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Bone morphogenetic proteins (BMPs) play pivotal
roles in the regulation of skin development. To study
the role of BMPs in skin tumorigenesis, BMP antago-
nist noggin was used to generate keratin 14-targeted
transgenic mice. In contrast to wild-type mice, trans-
genic mice developed spontaneous hair follicle-de-
rived tumors, which resemble human trichofollicu-
loma. Global gene expression profiles revealed that in
contrast to anagen hair follicles of wild-type mice,
tumors of transgenic mice showed stage-dependent
increases in the expression of genes encoding the
selected components of Wnt and Shh pathways. Spe-
cifically, expression of the Wnt ligands increased at
the initiation stage of tumor formation, whereas ex-
pression of the Wnt antagonist and tumor suppressor
Wnt inhibitory factor-1 decreased, as compared with
fully developed tumors. In contrast, expression of the
components of Shh pathway increased in fully devel-
oped tumors, as compared with the tumor placodes.
Consistent with the expression data, pharmacologi-
cal treatment of transgenic mice with Wnt and Shh
antagonists resulted in the stage-dependent inhibi-
tion of tumor initiation, and progression, respec-
tively. Furthermore, BMP signaling stimulated Wnt
inhibitory factor-1 expression and promoter activity
in cultured tumor cells and HaCaT keratinocytes, as
well as inhibited Shh expression, as compared with

the corresponding controls. Thus, tumor suppressor
activity of the BMPs in skin epithelium depends on the
local concentrations of noggin and is mediated at least
in part via stage-dependent antagonizing of Wnt and
Shh signaling pathways. (Am J Pathol 2009, 175:1303–1314;

DOI: 10.2353/ajpath.2009.090163)

Skin cancer is the most common cancer in the United
States, Europe, and other countries, and the incidence
continues to increase.1 During the last decade, consid-
erable progress has been achieved in identification of
molecular mechanisms underlying the development of
the major cutaneous cancers, such as malignant mela-
noma, basal cell carcinoma, and squamous cell carcino-
ma.2,3 In particular, it was shown that mechanisms con-
trolling skin development and carcinogenesis appear to
be very similar, and key signaling pathways (Wnt, hedge-
hog, notch, transforming growth factor-�, etc) that regu-
late skin development are also implicated in the pathobi-
ology of cutaneous neoplasias [reviewed in1–5].

Bone morphogenetic protein (BMP) signaling plays
pivotal roles in the control of cutaneous development and
also possesses a potent antitumor activity in postnatal
skin [for review see6,7]. BMP signaling is activated by
binding of the BMP ligands to BMP receptors (BMPRs)
followed by activation of the BMP-Smad and/or BMP-
MAP kinase pathways.8 In the extracellular space, BMP
signaling is modulated by a number of BMP antagonists
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including Noggin, which binds selected BMP ligands
(BMP-2/4/7, growth/differentiation factor-5) with high af-
finity and prevents their interaction with cell surface BMP
receptors.6

Many indications suggest BMP signaling as a powerful
regulator of cell proliferation and differentiation in devel-
oping and postnatal skin. BMP signaling inhibits the ini-
tiation phase of hair follicle (HF) development9 and is
required for proper control of keratinocyte differentiation
into HF-specific cell lineages.10–13 In adult skin, BMP
signaling is involved in the control of HF cycling, HF size,
and in hair pigmentation.14–16

Several indications also suggest that BMP signaling
contributes to skin carcinogenesis: overexpression of
BMP4/6 in murine epidermis is accompanied by in-
creased resistance to chemically induced carcinogene-
sis, while conditional ablation of the BMPR-IA in keratin-
ocytes result in formation of HF-derived tumors.12,17,18

Furthermore, in chemically induced murine epidermal tu-
mors and in human basal cell carcinoma cells, Smad1/5
are strongly down-regulated.19 Skin-specific disruption of
Smad4 results in increased epidermal proliferation con-
sequently leading to squamous cell carcinoma forma-
tion.20,21 Antitumor activity of BMPs may also be regu-
lated by extracellular BMP inhibitors: expression of the
BMP antagonist gremlin increased in basal cell carcino-
mas, in which gremlin promotes and BMPs inhibit cell
proliferation.22

However, mechanisms and downstream targets that
mediate tumor suppressor function of the BMP signaling
pathway in skin remain to be explored. In this paper, we
provide evidence that K14-driven noggin overexpression
in mice results in spontaneous development of trichofol-
liculoma-like tumors. We also demonstrate that tumor
initiation and progression in K14-Noggin mice most likely
occur due to abnormally activated Wnt and Shh signaling
pathways, respectively. Furthermore, we show that BMP
signaling may suppress tumor formation via stimulating
the expression of the Wnt inhibitory factor-1 (Wif1). These
data suggest that tumor-suppressive activity of BMPs in
skin epithelium is modulated by local concentrations of
noggin and that BMP signaling may suppress skin tumor-
igenesis at least in part via antagonizing the Wnt and Shh
pathways.

Materials and Methods

Animals, Tissue Collection, Pharmacological
Experiments, and Morphometric Analyses

All animal and human studies were performed under
protocols approved by the Boston University Institutional
Animal Care and Use Committee and Institutional Review
Board. K14-noggin overexpressing mice were generated
on FVB background by using transgenic (TG) construct
containing human K14 promoter, mouse noggin cDNA
(provided by R. Harland) and human growth hormone
poly-A sequence, as described previously.23 Skin sam-
ples were collected from neonatal (postnatal days [P]0.5
to P21) and adult mice (5 to 30 weeks old, n � 5 to 7 per

time points for each mouse strain), frozen in liquid nitro-
gen, and embedded, as described elsewhere.9 Samples
of human skin were obtained from 35- to 65-year-old
individuals of both sexes from different body areas. Ad-
ministration of the Wnt antagonist Aptosyn (4 mg/kg, s/c
daily; OSI Pharmaceuticals, Farmingdale, NY) and Shh
inhibitor cyclopamine (100 �g/kg, s/c daily, P10 to P28;
kindly provided by Dr. W. Niu, Infinity Pharmaceuticals,
Inc., Cambridge, MA) or vehicle control were preformed
to neonatal mice (n � 24), and skin was harvested and
processed for histological and morphometric analyses,
which were performed using bright-field microscope
(Nikon), SPOT digital camera and image analysis software
(Diagnostic Instruments, Sterling Heights, MI). Based on
the morphology, HF-derived tumors were divided into
several groups: stage 1 – small tumors (30 to 60 �m in
diameter) arising from the HF outer root sheath; stage 2 –
medium-sized tumors (60 to 120 �m in diameter); stage 3
– single large tumors (over 120 �m in diameter); and,
stage 4 – multiple large tumors with epithelioid cyst con-
taining keratinized substance in the center. Percentage
of HFs with tumors at distinct stage of development was
assessed in the control and cyclopamine-treated groups
at P21 and P28, data were pooled, mean � SEM was
calculated, and statistical analysis was performed using
unpaired Student’s t-test.

Laser Capture Microdissection and Microarray
Analyses

The distinct areas from the hair matrix of anagen HFs of
wild-type mice and tumor epithelium of K14-noggin mice
were dissected by laser capture microdissection (Arctu-
rus, Mountain View, CA), as described before.16 Briefly,
8-�m thick frozen sections have been extensively dehy-
drated to preserve RNA integrity, laser capture was per-
formed from 50 to 70 HFs of wild-type (WT) and TG mice,
respectively. Total RNA was isolated using the PicoPure
RNA Isolation Kit (Arcturus, Mountain View, CA), following
by two rounds of linear RNA amplification using the
RiboAmp RNA Amplification Kit (Arcturus, Mountain View,
CA). The Universal Mouse Reference RNA (Stratagene,
La Jolla, CA) was used after one round of linear amplifi-
cation in all analyses as control. All microarray analyses
were performed by Mogene Co. (St. Louis, MO) using
41K Whole Mouse Genome 60-mer oligo-microarray
(manufactured by Agilent Technologies).

Real-time PCR of unamplified reference RNA and ref-
erence RNA obtained after two rounds of amplification
was used for validation of possible alterations in gene
expression caused by amplification procedure (see be-
low). All microarray data on gene expression were nor-
malized to the corresponding data obtained from the
reference RNA, as described previously.16 Two indepen-
dent data sets were obtained from WT and TG mice, and
P values were calculated by the Agilent feature Extraction
software (version 7.5) using distribution of the back-
ground intensity values to signal intensity and using Stu-
dent’s t-test. Functional annotation of the overrepre-
sented and underrepresented genes was performed
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using the NIA Array Analysis software (http://lgsun.grc.
nia.nih.gov/ANOVA/, 2007; last accessed January 31,
2009) according to the recommendations published
previously.24

Cell Culture Experiments, Western Blot, and
Real-Time PCR Analyses

Keratinocytes from HF-derived tumors of TG mice were
grown at low (0.05 mmol/L) calcium concentrations and
were treated for 24 hours either with 200 to 500 ng/ml
BMP-4, 200 ng/ml BMP-4, and 500 ng/ml noggin (R&D
Systems, Minneapolis, MN) or diluent control and were
processed for total RNA and protein isolation. Western
blot analysis of total tissue proteins obtained from the
extracts of full thickness skin of TG and WT mice or from
cultured tumor cells was performed, as described be-
fore.15,25 Antibody reaction was performed with rabbit
polyclonal antisera against noggin, Wif-1, or Shh (R&D

Systems, Minneapolis, MN). Real-time PCR was per-
formed three times using iQ SYBR Green Supermix and
MyiQ Single-Color Real-Time PCR Detection System (Bio-
Rad Corp., Hercules, CA).16 Differences between sam-
ples and controls were calculated using Gene Expres-
sion Macro program (Bio-Rad Corp., Hercules, CA)
based on the ��Ct equitation method, data were pooled,
mean � SEM was calculated, and statistical analysis was
performed using unpaired Student’s t-test. PCR primers
were designed on Beacon Designer software (Premier
Biosoft International, Paolo Alto, CA; Table 1).

Immunohistochemistry and in Situ Hybridization

Frozen skin samples embedded into Tissue-Tek medium
were processed for immunohistochemical protocols, as
described before.15,25 Briefly, cryosections were fixed in
acetone and after blocking non-specific binding, primary
antibody was applied (see Table 2) following by applica-

Table 1. List of PCR Primers

Accession number Sequence definition Sense/anti-sense primers

NM_009744 B-cell leukemia/lymphoma 6 (BCL6) 5�-CATACCTGTAATGTGTCCTCAC-3�
5�-ACAAGCATGACGCAGAATG-3�

NM_00761 Caspase 7 (Casp7) 5�-TGTAAGAGGACTTCGGTTC-3�
5�-GACTCAGTTCTGGCTTGG-3�

NM_009829 Cyclin D2 (Ccnd2) 5�-TACCTTAGACAGTCCAACCTTG�3�
5�-GCTGTTGACCACCACCTG-3�

NM_007634 Cyclin F (Ccnf) 5�-AGGAGAGCGAAGGCGAGAAG-3�
5�-GTTCAGGTAGACCACAGTGACATC-3�

BC052714 Cyclin M3 (Ccnm3) 5�-CTGCTGGAGAATACTAACC-3�
5�-GTCTATGGAACAGTCTATGG-3�

NM_010100 Ectodysplasin-A receptor (Edar) 5�-CCCACCGAGTTGCCGTTT�3�
5�-CCAATCTCATCCCTCTTCA-3�

NM_010464 Homeobox C13 (Hoxc13) 5�-CTCAGTTCTTGCCTCTTC-3�
5�-ACCTTGCCTATGGAGTTC-3�

NM_010496 Inhibitor of DNA binding 2 (Id2) 5�-GACTCGCATCCCACTATC�3�
5�-ATGCTGATGTCCGTGTTC-3�

NM_010591 Jun oncogene (Jun) 5�-CTGATTTGTAGGAATAGATACCC-3�
5�-CACAGCACATGCCACTTC-3�

NM_010659 Keratin 1-1 (Krt1-1) 5�-GTCTCCAATCCCTGTGTC�3�
5�-TGTCCTTGCTCTGTTGAC-3�

NM_008470 Keratin 1-16 (Krt1-16) 5�-AATATCCACTCCTCCTCAC-3�
5�-GTTGAACCTTGCTCCTTG-3�

NM_010666 Keratin 1-c29 (Krt1-c29) 5�-TCGTGGAAGAGTTAGACC-3�
5�-TTAGAGGCGGAGTTCAAG-3�

NM_010663 Keratin 1-17 (Krt1-17) 5�-ACCTGACTCAGTACAAGCC-3�
5�-CCTTAACGGGTGGTCTGG-3�

BC006780 Keratin 2-5 (Krt2-5) 5�-AATGTAAGCCACCAAAGCAGAACC-3�
5�-GGAGGAAGTCAGAACCAGGACAG-3�

AY028606 Keratin 2-20 (Krt2-20) 5�-GAACCACTGTGACAACCTACG-3�
5�-CTGCCTCAATGTCCTGCTG-3�

NM_010703 Lymphoid enhancer binding factor 1 (Lef1) 5�-GCCAGCCACCGCCGATTC-3�
5�-GGCGGCGTTGGACAGATC-3�

NM_008808 Platelet-derived growth factor alpha (Pdgfa) 5�-AGACAGATGTGAGGTGAG-3�
5�-ACGGAGGAGAACAAAGAC-3�

NM_176996 Smoothened homolog (Smo) 5�-AAAGTGTTTATTGTGTCATTTGTC-3�
5�-GGAACTGAGATGTGAATGTAGG-3�

NM_009170 Sonic hedgehog (Shh) 5�-CATTCCTCTCCTGCTATGCTCCTG-3�
5�-ATGACAAAGTGGCGGTTACAAAGC-3�

NM_011718 Wingless related MMTV integration site 10b (Wnt10b) 5�-AGCGTCTTCTCTACCTACAG-3�
5�-ACACAATGCCTGCTATTATCC-3�

NM_009524 Wingless-related MMTV integration site 5A (Wnt5a) 5�-CCACGAATACCAGGAAGCAAGC-3�
5�-CCCACAAAGAACACCAAAGAGAGG-3�

NM_011915 Wnt inhibitory factor 1 (Wif1) 5�-CCACCTGAATCCAATTACATC-3�
5�-TGAACAGCATTTGAACATCC-3�

Noggin-Mediated Skin Tumorigenesis 1305
AJP September 2009, Vol. 175, No. 3



tion of the corresponding fluorescein isothiocyanate-, tet-
ramethylrhodamine B isothiocyanate-, or biotin-labeled
secondary antibody (Jackson ImmunoResearch, West
Grove, PA) or by visualizing the reaction product using
the tyramide amplification kit (Perkin Elmer/NEN, Boston,
MA) or the MOM basic kit (Vector Laboratories, Burlin-
game, CA). Cell nuclei were visualized with 4�6�-dia-
midino-2-phenylindol. Alkaline phosphatase activity was
visualized using histo-enzymatic reaction. In situ hybrid-
ization with Dig-labeled riboprobes for hGH-polyA, nog-
gin, keratin 15, Wif-1, Shh, Ptch1/2, Gli 1, and cyclin
D1/D2 was performed, as described previously.14,23,26

Cell Transfection Experiments

HaCaT keratinocytes were grown in Dulbecco’s modified
Eagle’s medium supplemented by 10% fetal bovine se-
rum until 60% to 70% confluent. Cells were incubated for
6 hours and 24 hours with 200 ng/ml rhBMP-4 (R&D
Systems) or diluent control, as described before.15,25 The
Wif1-Luc and Shh-Luc reporter plasmids containing hu-
man Wif1 and Shh promoters (nucleotides �1512 to � 6
of human Wif1 gene and nucleotides 3347 to 1548 of a
1.9-kb human Shh promoter sequence, respectively)27,28

and pGVB2L-Luc control vector were used for transient
co-transfection experiments. Plasmid vectors containing
constitutively active BMP receptors (BMPR-IA or Alk3QD
and BMPR-IB or Alk6QD) as well as Smad1/5 expressing
plasmids under pCMV promoter29 (kindly provided by
Prof. K. Funa) were used for transfection of HaCaT kera-
tinocytes using Lipofectamine 2000 reagent (Invitrogen,
San Diego, CA), as described previously.15 BMP-respon-
sive plasmid vector 3GC2-Lux containing three repeats
of GC-rich sequence derived from the proximal region of
the Smad6 promoter were used as positive control.29 In
all experiments, the internal control plasmid was used to
compensate variable transfection efficiencies. All assays
were repeated three times using Dual-Luciferase Re-
porter Assay System (Promega, Madison, WI), data were
pooled, mean � SEM was calculated, and statistical
analysis was performed using unpaired Student’s t-test.

Results

K14-Driven Noggin Overexpression Results in
Epidermal Hyperplasia, Progressive Hair Loss,
and Formation of Trichofolliculoma-Like Tumors

To define a role of BMP signaling in skin development
and tumorigenesis, TG mice overexpressing BMP antag-
onist noggin under keratin 14 (K14) promoter were gen-
erated using FVB/NJ mice as a background strain, which
is more susceptible to experimentally induced skin car-
cinogenesis.30 Transgenic construct containing mouse
noggin cDNA and human K14 promoter that directs gene
expression to the basal epidermal layer and HF outer root
sheath was generated as described previously23 (Figure
1A). Western blot analysis of protein extracts from dorsal
skin of TG mice showed increased levels of the 64-kDa
noggin protein compared with WT skin (Figure 1A). By
in situ hybridization with the probe specific to the hu-
man growth hormone polyadenylation sequence, cells
expressing TG construct were seen in the basal layer
of epidermis, HF outer root sheath, and sebaceous
gland, and no such expression was seen in the WT
mice (Figure 1A).

Newborn TG mice could not be distinguished from
their WT littermates until P10 to P11, when TG mice
began to develop hair loss, which became more evident
in adult mice (Figure 1B). TG mice showed some similar-
ities, such as lack of zig-zag hairs and hyperplasia of
nails, to the skin phenotype seen in K14-noggin mice
generated using chicken noggin cDNA previously.31

However, in contrast to those mice,31 TG mice generated
here showed formation of the multiple hair follicle-derived
tumors (Figure 1, C and D). Despite relatively normal
process of HF morphogenesis (see supplemental Figure
S1 A at http://ajp.amjpathol.org), TG mice as early as at
P14 showed formation of new epithelial buds growing
from the upper and middle portions of the HF outer root
sheath and increased alkaline phosphatase activity in the
adjacent cells of the HF connective tissue sheath and
interfollicular dermis (Figure 1C). Interestingly, neoplastic
process was seen only in non-guard (secondary) HFs,

Table 2. List of Primary Antibodies

Antigen Host Dilution Manufacturer/source

BrdU Mouse 1:50 BD Pharmingen, Franklin Lakes, NJ
beta-Catenin Mouse 1:100 Sigma, St. Louis, MO
Edar Goat 1:100 R&D Systems Inc., Minneapolis, MN
Keratin 14 Rabbit 1:1000 Babco, Berkeley, CA
Ki-67 Rat 1:1000 Dako Denmark, Glostrup, Denmark
Lef1 Rabbit 1:100 R&D Systems Inc., Minneapolis, MN
Lhx2 Goat 1:250 Santa-Cruz Biotechnology, Santa-Cruz, CA
Loricrin Rabbit 1:150 R&D Systems Inc., Minneapolis, MN
N-CAM Rat 1:500 Chemicon International Inc., Temecula, CA
pSmad1/5 Rabbit 1:1000 (Tyramide amplification) Chemicon International Inc., Temecula, CA
Shh Rabbit 1:100 R&D Systems Inc., Minneapolis, MN
Trichohyalin (AE15) Mouse 1:100 Gift from T.T. Sun (NYU)
Wif1 Goat 1:1000 (Tyramide amplification) R&D Systems Inc., Minneapolis, MN
Wnt 10b Goat 1:100 R&D Systems Inc., Minneapolis, MN
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while guard (primary) HFs were not affected (data not
shown). Histological analysis of TG skin during first ana-
gen-catagen transition between P15 to P18 revealed that
affected HFs failed to regress and remained in anagen-
like phase, whereas in WT skin all HFs entered into cata-
gen phase followed by telogen (see supplemental Figure
S1 B at http://ajp.amjpathol.org). During P26 to P40, HFs
in TG mice showed outgrowth of additional epithelial
buds from the outer root sheath leading subsequently to
the formation of large HF-derived tumors (Figure 1C).

TG mice also exhibited generalized hair loss by 4
months of age, and 100% 6-month-old mice showed
macroscopically visible skin tumors distributed randomly
all over the dorsal and ventral skin surface (Figure 1D).
Histological analysis of tumors revealed as many as 10 to
15 densely packed and disoriented hair follicle-like struc-
tures growing out of single focal source with tendency to
form an epithelioid cyst containing keratinized substance

in the center (Figure 1D). Tumors contained hyperplastic
matrix cells, rudimentary hair shafts, were surrounded by
mesenchymal cells with strong alkaline phosphatase ac-
tivity and morphologically resembled human trichofollicu-
lomas (Figure 1D).

In contrast to WT mice, adult TG mice also showed
enlargement of the sebaceous glands (data not shown),
increase in thickness and number of proliferating Ki-67-
positive cells in the interfollicular epidermis (P � 0.05),
while expression of the keratinocyte differentiation mark-
ers (loricrin, involucrin, and filaggrin) was not changed
(see supplemental Figure S1, C–G at http://ajp.amjpathol.
org). Also, TG mice showed strongly decreased expression
of phospho-Smad1/5/8 in the epidermis, sebocytes, outer
root sheath, bulge, and in HF-derived tumors, compared
with the corresponding skin and HF compartments of
WT mice (see supplemental Figure S1, H–M at http://
ajp.amjpathol.org). Marked decrease of the pSmad1/5/8

Figure 1. Epidermal hyperplasia, progressive hair loss, and formation of the hair follicle-derived tumors in K14-Noggin mice. A: The K14-Noggin construct used
to generate transgenic mice. Western blot analysis of the 64 kDa Noggin protein in skin of 8- to 9-week-old TG versus wild-type (WT) mice. In situ hybridization:
expression of transgene in basal layer of the epidermis (arrows) and HF outer root sheath (arrowheads). B: Phenotypes of 6-week-old and 6-month-old
K14-Noggin mice, skin tumors are shown by arrows. C: Histological analysis of wild-type and TG skin at different time points of postnatal development by
histoenzymatic alkaline phosphatase visualization. First signs of tumor development at P14 (left panel, epithelial outgrowth from the outer root sheath in TG mice
is shown by arrows, inset). Formation of large HF-derived tumors at P30 (right panel, arrows). D: In 6-month-old mice, HF-derived tumors contain central cysts,
multiple hair shafts (H&E staining, left panel, inset), and alkaline phosphatase-positive stroma (left panel, arrows). Morphology of human trichofolliculoma
(H&E staining, right panel).
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expression was also seen in human trichofolliculomas
compared with normal anagen HFs (see supplemental
Figure S1, N and O, at http://ajp.amjpathol.org). These
similarities strongly suggested that alterations in BMP sig-
naling pathway may contribute to the formation of human
trichofolliculoma, while K14-noggin mice provide an
instructive model for studying mechanisms underlying
its formation.

Global Microarray Analysis of the Follicular
Tumors in K14-Noggin Mice Reveals Alterations
in Cell Cycle Machinery and Marked Increase of
Pro-Oncogenic Signaling

To characterize the molecular signature of the HF-de-
rived tumors in TG mice, tissue samples were obtained
from the hair matrix of small and intermediate anagen VI
HFs of wild-type mice and from the epithelium of HF-
derived tumors of TG mice using the laser capture micro-
dissection and were processed for microarray and real-
time PCR analyses, as described previously16 (Figure 2
A). Microarray and real-time PCR analyses of the hair
matrix of WT HFs and HF-derived tumors of TG mice
showed twofold or higher changes in expression of 390
genes encoding the adhesion/extracellular matrix mole-
cules, cell cycle/apoptosis, and cytoskeleton/cell motility
markers, molecules involved in the control of cell differ-
entiation, metabolism, signaling, and transcription (Fig-
ure 2 B, and see supplemental Tables S1 and S2 at
http://ajp.amjpathol.org).

In contrast to WT mice, HF-derived tumors showed
marked increase in expression of genes encoding the se-
lected components of signaling pathways implicated in cu-
taneous tumorigenesis (Wnt, hedgehog, platelet derived
growth factor-A/B, Ras, etc), while expression of genes that
are implicated in inhibition of cell proliferation (Igfbp4,
Bmp8a, Id2, Id4) decreased (Figure 2B, see supplemental
Tables S1 and S2 at http://ajp.amjpathol.org, data not
shown). In contrast to hair matrix of WT mice, expression of
cyclins D2, M3, and F was increased in the tumors, phos-
phatase and tensin homolog (PTEN) expression remained
unchanged, while expression of the selected HF-specific
keratins and trichohyalin decreased, suggesting alterations
of cell proliferation/differentiation in the neoplastic keratino-
cytes (Figure 2B and C; see supplemental Tables S1 and
S2 at http://ajp.amjpathol.org; data not shown).

By real-time PCR, HF-derived tumors in TG mice also
showed down-regulation of transcription factors involved
in the control of hair shaft-specific differentiation (Lef1,
Msx2, Hoxc13; Figure 2B, see supplemental Tables S1
and S2 at http://ajp.amjpathol.org). In addition, expres-
sion of Edar and neural cellular adhesion molecule pro-
teins increased in the tumor epithelium and mesen-
chyme, respectively, compared with the HFs of WT mice
(Figure 2D). Whereas mechanisms underlying a cross-
talk between BMP signaling and other regulatory path-
ways controlling cell proliferation in HF-derived tumors
remain to be further clarified, strong differences in ex-
pression of the selected components of the pro-onco-

genic signaling pathways (Wnt, Shh) and cell cycle-as-
sociated genes between WT and TG mice suggested
their involvement in neoplastic transformation of the HF
keratinocytes and tumorigenesis.

Tumors in K14-Noggin Mice Show Stage-
Dependent Differences in the Expression of the
Components of the Wnt and Shh Signaling
Pathways

To further explore the role for the Wnt and Shh signaling
pathways in the control of tumor development in TG mice,
the expression of key Wnt and Shh signaling components
and selected targets was compared between WT HFs
and tumors at distinct stages of their formation (initiation
phase versus fully developed tumors). Both Wnt and Shh
pathways are essential for HF development and cycling
[for review, see32], and, if abnormally activated, result in
the development of a number of epithelial tumors.26,33–38

Interestingly, cells localized at the tumor placodes
showed expression of the keratin 15 mRNA and Lhx2 pro-
tein, markers of the epithelial stem cells,39,40 while their
expression in fully developed tumors strongly decreased
and was seen only in clusters of cells at the tumor periphery
(Figure 3, A and B). Keratinocytes of the tumor placodes
also showed increased expression of the Wnt10b, Lef1, and
nuclear �-catenin compared with the cells of fully devel-
oped tumors (Figure 3, A and B) and to the bulge cells of
normal anagen HFs (data not shown). However, consis-
tently with microarray and RT-PCR data (Figure 2B), expres-
sions of Wif1 mRNA and protein were markedly reduced in
the tumor placodes and fully developed tumors compared
with the normal bulge and hair matrix keratinocytes (Figure
3, A and B), suggesting its antitumorigenic effects in normal
HF stem cells and/or their progenies.

In contrast to the components of Wnt signaling pathways,
transcripts for Shh were not expressed in the tumor pla-
codes, while Ptch1, Ptch2, and Gli1 mRNAs showed ex-
pression levels similar to the fully-developed tumors (Figure
3, C and D). However, expression of the Shh markedly
increased in fully developed tumors compared with the
tumor placodes (Figure 3, C and D) and to the hair matrix of
normal anagen HFs (not shown). Consistently with these
data, transcripts for Cyclin D1 and Cyclin D2 serving as the
Wnt and Shh targets,41 were seen in the tumor placodes
and their expressions increased in fully developed tumors
(Figure 3, C and D). These data suggested that the com-
ponents of Wnt signaling pathway may contribute to the
initiation of tumors in K14-Noggin mice, while Shh signaling
pathway may contribute to further tumor progression.

Treatment of K14-Noggin Mice with the Wnt and
Shh Antagonists Results in Stage-Dependent
Inhibition of the Tumor Initiation and Progression

To better define the requirement for Wnt and Shh signal-
ing for the development of HF-derived tumors, in vivo
pharmacological studies were performed using the cor-
responding Wnt and Shh inhibitors Aptosyn and cyclo-
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pamine [reviewed in4,42]. To define whether inhibition of
the Wnt and Shh signaling could affect the initiation and
growth of the tumors, TG mice were treated either with
Aptosyn or cyclopamine daily subcutaneously from post-

natal day 10 (P10) and skin was harvested on P19, P21,
and P28 (9, 11, and 18 days after beginning of treatment,
respectively). In contrast to the vehicle-treated TG mice,
mice treated by the Wnt antagonist Aptosyn showed

Figure 2. Hair follicle-derived tumors from TG mice show alterations in expression of cell cycle-associated genes and genes encoding pro-oncogenic molecules.
Skin was harvested, and cryosections were processed for laser-capture microdissection (LCM), RNA isolation and amplification, microarray, and real-time PCR
analyses, and for immunohistochemistry. A: HFs of wild-type (WT) mice and HF-derived tumors of TG mice before and after LCM. B: Diagrams showing the
ontology of over- and underexpressed genes and real-time PCR analysis of genes differently expressed in the tumors versus normal hair matrix cells. C: Ki-67
expression in normal HFs and HF-derived tumors (left panel). Expression of Keratin 14 in the epidermis and HFs of wild-type and TG mice (right panel,
arrows). D: Decrease in AE15 expression in the tumors of TG mice (left panel, arrow) versus normal anagen HFs of wild-type mice. Increase of Edar and N-CAM
expression (central and right panels, respectively) in the tumor epithelium and mesenchyme of TG mice (arrows) versus wild-type HFs.
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significant (P � 0.05) decrease in the number of HFs with
new outgrowths arising from the outer root sheath accom-
panied by the decrease of nuclear �-catenin staining in
the HF keratinocytes, thus suggesting inhibition of the
tumor initiation (Figure 4A).

However, treatment of TG mice with Shh inhibitor cy-
clopamine did not show any effects on tumor initiation
and the formation of new outgrowths from the outer root

sheath (data not shown). Instead, cyclopamine treatment
resulted in significant (P � 0.001) retardation of tumor
progression in TG mice compared with controls (Figure 4
B). Inhibition of tumor growth after cyclopamine treatment
was accompanied by decrease in expression of the Gli1
in the HF epithelium, as well as by down-regulation of the
alkaline phosphatase activity in adjacent mesenchyme
indicating that cyclopamine may also affect epithelial–

Figure 3. Stage-dependent expression of the components of Wnt and Shh pathways in the HF-derived tumors of K14-Noggin mice. Back skin of wild-type (WT)
and TG mice was processed for RNA in situ hybridization or immunohistochemistry. A: Expression of the stem cell markers and components of Wnt pathway at
the initiation phase of tumor formation. Expression of the K15 and Wif1 mRNAs, Wnt10b, Wif1, Lhx2, �-catenin, and Lef1 proteins in tumor placodes (arrows).
Marked decrease of Wif1 mRNA and proteins expression in tumor placodes (dotted line) compared with the bulge, dermal papilla, and hair matrix (arrows) of
anagen VI HF in wild-type mice. B: Expression of the components of Wnt pathway in fully developed tumors. Expression of K15 mRNA in distinct groups of cells
at the tumor periphery (left image, arrows). Expression of Wnt10b and Lef-1 in differentiating tumor cells (arrows). Lack of Wif1, Lhx2, and nuclear �-catenin
in cells of fully developed tumors (arrows). Wif1 expression in the dermal papilla of anagen VI HFs and in tumor mesenchyme is shown by large arrows. C:
Expression of the components of Shh pathway and cyclins D1/D2 at the initiation phase of tumor formation. Lack of Shh expression and decreased expression
of cyclin D1 and D2 in tumor placodes (arrows). Ptch1, Ptch2 and Gli1 expression in tumor placodes (arrows). D: Expression of the components of Shh pathway
and cyclins D1/D2in fully-developed tumors. Strong expression of the Shh, Ptch1, Ptch2, Gli1, cyclin D1 and D2 at the tumor base (arrows).
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mesenchymal interactions in developing tumors (Figure 4
B). These data suggested that Wnt and Shh signaling are
differentially involved in the control of tumor initiation and
progression, respectively, and may serve as targets for
the BMP regulation in the HF keratinocytes.

BMP Signaling Stimulates the Wif1 Expression
and Promoter Activity and Inhibits Shh
Expression in Vitro

To further understand the mechanisms underlying the
cross-talk between the BMP, Wnt and Shh signaling path-
ways in the development of HF-derived tumors and to
determine whether BMP signaling is indeed involved in
the control of the expression of Wif1 and Shh, tumor cells
were isolated from TG mice and were cultured in pres-
ence of different concentrations (200 ng/ml and 500 ng/ml)
of BMP-4 protein. By real-time PCR and Western blot
analysis, marked increase of the Wif1 mRNA and protein
and decrease of the Shh transcripts and protein were
seen in tumor cells within 24 hours after addition of both
concentrations of BMP-4 (Figure 5, A and B). However,
these effects were significantly lowered by co-adminis-
tration of the noggin protein into the culture medium
(Figure 5A).

To assess whether BMP signaling is capable of in-
fluencing the activities of the Wif1 and Shh promoters,
HaCaT keratinocytes were transfected with the corre-

sponding reporter plasmids containing human Wif1 or Shh
promoters, respectively27,28 or with pGVB2L-Luc control
vector. Cells were also co-transfected with vectors con-
taining one of the constitutively active BMP receptors
and/or pCMVSmad1/Smad5 vectors.29 Cell transfection
with the Alk3QD and pCMVSmad1 vectors resulted in
about 2.5-fold increase of Wif1-Luc activity versus control
(Figure 5C). However, lack of any effects was seen on the
Shh-Luc activity (Figure 5C). These data suggested that
BMP signaling positively regulates activity of the Wif1
promoter and may indeed suppress tumor initiation in vivo
via stimulating the Wif1 expression and antagonizing Wnt
signaling pathway. These data also suggested that neg-
ative effects of the BMP signaling on Shh likely require the
involvement of other factors directly regulating its expres-
sion in keratinocytes.

Discussion

In this paper, we show that BMP signaling possess a
potent antitumor activity in the HF and prevents the de-
velopment of follicular tumors, at least in part, via modu-
lating the activity of pro-oncogenic Wnt and Shh signaling
pathways (Figure 1). These data are consistent with pre-
vious observations demonstrating that BMP signaling op-
erates as a potent tumor suppressor in the epidermis and
HF10,12,18,43 and show that antitumor effects of BMPs in
skin strongly depend on the local concentrations of the

Figure 4. Treatment with the Wnt and Shh inhibitors differentially affects tumor formation in K14-Noggin mice. Back skin of Aptosyn- or cyclopamine-treated and
nontreated mice was harvested at P19, P21, and P28, and processed for histoenzymatic visualization of alkaline phosphatase and histomorphometric analysis of
HF-derived tumors. Statistical analyses were performed by using Student’s t-test. A: Significant decrease (*P � 0.01) in number of HFs with small tumors after
Aptosyn treatment versus control. In control skin, small-sized HF tumors are shown by arrows (middle panel). In control HFs, nuclear �-catenin is seen in
keratinocytes of the outer root sheath (left panel, arrows). In Aptosyn-treated mice, expression of nuclear �-catenin in the HF keratinocytes is strongly decreased
(right panel, arrows). HFs are demarcated by dotted line. B: Significant decrease (***P � 0.001) in number of HFs bearing large and medium-sized tumors in
TG mice treated by cyclopamine versus control (left and right panels, arrows). Decreased Gli1 expression in the HF keratinocytes after cyclopamine treatment
(central panel, arrows).

Noggin-Mediated Skin Tumorigenesis 1311
AJP September 2009, Vol. 175, No. 3



BMP inhibitor noggin, which may significantly compro-
mise tumor suppressor function of the BMPs.

Similar effects of noggin are also described in the
intestinal epithelium, in which noggin overexpression re-
sults in a formation of ectopic crypts and development of
a phenotype resembling juvenile polyposis.44 Interest-
ingly that another BMP antagonist, gremlin, is widely
expressed in many different forms of cancers including
basal cell carcinoma, and is also capable of promoting
proliferation of tumor cells inhibited by BMPs.22 Collec-
tively, these data suggest that BMP antagonists may
significantly affect intrinsic antitumor potential in skin and
their expression and activity appears to be critical for the
normal versus neoplastic fate decision in keratinocytes.

Our data demonstrating a marked decrease of pSmad1/
5/8 expression in human trichofolliculoma that show strik-
ing similarity in morphology to the HF-derived tumors of
K14-noggin mice suggest the involvement of BMP sig-
naling in the development of this type of neoplasia in
human skin (Figure 1). However, it remains to be deter-
mined whether trichofolliculoma development in humans
is associated with mutations in genes encoding the com-

ponents of BMP signaling pathway, or, similar to K14-
noggin mice, its development is regulated by biochemi-
cal changes at the levels and/or activity of the BMP
antagonists.

We provide here evidence that inhibition of BMP sig-
naling by noggin results in abnormal activation of at least
two pro-oncogenic pathways in the HFs, namely the Wnt
and Hedgehog signaling (Figure 2, Figure 3). Moreover,
we show that both pathways contribute to the formation of
tumors in K14-noggin mice, however, their involvement in
the control of neoplastic process show striking stage-
dependent differences with predominant effects of the
Wnt signaling on the tumor initiation and of the Shh sig-
naling on the tumor progression, respectively (Figure 4).
Given that Wnt and Shh signaling pathways contribute to
the development of many tumors outside of the skin
(gastrointestinal tract, breast, brain, etc), these data may
be highly applicable for the pathobiology of a large num-
ber of cancers.45–48 These data are also consistent with
recent observations demonstrating an essential role for
cross-talk between the Wnt and Shh signaling pathways
during the development of basal cell carcinoma.38

Our data showing the involvement of Wnt signaling path-
way in the formation of trichofolliculomas are consistent with
previous observations demonstrating that continuous acti-
vation of �-catenin signaling in the HF keratinocytes results
in conversion of HFs into this benign tumor.45 Recent data
reveal that activity of Wnt/�-catenin signaling in keratino-
cytes is regulated at several levels including (PTEN) ho-
molog-Akt-mediated control of �-catenin stabilization and
Vitamin D receptor-dependent regulation of �-catenin
transcription.43,46,47

Our data show that in addition to the previously pro-
posed the BMP-(PTEN) homolog-Akt-axis,43,46 the activ-
ity of Wnt pathway in the HF is also regulated by the BMP
signaling at the level of extracellular Wnt antagonist
Wif1, which operates as a potent tumor suppressor in
other organs (lungs, prostate, breast, etc).48 Wif1 pro-
moter contains numerous Smad1-binding sites,27 and
our data demonstrating positive effects of BMP signaling
on the Wif1 expression and promoter activity in keratino-
cytes (Figure 3; Figure 5) are consistent with recently
published results obtained on dermal papilla cells.49

Thus, these data suggest a novel mechanism underlying
the tumor suppressor activity of BMP signaling pathway
during the development of cutaneous tumors (Figure 5D)
and may also be useful for better understanding the
pathobiology of a number of neoplasm outside of the skin
associated with alterations in the Wif1 activity.48

In our studies, tumor placode cells that lack of
pSmad1/5/8 and Wif1 expressions are also positive for
the stem cell markers K15 and Lhx2 (Figure 3). Several
observations show that Wnt signaling may promote the
initiation of neoplastic process in many types of epi-
thelial tumors via modulating the activity of stem
cells.34,35,37,45,47,50,51 It is also shown that BMP signaling
inhibits proliferation of adult HF stem cells, while condi-
tional ablation of the Bmpr1a gene triggers HF stem cells
to proliferate leading to tumorigenesis.43,46,52 However, it
remains to be further clarified whether noggin-dependent

Figure 5. BMP signaling modulates Wif1 and Shh expression in cultured
tumor cells and stimulates Wif1 promoter activity in HaCaT keratinocytes. A,
B: The tumor cells were isolated and cultured with presence of 200 to 500
ng/ml BMP-4 or 200 ng/ml BMP-4 and 500 ng/ml Noggin. Cells were
harvested 48 hours after treatment, and RNA and protein were isolated and
processed for real-time PCR and Western blot analyses. Results show marked
increase of Wif1 and decrease of Shh mRNAs (P � 0.05) and proteins after
BMP-4 treatment. Effects of BMP-4 on the expression of the Wif1 and Shh
transcripts are abrogated by Noggin (A). C: Effects of co-transfection with
vectors containing constitutively active BMPR-IA (Alk3QD), BMPR-IB
(Alk6QD), pCMVmSmad1, and/or pCMVSmad5 on transcription of the Wif1-
Luc and Shh-Luc reporter plasmids containing human Wif1 and Shh pro-
moter regions and pGVB2L-Luc (negative control). D: Scheme illustrating
mechanisms of the effects of BMP signaling on distinct stages (initiation and
progression) of tumor formation.

1312 Sharov et al
AJP September 2009, Vol. 175, No. 3



modulation of BMP signaling directly affects Wif1 expres-
sion in the HF stem cells thus contributing to their re-
programming toward a neoplastic phenotype, or these
changes occur at the level of transient amplifying cells
during their differentiation pathway toward hair matrix
keratinocytes.

We also show here that hedgehog signaling is likely
not involved in the control of tumor initiation and, instead,
contribute to the tumor progression in K14-noggin mice
(Figure 3, Figure 4, Figure 5). These data are consistent
with recent observations demonstrating the cross-talk be-
tween Shh and Wnt signaling during the development of
basal cell carcinoma38 and confirm previous data show-
ing positive regulation of the Shh expression by BMP
antagonists.14,22 It is unclear, however, which mecha-
nisms may be involved in mediating the effects BMP on
the Shh expression in keratinocytes. Edar signaling may
serve as one of the candidates in mediating the cross talk
between BMP and Shh pathways in trichogenic tumors:
Edar expression is increased in HF-derived tumors of
K14-noggin mice (Figure 2), Edar has been shown to be
a direct target for down-regulation by BMP signals,53

and, in turn, is capable of positively regulating Shh
expression.54

It remains to be further determined whether other reg-
ulatory molecules, whose expression is changed in tu-
mors (Figure 2, see supplemental Tables S1 and S2 at
http://ajp.amjpathol.org), are also capable of modulating
a cross-talk between the BMP and Shh signaling path-
ways during the neoplastic process in the HF. Further-
more, potential roles for a large number of genes that
show differences in expression between hair matrix of
wild-type and tumors in K14-noggin mice (see supple-
mental Tables S1 and S2 at http://ajp.amjpathol.org) re-
main to be further defined in terms of their contribution to
the development of HF neoplasia in noggin transgenics.
Also, additional efforts are required to understand what
underlie the differences in skin phenotypes between K14-
noggin mice generated using distinct transgenic con-
structs containing mouse and chicken noggin cDNAs
(Figure 1).31 Perhaps, levels of transgene expression and
differences in activity of the mouse and chicken noggin
may differentially affect the capacity of the BMP ligands
to bind BMP receptors and influence keratinocyte prolif-
eration/differentiation and cell fate decision.

Taken together, these data support a concept that
signaling pathways involved in the control of skin mor-
phogenesis are highly relevant to the development of
skin cancers.3,5,38 Our data provide compelling evi-
dence that the BMP antagonist noggin can play an
important role in skin tumorigenesis and may signifi-
cantly compromise tumor suppressor function of BMPs
in postnatal skin, at least in part via stimulating the Wnt
and Shh signaling pathways. Thus, levels and/or activ-
ity of BMP antagonists may determine the predisposi-
tion of skin epithelium to carcinogenesis, while phar-
macological modulation of BMP activity may provide
a new set of tools for skin cancer prevention and
management.
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