positive BMCs were detected in the cultures, and no
significant cell size and morphological differences were apparent
between keratin-positive and negative BMCs. In addition, there
was considerable variability in the number of keratin-expressing
cells among different co-cultured cells. At later intervals, keratin
14 (K14) expression was detected from co-cultured BMC samples
(Fig. 1h). Pan-keratin-immunoreactive and K14-immunoreactive
cells were not detected in non-co-cultured BMC control groups.
These experiments demonstrate that exposure of BMCs to a KC-
derived microenvironment is able to induce keratin expression in
a subset of the BMCs in the absence of cell contact.

BMP5 induced keratin expression in plastic-adherent BMCs.
We recently demonstrated that BMP5 was expressed in the epi-
dermis and HF of normal adult mice, and that BMP5 added to
KC cultures increases stem cell proliferation21. BMP5 expression
was verified in mouse hyperplastic and dysplastic epidermis and
epithelium of papilloma (Supplementary Figure 3). Therefore, we
examined the effects of BMP5 on the keratinization of BMCs.
BMP5 (50 ng/ml) was added to the BMC culture three times for
10 days following the first medium change (Supplementary Fig-
ure 1b). Following BMP5 treatment, pan-keratin-immunoreactive
and K14-immunoreactive BMCs were detected in the cell cultures
(Fig. 1d, f, Supplementary Figure 4). The number of K14-
immunoreactive BMCs was counted using the same strategy as
described above. The total number of K14-positive BMCs
increased, but there was no significant difference in the level of
K14 gene expression in BMP5-treated cells (Fig. 1g, h). Although
K14 was most specific to the basal epithelium of skin, BMP5
treatment of BMC cultures resulted in more K14-positive BMCs
than pan-keratin-positive BMCs following BMC/KC co-culture
(Fig. 1g) and induced a more consistent number of keratin-
expressing BMC than did KC co-culture (Fig. 1g). Similar to the
KC co-cultures, we did not detect any significant changes in cell
size or morphology. Thus, BMP5 treatment induced K14
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expression in a subpopulation of BMCs in a consistent manner in
different treatment groups, without morphological change.

TPA-induced chronic inflammation leads to BMDC recruit-
ment. To demonstrate recruitment of BMDCs to chronic
inflammatory sites such as hyperplastic epidermis or papillomas,
we used a two-stage carcinogenesis model in C57BL/6 female
mice that had undergone BMT with genetically marked (EGFP)
whole BMCs from male donors. A single, subtumorigenic dose
of DMBA (200 nmol in 200 µl of acetone) was applied to the
dorsal skin of BMT recipients prior to BMT. Five weeks after
gender-mismatched BMT, TPA (17 nmol in 200 µl of acetone)
was applied three times per week to the dorsal skin of BMT
recipients (DMBA ► BMT► TPA, Supplementary Figure 5). In
preliminary studies, KCs were harvested from TPA- and
acetone- (vehicle control) treated mice, and a greater number of
GFP-positive cells were observed in TPA-treated versus vehicle-
treated control mice at both 4 and 9 weeks (Supplementary
Figure 5a, Supplementary Figure 6). To extend these observa-
tions, we compared three different treatment groups (no treat-
ment, acetone-, and TPA-treated), and skin tissues were
collected at different time points (0, 5, and 15+ weeks). After
immunostaining with GFP and pan-keratin antibodies, the
number of GFP- and DAPI-positive BMDCs in the epidermis
was counted. We did not detect any BMDCs before treatment
(5 weeks post-BMT) (Fig. 2a, b). Following a short course (i.e.,
5 weeks) of treatment, some solitary BMDCs were identified in

the TPA-treated, but not in the no treatment or acetone-treated
groups (Fig. 2a, b). Following long-term treatment, however, the
number of BMDCs in TPA-induced hyperplastic skin was
increased three-fold compared to skin from mice treated with
TPA for 5 weeks (Fig. 2a, b). The majority of BMDCs in the
epidermis consisted of keratin-negative and langerin/CD207
(Langerhans cell marker)-positive cells (Supplementary Fig-
ure 7). However, a subset of keratin-expressing BMDCs was
detected in tissues taken from no treatment, acetone-treated,
and TPA-treated groups by double staining for GFP and pan-
keratin or K14. K14 was expressed throughout the epidermis
following TPA treatment (Fig. 2a, c, d). The greatest number of
keratin-positive BMDCs was identified in TPA-treated tissues,
and the number of keratin-positive BMDCs increased three-fold
following long-term TPA treatment (Fig. 2a, c, d).

In addition, grouped and solitary keratin-positive BMDCs were
detected primarily in the basal layer (germinal layer) but also in
the suprabasal layer and HFs (Fig. 2c). There was no significant
difference between untreated and acetone-treated groups (Fig. 2d).
Taken together, these results demonstrate that TPA-mediated
inflammation and/or hyperplasia resulted in recruitment of
BMDCs to the epidermis, a subset of which were cytokeratin-
positive. Cytokeratin-immunoreactive solitary BMDCs were
detected primarily in the basal layer but could also be found
throughout the epidermis. In chronic inflammation, a signifi-
cantly greater number of both keratin-positive and negative
BMDCs was recruited to chronic TPA-treated skin.
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BMCs migrate towards HMGB1 and KCs in invasion assays.
To address potential mechanisms of BMC recruitment to the
epidermis, we further studied the interaction of BMCs and epi-
dermal KCs. We performed Matrigel invasion assays, and in
preliminary experiments established cell number and incubation
time for the assay. Controls included blank inserts, medium
without serum, medium with serum but no cells as bait, and
irrelevant cell type as bait (Swiss mouse 3T3). Test baits included
three main potential recruiting factors: epidermal KCs, different

concentrations of HMGB1, and stromal cell-derived factor 1alpha
(SDF1a). HMGB1 is expressed in the epidermis of skin (Sup-
plementary Figure 8a–c). HMGB1 expression in KCs is increased
in UV-exposed skin and chronic inflammation-associated skin
lesions, and is a known mediator of BMC-recruitment in skin
injury13,22,23. In addition, SDF1 is associated with skin wound
healing and is produced by dermal fibroblasts24.

As demonstrated in Supplementary Figure 8d, BMCs migrated
through the Matrigel towards both epidermal KCs and
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HMGB1 significantly better than towards controls. Moreover, we
observed an increase in HMGB1 immunoreactivity when
epidermis was treated with TPA. Additional Matrigel invasion
assays were performed to confirm the specificity of HMGB1 in
BMC migration. The invasion assays were performed in the
presence of HMGB1 with and without HMGB1 antibody for two
different time points (24 and 30 h). The number of migrated
BMCs was significantly decreased in the antibody-treated group,
but not in the group treated with HMGB1 alone (Supplementary
Figure 8e).

These findings suggest that HMGB1 may be one of the
recruiting molecules produced by TPA-treated skin. These
findings also suggest that epidermal cells or their secreted factors
are themselves attractive to cultured BMCs. In contrast to the
robust attraction of BMCs to HMGB1, SDF1a failed to elicit
in vitro migration of BMCs. This observation was unexpected due
to previous reports implicating SDF1a as a mobilizing factor for
HSCs and MSCs25.

BMDCs contributed to the epithelium of papillomas. To
examine recruitment of BMDCs during skin tumor development,
papilloma samples were collected from DMBA/TPA-treated BMT
recipient mice (Supplementary Figure 5b). To detect the presence
of BMDCs in the tumors, GFP-positive BMDCs were visualized
directly from bisected unstained whole mounted tumors (Sup-
plementary Figure 9). Immunohistochemical staining for GFP
revealed BMDCs form single cells or small/large cluster groups in
the epithelium of papillomas (Fig. 3a, b, i, Supplementary Fig-
ure 10). Moreover, groups of pan-keratin- and K14-immunor-
eactive BMDCs were detected in the basal (germinal) epithelium
(Fig. 3c, d, e). To quantify the contribution of BMDCs, serial
sections of 45 tumors from 21 mice in six different independent
BMT groups were randomly chosen for immunohistochemical
staining, and the area occupied by BMDCs in the epithelium of
papillomas was measured. Solitary BMDCs were excluded from
the quantification to avoid counting immune cells, which were
usually detected as solitary GFP-positive cells within the epithe-
lium. Groups of BMDCs were identified in 37.78% (17/45) of
papilloma sections (Fig. 3a, b, i). Groups of BMDCs were con-
firmed by their location, morphology, and detection in multiple
serial sections. In addition, 12 out of 45 papillomas were larger
than 4 mm in diameter. BMDECs were identified in 25% (3/12) of
large papillomas. In papillomas less than 4 mm in diameter,
BMDCs were identified in 42.42% (14/33) of tumors. The total
area occupied by BMDECs was measured in sections of GFP-
positive tumors via AxioVision software (Zeiss). The average area
of BMDC was 24.95% (n= 14, s.d.= ± 15.94) in the epithelium of
BMDC-containing papillomas.

In addition, groups of BMDCs were also detected in
hyperplastic epidermis adjacent to tumors (55.56%, 25/45 of
tumor samples) (Fig. 3f–h). BMDCs were identified in both
papillomas and adjacent skin from 30% (15/45) of papilloma
samples. Although engraftment of BMDCs was not detected all
tumor samples, these results demonstrate a significant contribu-
tion of BMDECs within the germinal layer of papillomas and
suggest that these BMDECs are a critical source of cellular
heterogeneity during tumor development.

BMDCs contributed to ulcer-associated skin dysplasia. Inter-
estingly, unlike unirradiated controls, many DMBA-initiated
C57BL/6 BMT recipient mice developed spontaneous skin ulcers
upon long-term TPA promotion (Supplementary Figure 5c).
These ulcers did not develop in FVB/N mice undergoing the
same protocol. Histopathological samples of ulcers were
reviewed by a pathologist, who found evidence of significantly

increased epidermal hyperplasia compared with TPA-treated
skin lacking ulcers. Evidence of dysplasia including cell elonga-
tion and abnormal epithelial structure was also noted in ulcer-
containing tissue (Fig. 4a). To examine the contribution of
BMDCs to the dysplastic epithelium, clusters of GFP-positive
BMDCs were examined by staining for GFP, which revealed the
presence of BMDCs in 53.06% (26/49) of dysplastic epidermis
samples. Samples were collected from 14 mice in five different
independent BMT groups (Fig. 4b, c). Approximately 35%
(n= 22, s.d.= ± 18.86) of the entire dysplastic epithelium
examined was determined to be BM-derived. Contribution of
BMDCs was principally observed in ulcer-associated dysplastic
epidermis but not in uninvolved epidermis (Fig. 4c, Supple-
mentary Figure 10c). The area of BM-derived epithelium in
ulcer-associated dysplasia (35%) was greater than in chemically-
induced papillomas (24.95%). Most of the BMDCs in the epi-
thelium were immunoreactive with pan-keratin and K14 anti-
bodies and were observed in dysplastic areas and in hyperplastic
epidermis adjacent to the ulcers (Fig. 4d–g, Supplementary Fig-
ure 10c, d). Additionally, we confirmed recruitment of BMDCs
by direct visualization of GFP in frozen sections of dysplastic
skin (Fig. 4h, Supplementary Figure 10e).

Fluorescence in situ hybridization (FISH) and immunostaining
detected Y chromosome-positive and K14-positive epithelial cells
in dysplastic tissues, confirming the recruitment of BMDCs
within the epidermis (Fig. 4i–k). Moreover, we confirmed the Y-
FISH with XY-FISH and found a notable absence of XXXY-
reactive or XXXX-reactive nuclei, suggesting that if cell fusion
occurs, it is not a major contributor to the phenomenon we report
herein (Supplementary Figure 11a). Additional confirmation was
performed using mathematical analysis after counting X and Y
chromosomes from 2000 cells from XY-FISH samples. Mathe-
matical analysis demonstrated that the probability of finding any
tri/tetraploid cell in the samples is very close to zero
(Supplementary Figure 11b). Furthermore, we investigated
whether BMDECs in cutaneous tumors or dysplastic ulcers
retained residual markers associated with BMCs (CD44 and
CD45).

Despite using several different antibodies, immunoreactive cells
were only detected from stromal cells, not in epithelial cells,
including BMDECs (data not presented here). This could mean
that transdifferentiation was completed, or that the BMDECs did
not express either of those markers. These results demonstrated
that a remarkable number of BMDECs engrafted into ulcer-
associated dysplastic epithelium and were involved in the
pathological progress of skin ulcer.

BMDECs actively proliferated in chronic malignant wounds.
To demonstrate direct contribution of BMDECs at the recruited
sites, the ability of BMDECs to proliferate in chronic wounds was
examined by BrdU incorporation and Ki67 expression. Immu-
nostaining with antibodies to BrdU and Ki67 revealed that BrdU-
and Ki67-positive BMDECs were detected in the basal layer of
papillomas (Fig. 5a, b, a serial section of Fig. 3a, Supplementary
Figure 12a, b). Moreover, a large number of BrdU-
immunoreactive and Ki67-immunoreactive BMDCs was found
in the proliferative region of the dysplastic epithelium (Fig. 5e, f).
Interestingly, unlike Ki67-positive cells in normal skin (Supple-
mentary Figure 13), we identified a number of small Ki67-positive
BMDECs, smaller than differentiated cells, in the neck region of
epithelial down-growth structures (Fig. 5g). To characterize the
active proliferation of BMDECs in the dysplastic epithelium, we
examined beta-catenin expression in those BMDECs that showed
membrane expression in non-proliferating KCs (Fig. 5h-II, h-IV)
but cytoplasmic expression in proliferating cells (Fig. 5h-I, h-III).
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A high-level of cytoplasmic beta-catenin expression was detected
among BMDECs in papillomas (Fig. 5b-II) and dysplastic epi-
thelium (Fig. 5h-I, h-III, i). Interestingly, BMDECs showed a
variable pattern of Ki67 and beta-catenin expression in different
locations of the papillomas. The BMDECs in the epithelium of
the tumor mass stained positively for both Ki67 and cytoplasmic
beta-catenin (Fig. 5b, a serial section of Fig. 3a, Supplementary
Figure. 12a, b). However, BMDECs in deregulated HF-like
structures showed membrane expression of beta-catenin in
areas with few Ki67-positive cells in the same tumor (Fig. 5c, a
serial section of Fig. 3i, Supplementary Figure 12c, d). KCs and
BMDECs in tumor-adjacent skin displayed primarily membrane
beta-catenin expression; however, a few cells in the HF showed
low cytoplasmic expression and Ki67 expression (Fig. 5d, a serial
section of Fig. 3f, Supplementary Figure. 12e, f). In addition, we
investigated whether BMDCs incurred the signature mutation
(Ha-ras codon 61A to T transversion, CAA > CTA) characteristic
of DMBA exposure. GFP-positive BMDCs were isolated from
tumors and dorsal skin of BMT recipients, and sorted by FACS.

Mutation detection was performed by nested PCR of DNA from
GFP-positive cells followed by sequencing around codon 61 with
the Ha-ras codon 61 mutation positive control (detailed method
is described in the ref. 1). The signature mutation was not
detected in any epithelial cells in chronic skin wounds (data not
presented here). Taken together, these results strongly suggested
that non-carcinogen-exposed BMDECs actively proliferated and
contributed, at least in part, to the population of deregulated
malignant epithelial cells in chronic skin wounds.

Bulge stem cells contributed to ulcer-associated dysplasia. To
identify non-BM-derived cellular sources of ulcer-associated
dysplasia, we hypothesized that K15-expressing bulge stem cells
contribute to ulcer-associated dysplasia. To address this question,
multistage skin carcinogenesis was performed in female
Krt1-15CrePR1;R26R mice in which the progeny of K15-
expressing cells in the HF bulge can be traced by detecting
beta-galactosidase-expressing cells26. A subtumorigenic dose of
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DMBA treatment was followed by RU486 treatment of the dorsal
skin of BMT recipients1. BMT was performed 1 week after RU486
treatment and TPA treatments followed 5 weeks after BMT
(DMBA ► RU486 ► BMT ► TPA, Supplementary Figure 14).
Confirming previous observations, immunostaining for beta-
galactosidase revealed the contribution of beta-galactosidase-

expressing bulge-derived cells in TPA-induced hyperplastic epi-
dermis (Fig. 6a, Supplementary Figure 14a) and papillomas
(Fig. 6b, Supplementary Figure 14b). These beta-galactosidase-
positive cells were also identified in ulcer-associated dysplastic
skin (Fig. 6c, d, f, h, Supplementary Figure 14b) and were
observed primarily in the lower HF (Fig. 6a-III, a-IV) with the
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occasional entire HF in hyperplastic (Fig. 6a-I, a-II) and dys-
plastic epidermis being positive (Fig. 6d, h, f). Furthermore, the
contribution of beta-galactosidase-positive cells to the inter-
follicular epidermis was often observed in TPA-induced hyper-
plastic skin (Fig. 6a-II, g) and dysplastic skin (Fig. 6d, f).

Similar to our observations that BMDCs in dysplastic skin stain
positively for cytoplasmic beta-catenin, beta-galactosidase-, and
K14-positive cells in dysplastic skin (Fig. 6c-I–III, serial sections
of red box area in c-I) were also positive for cytoplasmic beta-
catenin (Fig. 6c-IV, a serial section of red box area in c-I). A
subset of these cells in the proliferating (basal and neck) region
expressed Ki67 (Fig. 6c-IV, e). Moreover, BMDCs with KC
morphology were identified near beta-galactosidase-positive cells
in the hyperplastic interfollicular epidermis and HF in areas
adjacent to dysplastic epithelium (Fig. 6g–i). Interestingly, our
findings suggested that contribution of cells from multiple
different HF origins contributed to the development of dysplastic
interfollicular epidermis (Fig. 6f). Therefore, these results strongly
suggested that stem cells involved in inflammation-mediated
hyperplastic and dysplastic skin development were derived from a
population of HF bulge stem cells as well as from BMDCs.

Donor BMDCs initiated skin tumors from recipients after
TPA. To address the problem of BMC involvement in skin tumor
initiation, we generated carcinogen-exposed BMCs by adminis-
tering DMBA (1 mg in 0.5 ml corn oil) to donor mice (FVB/
EGFP) by gavage, one week prior to BMT (Fig. 7a-I) from donors
to naive female recipients (FVB/N, Fig. 7a-II). In a cohort of 15
females treated topically with TPA (5 nmol for first 3 weeks after
BMT and 17 nmol later), four mice developed squamous neo-
plasms: three mice had one papilloma each, and one mouse had a
papilloma and a squamous cell carcinoma. In addition, none of
the control mice developed tumors. Immunofluorescence
microscopy of each lesion disclosed that almost the entire epi-
thelium was immunoreactive to GFP (Fig. 7b). Moreover, flow
cytometry of the disaggregated tumors indicated that a subset was
GFP-positive (native fluorescence), and a subset was
GFP+/EpCAM+, but the GFPhigh/EpCAMhigh population was
only detected in tumor samples (Fig. 7c and Supplementary
Figure 15). We noted with interest that the GFP+/EpCAM+

populations were present in both BM and blood, with numbers in
blood slightly greater than those in BM. Possibly, this was due
either to chronic mobilization of the cells from the BM to the
blood, or perhaps to dissemination of lesional cells. Together,
these results suggest that a subpopulation of BMDCs is recruited
to the cutaneous epithelium upon tumor promotion and that they
have the ability to initiate benign and malignant neoplasms.

Discussion
We have reported here that in vivo, recruitment, epithelialization,
and proliferation of BMDCs occurred during cutaneous carci-
nogenesis. In the multi-stage model of carcinogenesis, the skin is

exposed to a single topical subthreshold dose of a carcinogen such
as DMBA (initiation), followed by chronic, repetitive epidermal
hyperplasia of sufficient magnitude, such as that induced by TPA
(promotion)27. Initiation with DMBA causes permanent genetic
changes including mutations in the Ha-ras gene27, whereas pro-
motion causes chronic hyperplasia and elicits manifestation of
neoplastic changes. The consequences of skin tumor initiation
and promotion are benign squamous papillomas, some of which
progress to malignancies such as squamous cell carcinomas, the
principal lesions in mice. This model has been well characterized
both biochemically and at the cellular level28, and is therefore
useful for studying biological phenomena underlying mechanisms
of carcinogenesis such as we report here.

The first observation that distinguishes our report from those
previously published is the magnitude of BMDC recruitment:
approaching 25% in many epithelial areas in over 40% of papil-
lomas, and 35% of the lesional areas in 53% of the dysplastic
ulcers studied. This contrasts with about 11% seen following
acute wounding, and even less recruitment in normal cutaneous
epithelium10. The magnitude of the recruitment observed here
suggests a possible role in the process of skin carcinogenesis.
Although DMBA initiation at the dosage used in this study was
not sufficient to cause hyperplasia or inflammation of the skin,
chronic long-term TPA treatment provided a significantly
inductive environment for papillomas. In the case of the observed
ulcers, the chronic wound-induced microenvironment might
have elicited BMDC-mediated healing or survival responses
supporting continuous proliferation. Alternatively, the high
degree of inflammation could have been brought about by death
of endogenous tissue stem cells, such as might have occurred
upon x-irradiation and persistent challenge with TPA. We note
that BMDC recruitment was observed in two published studies
on Helicobacter infection of gastric mucosa, also apparently
induced by damage leading to gastric ulcers followed by
cancer18,19.

Our second observation differing from previous reports of
acutely wounded tissue is the high level of BMDC epithelializa-
tion and keratinization. The mechanism underlying this obser-
vation is completely unknown at this time. Nevertheless,
BMDECs were found not only in the germinative layers of
papillomas and dysplastic ulcers, but also in the differentiated
layers apparently contributing to the granular and cornified layers
of the epithelium. Whether the BMDCs undergo a mesenchymal-
to-epithelial transition, or whether they are derived from a rare
BM-derived epithelial progenitor remains to be determined.
Additionally, we cannot completely exclude the possibility of
fusion or direct contact of BMDCs with endogenous epithelial
cells. However, we submit that de novo epithelialization could
have occurred as in our in vitro experiments in which plastic-
adherent BMCs were separated from co-cultured KCs by an
impassible filter. Moreover, additional evidence from XY-FISH
result supports that the engrafted BMDECs are derived by direct
transdifferentiation from BMC to KC.

Fig. 4 BMDECs are recruited in ulcer-associated dysplasia. a Dysplastic skin shows extremely abnormal epithelial structure (red box area is magnified).
Non-dysplastic (mildly hyperplastic) epidermis adjacent to dysplasia (blue box area is magnified). b BMDCs (red) are observed in the dysplastic epithelium
(red box area is magnified). c BMDCs (red) are identified in dysplastic epidermis (red box, c-I) but not in non-dysplastic-adjacent epidermis (blue box, c-II).
BMDCs are not observed in non-dysplastic epidermis adjacent to dysplasia (c-III). d Clusters of keratin expressing BMDCs are identified in the basal region
of dysplastic epithelium (white box area is magnified). e, f A significant contribution of e pan-keratin-expressing and f K14-expressing BMDECs are
detected in dysplastic epithelium using a multiphoton confocal microscope. g Keratin-expressing BMDCs are identified in HF adjacent to a dysplastic
wound (broken line boxes). White box area is magnified. h A group of GFP-positive cells (white box) are directly detected in HF in the dysplastic area of
frozen skin sections using the GFP-channel. i The number of Y chromosome-positive donor-derived BMCs (white arrowheads) are identified in the frozen
dysplastic skin section of female recipients. j, k K14/Y chromosome-positive (double positive) cells (white arrowheads) were identified in the dysplastic
epithelium of frozen sections of female recipients. j A micrograph with high magnification and k a micrograph with low magnification of different samples
and white box area is magnified. *Black and white scale bar, 50 µm; Red scale bar, 200 µm
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Our third singular observation is the relatively high levels of
proliferation of engrafted BMDECs (not exposed to carcinogen).
As determined by BrdU incorporation, mKi67 expression, and
cytoplasmic beta-catenin expression, it appeared that BMDECs in
papillomas and ulcers had features of malignancy as seen in
tumor cells. In this regard, we note with interest a paper from the

Watt group29 demonstrating that non-dividing, differentiated
epidermal cells could initiate tumor formation by way of infil-
trating immune cells that reprogrammed beta-catenin and
induced ectopic HFs. This finding suggested that a malignant
microenvironment might induce deregulation of beta-catenin and
promotion of malignant growth of BMDECs from a non-
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carcinogen-exposed donor. Consequently, the microenvironment
may exacerbate the effect of a malignant initiating cell source and
lead to dysplastic changes in the BMDECs. Moreover, the clusters
of BMDECs observed in papillomas may have arisen from either
multiple engrafted BMDCs or clonally by way of proliferation
from single engrafted cells.

We have reported here that the in vitro induction of epidermal
keratins by plastic-adherent BMCs occurred in the absence of

direct cellular contact or fusion in KC co-cultures where soluble
factors alone could pass through a filter. Soluble factors produced
by KCs acted synergistically with BMP5 to enhance keratin-
induction in BMDCs, suggesting the involvement of multiple
environmental signals. These observations are substantiated by
Matrigel invasion assays in which adherent BMCs migrated
toward epidermal KCs as well as toward HMGB1, an alarmin
produced and secreted by epidermal KCs in response to TPA
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treatment. Further investigation of the environmental cues as well
as the inducible subpopulation(s) of BMDCs (such as PDGFR-
alpha-positive BMCs13) is likely to be instructive.

Moreover, we confirmed the contribution of HF stem cells to
the development of papillomas as well as ulcer-associated dys-
plasia by placing Krt1-15CrePr;R26R mice in protocols for BMT
and chemical carcinogenesis. The existence of both progeny of
Krt1-15 bulge stem cells1 and BMDECs in the same papillomas as
distinct subpopulations supports the notion that multiple cellular
sources contribute to benign cutaneous neoplasms.

Our final significant finding is the demonstration that
carcinogen-exposed toxic BMCs from a DMBA-treated donor are
sufficient to initiate squamous cutaneous neoplasms when
transplanted to naive recipients subsequently treated with the
tumor promoter, TPA. This demonstrated the idea that
carcinogen-exposed BMCs, when recruited to a favorable
microenvironment, can initiate tumorigenesis. This experiment is
also relevant to the seed and soil hypothesis30, where, in our
experiment, the seeds were the BMDCs and the soil was the
chronic inflammation-associated microenvironment in long-term
TPA-treated skin. Furthermore, we also note with interest that
the earliest papilloma observed (9 weeks) underwent malignant

conversion, but that papillomas that arose at later intervals
(12–17 weeks) remained as benign lesions. This is consistent with
the idea that earlier arising papillomas having a greater risk of
malignant conversion31.

We have reported here significant findings in the context of the
classical murine model of chemically induced skin cancer: the
recruitment, keratinization, stratification, and in situ proliferation
of BMDCs in papillomas and dysplastic ulcers, as well as the
keratinization of plastic-adherent BMCs in vitro in the absence of
direct contact with epidermal KCs or fusion, and the contribu-
tions of BMDECs and the progeny of HF bulge stem cells to
papillomas. The magnitude of the BMDC recruitment strongly
suggests as a possible mechanism the damage or death of endo-
genous epithelial stem cells, as well as the likelihood of a gradient
of soluble factors that is responsible for BMDC recruitment.
Equally tantalizing is the possibility of an occult epithelial pro-
genitor derived from the BM. Finally, it will be critical to deter-
mine how BMC recruitment is associated with the probability of
malignant conversion of benign papillomas to carcinomas. In this
regard, we would predict that they might be recruited to the high-
risk papillomas described by Darwiche and associates31. However,
at this time we cannot exclude the possibility that they might play
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a protective role in papillomas of low risk of conversion. We are
currently exploring solutions to these problems.

Furthermore, we identified tumors both with and without
BMDECs. This indicates that the different microenvironments of
these two groups of tumors may be influenced by the presence of
BMDECs. Previous studies have demonstrated that BM-derived
MSCs are associated with tumor progression and mediation of
immune checkpoints32–34. Therefore, identifying BMDEC-
favorable and non-favorable tumor microenvironments might
provide diagnostic and prognostic markers as well as therapeutic
approaches.

In addition, higher levels of the EpCAM+ population were
detected in the blood, rather than the BM, of tumor-bearing toxic
BMT recipients. This population may come from the BM and/or
the tumor (GFP+/EpCAM+), or from GFP−/EpCAM+ popula-
tions from various organs including the GFP−/EpCAM+ popu-
lation in the tumor. This result demonstrates the systemic
contribution of an EpCAM+ population from the tumor as well
as from multiple organs. Thus, this may indicate a higher level of
trafficking between organs and the heterogeneous population of
epithelial cells in the presence of chronic inflammation, which
may cause noise, making it harder to identify circulating tumor
cells using epithelial cell markers (e.g., EpCAM or cytokeratins)35.

We conclude that large numbers of BMDECs are recruited to a
subset of cutaneous papillomas and that dysplastic ulcers reflect a
previously unrecognized systemic contribution to these epithelial
lesions. The implications of our findings toward understanding
the etiology of epithelial cancers as well as their diagnosis and
treatment have not escaped our notice. Although such studies are
currently in progress, our documentation of BM-derived, pro-
liferating, stratifying, and keratinizing cells in lesional cutaneous
epithelium represents a significant advance in the fields of epi-
thelial biology and cancer research.

Methods
Animals. Wild type C57BL/6 mice (male and female, 7–9 weeks old) were pur-
chased from Taconic (Hudson, NY) and Charles River (Wilmington, MA). FVB/N
mice (male and female, 7 weeks old) were purchased from Charles River (Wil-
mington, MA). Female Krt1-15CrePR1;R26R mice reported previously26 were bred
at Columbia University. Chicken β-actin enhanced green fluorescence protein
(EGFP) transgenic mice (male, 8 weeks old, C57BL/6 and FVB/N), human ubi-
quitin C green fluorescent protein (GFP) transgenic mice (male, 8 weeks old,) were
purchased from Jackson Laboratory (Bar Harbor, ME). Animals were maintained
in the AAALAC accredited Columbia University Barrier Facility, The Hormel
Institute Animal Facility, and in the NIEHS animal facility under protocols
approved by the Institutional Animal Care and Use Committee. All three animal
facilities were AAALAC accredited. All animals were maintained in accordance
with institutional and government guidelines for the care and use of experimental
animals.

Chemicals. 7,12-Dimethylbenz[a]anthracene (DMBA), and 12-O-tetra-
decanoylphorbol-13-acetate (TPA) were purchased from Sigma (St. Louis, MO).
Acetone was spectral grade from Fisher Scientific (Norcross, GA). DMBA and TPA
were dissolved in acetone for cutaneous multi-stage carcinogenesis. DMBA was
dissolved in corn oil for oral gavage. RU486 was purchased from Sigma as a powder
and mixed at a concentration of 1 mg/g with Neutrogena Hand Cream (unscented)
for topical application. Bromodeoxyuridine (BrdU, Sigma-Aldrich) was prepared in
saline to deliver 50 µg/dose.

BMC isolation. Whole BMCs were harvested from femurs and tibiae of 7- to 9-
week-old male mice (C57BL/6, Chicken beta-actin EGFP, UBC-GFP, or FVB.Cg-
Tg(CAG-EGFP)B5Nagy/J). The BMCs were isolated by flushing the femurs and
tibiae with phosphate buffered saline (PBS) containing 1% fetal bovine serum (FBS)
under sterile conditions using 25G needles. Isolated BMCs were resuspended in
PBS solution for BMT, or mouse MSC culture medium (MesenCult medium, Stem
Cell Technologies, Vancouver, BC, Canada) for subsequent culture. In order to
culture adherent BMCs, red blood cells were removed using ACK lysing buffer
(Lonza, United States).

Bone marrow transplantation. C57BL/6 and FVB/N female mice underwent
allogenic gender-mismatched BMT with genetically marked (GFP or EGFP) whole
BMCs from male donors.

i) In order to demonstrate BMC recruitment (Supplementary Figure 5, 14),
9-week-old C57BL/6 female recipient mice (DMBA-pre-treated) were lethally
irradiated (900 rads) twice with a cesium irradiation device (Mark I Irradiator,
using Cs-137; JL Shepherd, San Fernando, CA). Whole BMCs were isolated from
8-week-old male genetically labeled transgenic mice (e.g., Chicken β-actin EGFP or
UBC-GFP mice). Three hours after the second irradiation, 5 × 106 GFP-labeled
BMCs were infused via tail vein injection in each recipient. For bone marrow
reconstitution, the recipient mice were allowed to recover for 5 weeks with food
and antibiotic water (100 mg/l neomycin and 10 mg/l polymixin B sulfate).

ii) In order to demonstrate cancer initiation from BMCs (Fig. 7a), donor mice
(FVB/EGFP) were pre-exposed to DMBA via oral gavage and whole BMCs were
isolated 1 week after DMBA treatment. Isolated BMCs were transplanted to 8-
week-old naive female recipients (FVB/N).

Skin carcinogenesis. To demonstrate BMC recruitment (Supplementary Figure 5,
14), the dorsal fur of BMT recipient mice was clipped with electric clippers. One
week after removing the dorsal fur, the mice received a single sub-tumorigenic dose
of DMBA (200 nmol in 200 µl of acetone) applied to their dorsal skin prior to
BMT. Five weeks after BMT, the mice received thrice-weekly treatments with the
tumor promoter TPA (17 nmol in 200 µl of acetone). Skin or papilloma samples
were collected from euthanized mice at different intervals (4 and 9 weeks, or 0, 5,
and 15 weeks or more) during promotion. Treatment groups and controls are
described in Supplementary Figure 5, 6, and 14.

To demonstrate cancer initiation from BMCs (Fig. 7a), male donor mice (FVB/
EGFP) were administered DMBA (1mg in 0.5 ml corn oil) via gavage. One week
later, their DMBA-exposed whole toxic BMCs were transplanted to 8-week-old
naive female recipients (FVB/N). After reconstitution for 5 weeks, recipient mice
were treated topically twice weekly with TPA (5 nmol for 3 weeks followed by 17
nmol in 200 µl of acetone) for 18 weeks.

According to the conventional protocol BM reconstitution of BMT recipient is
complete by 3 weeks, and usually treatment begins 3 weeks after BMT. However,
skin carcinogenesis requires long-term TPA treatment. Therefore, to increase
survival rate of the BMT recipient mice during TPA promotion, an extra 2 weeks
were given for full recovery. The health of the mice was monitored three times per
week by laboratory staff, and daily by veterinary staff.

Keratinocyte harvest. KCs were harvested from dorsal skin of female C57BL/6
mice (7–9 weeks old) for BMC/KC co-culture. To detect GFP-positive BMDCs, KC
were harvested from dorsal skin and papillomas from DMBA/TPA- or TPA-
treated BMT recipient mice. To isolate KCs, euthanized mice were clipped of dorsal
fur and decontaminated by washing with povidone iodine solution followed by
70% ethanol. The dorsal skin was dissected and the subcutaneous fat and muscle
removed by scraping with a scalpel. One by 1.5 cm pieces of skin were floated hairy
side up onto 0.25% trypsin for 2 h at 32 °C. The skin and hairs were then scraped
from the dermis with a scalpel into SMEM with 10% FBS and then stirred at 100
RPM for 20 min at room temperature. The epidermis and hairs were filtered out
with a 70 µm filter, filtrate was centrifuged and resuspended in SMEM with 10%
FBS, and the resultant cells were counted with a hematocytometer for FACS or
in vitro applications. All detail procedures have been described in our previous
study36.

BMC/KC co-culture. To induce BMC differentiation into KC, BMC/KC co-culture
was performed. KCs were harvested from 7-week-old to 9-week-old C57BL/6
female mouse dorsal skin and cultured in KC medium (SPRD-11137) on the
membranes of inserts (Transwell, pore size 0.4 μm; Corning, Lowell, MA) for five
days until ~60% confluent, then switched to MesenCult medium. BMCs were
harvested from 7–9-week-old C57BL/6 male mice by flushing femurs and tibiae
with 1% FBS DPBS or Hank’s balanced salt solution (HBSS), and seeded on 6-well
plates (Corning, Lowell, MA) in MesenCult medium. Non-adherent cells were
removed 48 h after cell seeding, and BMC culture medium was changed every three
days. One week after KC harvest, BMC culture (6-well plate) and KC culture
(insert) were combined in the presence of Mesencult medium. Before combining,
to remove residual KC medium, the inside and bottom of the insert were washed
with PBS. For BMP5 (R&D systems, Minneapolis, MN; Cat# 6176-BM/CF)
treatment, mesenchymal stem cell medium was changed every three days for
10 days, and BMP5 (50 ng/ml) was added immediately after changing medium
(Supplementary Figure 1).

Chemotaxis cell migration assay. Migration assays were performed in a migra-
tion chamber (Millipore, Burlington, MA) according to the manufacturer’s direc-
tions using epidermal KCs, Swiss mouse 3T3 cells (ATCC, Manassas, VA),
HMGB1 (BioLegend, San Diego, CA; #764004), or SDF1a (R&D Systems, Min-
neapolis, MN; Cat# 460-SD/CF) as bait. Positive controls were epidermal KCs, and
negative controls were included medium without serum or growth factors. In
addition, to confirm the specificity of HMGB1 as bait, HMGB1 antibody (Invi-
trogen, Carlsbad, CA; #PA5-29604) was added in the presence of HMGB1 (10 and
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50 ng/ml), and non-antibody-treated HMGB1 group served as a positive control.
Preliminary experiments were performed to establish optimum dosage and
migration times, and experiments were conducted with triplicate wells and were
repeated three times.

Tissue preparation. Skin tumor and tumor-adjacent uninvolved skin samples
were collected after euthanizing the DMBA/TPA- or TPA-treated BMT recipient
mice by CO2 asphyxiation followed by cervical dislocation and either fixed over-
night in 10% neutral buffered formalin to make paraffin sections, or snap frozen in
liquid nitrogen and embedded in Tissue-Tek OCT compound (Sakura Finetek,
Torrance, CA) to prepare frozen sections. In addition, to detect active cycling cells
in tissues, BrdU solution (50 µg/g body weight) was injected intraperitoneally to
mice 1 h prior to euthanizing and the presence of BrdU was detected by anti-BrdU
antibody.

Flow cytometry. Cells were harvested from papillomas and a carcinoma from
carcinogen-exposed toxic BMT recipients. Flow cytometry was conducted on a
FACSAria II (BD Bioscience, San Jose, CA) using native GFP fluorescence and
directly conjugated EpCAM antibody.

Immunostaining. Paraffin and OCT-embedded tissues samples were sectioned to
5–8 µm thickness and mounted on positively charged microscope slides. Paraffin
sections were deparaffinized with xylene and rehydrated with graded alcohols and
water. Antigens were unmasked with citrate-based antigen retrieval solution
(Vector Labs, Burlingame, CA). Frozen sections were fixed with chilled methanol
and acetone. For immunofluorescence staining, sections were pre-incubated for 1 h
at room temperature with 10% normal goat or horse serum (Vector Laboratories,
Burlingame, CA) to block non-specific antibody binding. In addition, fish serum-
based blocking reagent (Aves, Tigard, Oregon) was purchased for use with chicken
primary antibody. After blocking, tissue sections were incubated with primary
antibody in PBS (1% normal goat or horse serum) at 4 °C overnight. On the
following day, tissue sections were incubated with secondary antibodies in PBS (1%
normal goat or horse serum) for 1 h at room temperature. After washing, tissue
sections were mounted with DAPI containing mounting medium (Vector labs,
Burlingame, CA) and cover-slipped prior to fluorescence microscopy. Immuno-
histochemistry was performed with Vectastain ABC Kit (Vector Laboratories,
Burlingame, CA) following the manufacturer’s provided protocol. Vector M.O.M.
(Mouse on Mouse) immunodetection kits (Vector Laboratories, Burlingame, CA)
were used following the manufacturer’s directions for mouse primary monoclonal
antibodies on mouse tissues.

To detect keratin expression from co-cultured BMCs, cultured BMCs were
washed with cold PBS and fixed with chilled methanol and acetone. The
subsequent steps were performed as for the immunofluorescence staining process
previously described. After staining, the bottom part of the BMC co-cultured cell
culture dish was cut out using a rotary tool (Dremel, WI, United States) after
immunostaining. The bottom of the cell culture dish was placed cell-side-down
onto a large format cover glass (Thermo Scientific, Portsmouth, NH, Gold Seal
cover glass 48 × 60 mm) and mounted with a plastic lantern-slide mount (Gepe,
Zug, Switzerland, Size 6 × 4.5 cm) for subsequent light microscopy.

X and Y chromosome detection. Snap frozen skin or tumor tissues were sectioned
to 5 µm thickness. Sections were fixed with chilled ethanol (95%) for 10 min and
dried at room temperature for 10 min. Fixed sections were denatured with 70%
formamide (Sigma) at 73 °C for 5 min and dehydrated with graded alcohols.
Prepared mouse Y chromosome probe (Cambio, StarFISH, Cambridge, UK) was
applied on the dried sections and cover-slipped. Cover-slipped sections were sealed
with rubber cement and preheated at 82 °C for 2 min. Preheated samples were
placed in the humidified hybridization chamber at 45 °C for 14–20 h. After
hybridization, cover slips were removed gently, and the sections were washed twice
with 0.4× SSC containing 0.3% NP-40 (Abbott Molecular, Visys, Abbott Park, IL)
at 73 °C for 2 minutes and with 2× SCC containing 0.1% NP-40 at 73 °C for 2 min.
After washing, tissue sections were completely dried in the dark and mounted with
DAPI-containing mounting medium (Vector Labs, Burlingame, CA). Cover-
slipped sections were sealed with clear nail polish and stored at −20 °C in the dark.
The control slides included tumors from male and female mice, including sections
from mice previously demonstrated to express the Y chromosome in tumor epi-
thelium. The test group consisted of sections from BMT mice. XY-FISH (Invi-
trogen, Carlsbad, CA) was performed according to the manufacturer’s directions.

Analysis of the true probability of observing a tri/tetraploid cell. Notation
n is the number of independent experiments (Number of cells viewed).
k is the number of successes (Number of tri/tetraploid cells observed in the set

of n cells studied).
p is the probability of success (observing a tri/tetraploid cell) in a single

experiment.
While we do not know the value p, we can obtain a good estimate by answering

the question: given the probability, p, of observing either a triploid or tetraploid
cell, what is the probability of observing at least one triploid or tetraploid cell in a
set of n independent cells? We answer this question using Equations (1–3) below.

The binomial distribution probability function (also called the probability
density function) is given by:

Pr k; n; pð Þ ¼ n

k

� �
pkð1� pÞn�k ð1Þ

where
n
k

� �
¼ n!

n�kð Þ!k! is the binomial coefficient. Also, Pr(at least k0 successes)=

Pr(Observing at least k0 tri/tetra-ploid cells when viewing n cells), where 0 ≤ k0 ≤ n,
is given by:

Xn
k¼k0

Pr k; n; pð Þ ¼
Xn
k¼k0

n

k

� �
pkð1� pÞn�k ð2Þ

It follows that Pr(observing at least one tri/tetraploid cell when viewing n cells) is
given by:

Xn
k¼1

n

k

� �
pkð1� pÞn�k ¼ 1� n

0

� �
p0 1� pð Þn¼ 1� 1� pð Þn ð3Þ

The 99% confidence interval of the true probability of the probability p was
computed using this method implemented in the BINOM program38.

Antibodies. Primary antibodies included: Chicken anti-GFP (1:1000; Aves, Tigard,
Oregon; #GFP-1020), Rabbit anti-GFP (1:300; Invitrogen, Carlsbad, CA; #A11122)
Rabbit anti-Pan-keratin (ready to use, Dakocytomation, Carpinteria, CA; #Z0622),
Mouse anti-Mouse K15 (1:200; Thermo scientific, Fremont, CA; #MS1068-P),
FITC-Rat anti-mouse CD34 (1:200; BD Pharmingen, San Diego, CA; #553733),
Rabbit anti-Mouse K14 (1:1000; Covance, Princeton, NJ; #PRB-115P), Rat anti-
Mouse CD207/Langerin (1:200; Dendritics, Lyon, France; #AB-IN786758), Rat
anti-BrdU (1:100; Accurate chemical & Scientific, Westbury, NY; #OBT0030), Rat
anti-Mouse CD44 (1:30; BD Pharmingen, San Diego, CA; #553132), Rabbit anti-
Mouse Ki67 (1:200; Abcam, Cambridge, MA; #AB15580), Mouse anti-Mouse Beta-
catenin (1:700; BD Pharmingen, San Diego, CA; #BD610153), Rabbit anti-BMP5
(Discontinued, Santa Cruz Biotechnology, Dallas, TX), Rabbit anti-Beta-
Galactosidase (1:2000; Abcam, Cambridge, MA; #AB616).

Secondary antibodies were purchased from Life Technologies at dilution of 1:1000,
and included: Alexa Fluor 488 Goat anti-Mouse IgG (#A11029), Alexa Fluor 488 Goat
anti-Rabbit IgG (# 911008), Alexa Fluor 488 Goat anti-Rat IgG (#911006), Alexa Fluor
488 Goat anti-Chicken IgG (#911039), Alexa Fluor 594 Goat anti-Mouse IgG
(#911005), Alexa Fluor 594 Goat anti-Rabbit IgG (#911012), Alexa Fluor 594 Goat
anti-Rat IgG (#011007), Alexa Fluor 594 Goat anti-Chicken IgG (#911042).

RNA extraction and quantitative RT-PCR analysis. Total RNA was extracted
from co-cultured BMCs and control cells using TRIzol (Invitrogen, Carlsbad, CA).
High-fidelity cDNA was produced form extracted RNA samples with the Super-
Script III First-Strand Synthesis System (Invitrogen, Carlsbad, CA). Quantitative
real time-PCR sample mixtures were prepared with QuantiTect SYBR Green PCR
kit (Qiagen, Germantown, MD) based on the provided manufacturer’s protocol.
Real time-PCR reactions were performed using an Applied Biosystems Prism 9700
PCR machine. The real-time PCR conditions were as follows: 95 °C for 15 min
followed by 45 cycles of (95 °C for 15 s, 55 °C for 30 s, and 72 °C for 30 s).

Results from Q-RT-PCR were analyzed using relative quantitation method. Ct
values of different genes were normalized to the house keeping gene (GAPDH) by
subtracting Ct values, and ΔCt values were calculated. The mean ΔCt values were
converted into fold change gene expression. Final values were normalized with
log2 transformation. P value was determined by Fisher’s ANOVA method.
Primer sequences were as follows: K14 Forward: 5-
AGAGGACGCCCACCTTTCATCTTC-3 and Reverse:
5-CTCTTCCAGCAGTATCTGCGTCCAC-3; GAPDH Forward:
5-AAATGGTGAAGGTCGGTGTGAACG-3 and Reverse:
5-TCACACCCATCACAAACATGGGG-3.

Microscopy. Prepared slides were viewed with a Zeiss Axioplan or Axio Imager
microscope (Carl Zeiss, Thornwood, NY) equipped with Plan Neofluar objectives,
and fluorescence, phase, and bright field optics. Photographs were taken with the
accompanying Zeiss AxioCam digital camera. Image analysis was performed with
Zeiss AxioVision software. Prepared slides were viewed with a Zeiss LSM 510 NLO
multiphoton microscope (Carl Zeiss, Thornwood, NY) equipped with various
objectives.

Quantitative microscopy. Keratin-positive BMCs were counted from the entire
surface of the culture dishes, counting cells that were both keratin- (cytoplasm) and
DAPI- (nucleus) positive. Keratin-positive cells were detected with a 5× objective,
and all keratin-positive cells were verified with 10× and 20× or higher magnifi-
cation objectives.

BMDC and BMDECs were identified from tissue samples. Twenty different
areas were randomly selected from each sample slide using a 20× objective. All
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counted GFP- (single) and GFP/Keratin- (double) positive BMDCs were DAPI-
positive and located in the epidermis. All counted BMDCs were confirmed with
40× or higher magnification objectives.

To measure bone marrow-derived epithelial area, IHC staining with GFP
antibody was performed with medial sagittal sections of papillomas and ulcer-
associated dysplasia as determined by the section from 10 or more serial sections
showing broadest attachment of the tumor or ulcer to the underlying stroma. The
GFP-positive area consisted of at least five adjacent GFP-positive cells in the
cutaneous epithelium. GFP-positive epithelial areas in the samples were confirmed
via independent IHC staining of serial sections. Micrographs of samples were taken
with 10× objective and were tiled manually. The percentage of GFP-positive area
was carefully measured and computed with Zeiss AxioVision software.

Statistical analysis and reproducibility. All in vitro and in vivo data were sub-
jected to statistical analysis performed and confirmed by bio-statisticians. Sig-
nificance of different groups of treatment and treatment time was determined by
Student’s t-test, Fisher’s ANOVA and F-statistic. At least three different investi-
gators tested samples and at least one person was blinded as to the assessment
of the slides. The investigators were not blinded for animal treatment. All in vitro
and in vivo assays were replicated by different people from two different
institutions.

Data availability
All data are available from the corresponding author upon request.
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