






chanical stress (26). To determine whether physiological levels of
KRasG12D expression in the IFE can induce benign tumor forma-
tion during adult homeostasis, we generated transgenic mice
expressing the TAM-inducible CREER in the suprabasal cells of
the IFE. To this end, we generated transgenic mice express-
ing the CREERT2 under the human involucrin promoter (38)
(InvCREER) (Fig. 3A). In the absence of TAM administration, no
YFP cells was observed in InvCREER/RosaYFP, demonstrating
the absence of leakiness of the InvCREER (Fig. 3B). Administra-
tion of TAM to InvCREER/RosaYFPmice resulted in the labeling
of suprabasal cells of the IFE of the back skin and the lips (Fig. 3C–
E), although some basal cells (Fig. 3D) were also labeled in all three
founders, consistent with the previous demonstration that ≈10%
of basal cells already express markers of suprabasal cells (39).
InvCREER also labeled some cells of the companion layer of the
HF, as well as suprabasal cells of the infundibulum (Fig. S6A).
After TAM administration in InvCREER/KRasLSL-G12D mice,
recombination of KRasG12D allele was detected in IFE cells
(α6HCD34−) but not in bulge SCs (α6HCD34H) (Fig. S6B). TAM
administration in InvCREER/KRasLSL-G12D induced hyper-
thickening of the IFE (Fig. S6C–E), with an increase in the number
of layers expressing K5 (Fig. S6E), an increase in the proportion of
cells expressing Ki67, and the expression of K6 (Fig. S6C). These
data indicate that KRasG12D expression in the IFE induced
hyperproliferation and hyperplasia of the IFE. InvCREER/
KRasLSL-G12Dmice treated with TAM developed tumors in the lips
(100% of the mice), face (40%), and back skin (80%) 2–4 mo after
TAM administration (n = 5) (Fig. 3 F and I). Microscopic exami-
nation of these tumors demonstrated that they presented the hall-
marks of benign papilloma with signs of squamous differentiation,
as demonstrated by the expression of K1 and K5 (Fig. 3G–K), and
these tumors were indistinguishable from the papillomas obtained
in K15CREPR/KRasLSL-G12D and K19CREER/KRasLSL-G12D

mice. It has been recently shown that benign papillomas and in-
vasive SCCs contained cancer SCs expressing CD34, a marker of
bulge SCs, suggesting that squamous tumors may arise from bulge
SCs (40). Interestingly, papillomas arising from the IFE of
InvCREER/KRasLSL-G12D mice also express CD34 and K17, an-
other follicular marker (Fig. 3 L–O), indicating that expression of
HFmarkers by tumor cells does not necessarily reflect their cellular
origin. None of thesemice developed invasive carcinomawithin the
4 mo after TAM administration. These results demonstrate that
different cell lineages of the skin epidermis, including HF SCs and
their progeny, as well as cells of the IFE, are competent to develop
benign papillomas upon physiological KRasG12D expression with
similar latency andwithout the need of stimulation caused by injury.

Combined Expression of KRasG12D and p53 Deletion in Epidermal Cells
Is Necessary to Initiate SCC. Because no malignant tumor was ob-
served in mice expressing KRasG12D in any of the epidermal
compartments tested and because p53 gene dosage has been
reported to controlmalignant progression inDMBA/TPA-induced
skin tumors (41), we tested whether p53 deletion can promote the
formation of invasive SCC in skin expressing KRasG12D. To this
end, we first determined whether KRasG12D expression and p53
deletion in the epidermis are sufficient to initiate invasive SCC.We
administered 1 mg TAM to K14CREER/KRasLSL-G12D/p53fl/fl

mice (Fig. 4A). At this dose, TAM administration in K14CREER/
RosaYFP induced the expression of YFP in a mosaic manner in all
epidermal compartments of the skin epidermis (31). TAM ad-
ministration induced KRasG12D expression and p53 deletion in
K14CREER/KRasLSL-G12D/p53fl/fl mice (Fig. S7). Within less than
2 mo they developed rapidly growing ulcerative lesions in the back
skin (Fig. 4B) (n = 12). These ulcerative lesions represented in-
vasive SCCs characterized by a fibroblast-like shape, expressed
K5 but not K1 (Fig. 4 C–G), displayed disruption of basal lamina
(Fig. 4H), and expressed markers of epithelial to mesenchymal
transition (Fig. 4I). In addition to the macroscopic visible ulcera-
tive lesions, many microscopic and small invasive SCCs were also
observed in the dermis of the back skin (Fig. 4 E–I). These results
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Fig. 4. Combined KRasG12D expression and p53 deletion in the skin epider-
mis induces SCC. (A) IFE and HF basal cells targeted by K14 promoter at clonal
induction are highlighted in dark green. (B) Macroscopic picture of ulcerative
back skin lesions from K14CREER/KRasLSL-G12D/p53fl/fl mouse 1 mo after TAM
administration. (C and D) Immunostaining of K5 (C) and K1 (D) in K14CREER/
KRasLSL-G12D/p53fl/fl back skin tumors show the absence of K1 expression in
these tumors. (E–I) Comparison between wild-type back skin and SCC from
K14CREER/KRasLSL-G12D/p53fl/fl mice. Hematoxylin-eosin staining (E), expres-
sion of K5 (F), K1 (G), laminin5, a basal lamina marker (H), and vimentin, a
mesenchymal marker (I), showing that these tumors present all histological
and biochemical characteristics of invasive SCC. (Scale bars, 50 μm.)

7434 | www.pnas.org/cgi/doi/10.1073/pnas.1012720108 Lapouge et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012720108/-/DCSupplemental/pnas.201012720SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012720108/-/DCSupplemental/pnas.201012720SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012720108/-/DCSupplemental/pnas.201012720SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012720108/-/DCSupplemental/pnas.201012720SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012720108/-/DCSupplemental/pnas.201012720SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012720108/-/DCSupplemental/pnas.201012720SI.pdf?targetid=nameddest=SF7
www.pnas.org/cgi/doi/10.1073/pnas.1012720108


demonstrate that, in the context of oncogenic KRas, at least two
genetic hits (gain of Ras and loss of p53 function) are required for
the development of invasive carcinoma.
We then determined more specifically whether the expression

of KRasG12D combined with the p53 deletion in HF bulge SCs
and their progeny also led to invasive SCC. To this end, we ad-
ministered TAM to K19CREER/KRasLSL-G12D/p53fl/fl mice,

which specifically induce KRasG12D expression and p53 deletion
in bulge SCs and their progeny (Fig. S7). However, these treated
mice died within 2 mo after TAM administration from intestinal
cancers before developing skin tumors (n = 8). To circumvent
this issue, we grafted the back skin of K19CREER/KRasLSL-G12D/
p53fl/fl mice onto the back skin of nude mice one month after
TAM administration. All mice grafted with the skin of TAM-
treated K19CREER/KRasLSL-G12D/p53fl/fl mice developed many
skin tumors, including ulcerative lesions, within 2 mo after TAM
administration (Fig. 5A) (n= 10 grafts). Microscopic examination
revealed that the majority of these tumors were differentiated
benign papillomas, as shown by K1 expression (Fig. 5 C and F),
but some of them presented all of the characteristics of invasive
SCC (Fig. 5 D–H), which were indistinguishable from the SCC
observed in K14CREER/KRasLSL-G12D/p53fl/fl mice. To de-
termine whether the expression of KRasG12D and the loss of p53
in matrix TA cells can induce skin tumor formation, we admin-
istered TAM to ShhCREER/KRasLSL-G12D/p53fl/fl mice. As in
ShhCREER/KRasLSL-G12D mice, no macroscopic or microscopic
tumors (Fig. S8) were observed in ShhCREER/KRasLSL-G12D/
p53fl/fl treated mice up to 4 mo after TAM administration (n =
10). These data clearly showed that the combined expression
of KRasG12D and p53 deletion in bulge SCs and/or their HF
progeny are required to induce full-blown invasive skin SCC,
whereas TA matrix cells were not competent to initiate benign or
malignant tumors.

Discussion
For most cancers, the precise identification of tumor-initiating
cells remains elusive. We have recently demonstrated that upon
oncogenic smoothened expression, basal cell carcinoma (BCC)
arose most frequently from the IFE, whereas bulge SCs and their
HF progeny were not competent to initiate BCC formation upon
smoothened expression (31). In sharp contrast, KRasG12D on-
cogene expression in bulge SCs and their HF progeny gave rise
to benign papillomas, and KRasG12D expression combined with
p53 deletion in these cells led to invasive SCC. Because K15 and
K19 inducible CRE lines also targeted cells located within theHG
and the lower ORS, we cannot exclude the possibility that some
short-lived HF progenitors could be as potent as bulge SCs in
initiating squamous tumors. In addition to bulge SCs, cells of the
IFE are also competent to give rise to benign squamous tumors
upon physiological expression of KRasG12D oncogene without the
need of exogenous inflammation or stimulation of tissue turnover
by chemical abrasion or wounding. These data show that in con-
trast to the restricted epidermal lineages competent to initiate
BCC upon smoothened expression (31), multiple epidermal
compartments of the epidermis, but not matrix HF TA cells nor
their hair shaft progeny, are competent to initiate squamous
tumors upon KRasG12D expression. The absence of tumor for-
mation upon KRasG12D expression in HF TA cells could be re-
lated to the transient period during which matrix cells actively
proliferate. Indeed, it takes approximately 1 mo to detect the first
microscopic lesions after KRasG12D expression in HF or IFE
progenitors, and after 1 mo the lower part of the HF has degen-
erated during catagen stage, and only rare Shh-derived cells are
still present within the HF, as terminally differentiated cells.
Papillomas arising from bulge SCs targeted by KRasG12D

expressed K1, whereas bulge SCs and their HF progeny do not
express K1 during physiological conditions. Similarly, papilloma
arising from KRasG12D expression in the IFE expressed CD34,
like papillomas from DMBA/TPA-treated mice (40), although in
normal skin CD34 is specifically expressed by bulge SCs but not
IFE cells (42, 43). These results indicated that the expression of
differentiation markers by tumor cells does not necessarily re-
flect the cellular origin of squamous tumors. Similarly, oncogenic
smoothened expression induced the expression of follicular
markers in interfollicular progenitors during BCC initiation (31).
Whereas oncogenic smoothened expression drove the majority

of targeted cells to invasive BCC (31), only a minor fraction of
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Fig. 5. KRasG12D expression and p53 deletion in bulge SCs and their HF
progeny induce SCC. (A) Macroscopic picture of tumors arising in K19CREER/
KRasLSL-G12D/p53fl/fl back skin grafted onto nude mouse. Immunostaining of
K5 (B) and K1 (C) in K19CREER/KRasLSL-G12D/p53fl/fl carcinoma. (D–H) Com-
parison between wild-type back skin, papilloma, and carcinoma arising from
grafted K19CREER/KRasLSL-G12D/p53fl/fl back skin. Hematoxylin-eosin staining
(D) and expression of K5 (E), K1 (F), laminin5 (G), and vimentin (H) in wild-
type back skin and in papilloma and SCC from K19CREER/KRasLSL-G12D/p53fl/fl

mice. (Scale bars, 50 μm.)
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KRasG12D targeted cells formed squamous tumors, suggesting that
papilloma initiation could require other additional genetic and/or
epigenetic modifications in addition to oncogenic Ras expression.
Interestingly, simultaneous deletion of p53 and KRasG12D ex-
pression can initiate the formation of invasive SCC without first
forming papilloma, suggesting that p53 loss might control SCC
initiation, in addition to promoting tumor progression (41).
The mouse model of invasive SCC resulting from the expres-

sion of oncogenic KRas and p53 deletion in HF bulge SCs is
likely to be relevant for human SCC because the same oncogenes
(Ras and p53) are also implicated in the pathogenesis of human
SCC (7, 8), and the histology of SCC found in our mouse model
recapitulates the histology of human SCC. In addition, our
findings, showing that squamous tumors arise from HF bulge SCs
as well as from nonhairy epidermis, recapitulate the spectrum of
locations of squamous tumors found in humans, such as hairy
and nonhairy skin, oral cavity, head and neck, and esophagus.

Methods
Mice. K14CREER (44), ShhCREER (37), K15CREPR (12), K19CREER (30), Rosa-
YFP (45), KRasLSL-G12D (28), and p53fl/fl mice (46) have been previously

described. Generation of InvCREER mice and induction of CRE-mediated
recombination are described in SI Methods.

Histology, Immunostaining, and Imaging. These were performed as previously
described (31) and are detailed in SI Methods.

Skin Graft Protocol. Mice were anesthetized with a mixture of 5% xylazine
and 10% ketamine in PBS. Back skin of 2-mo-old TAM-treated mice were
removed and grafted onto the back skin of nude mice. Skin grafts were
monitored for carcinoma formation.

Isolation of Keratinocytes, DNA and RNA Extraction, Real-Time RT-PCR,
and PCR Analysis of Cre-Mediated Recombination.

These are described in SI Methods.
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SI Methods
Generation of InvCREER Mice. The CREERT2 fragment was am-
plified from the vector pCre-ERT2 (1) [kindly given by P.
Chambon, Institut de Génétique et de Biologie Moléculaire
et Cellulaire (IGBMC), Illkirch-Graffenstaden, France] using
ERT2-specific primers including NotI restriction sites and Pfx
platinum polymerase (Qiagen). After cloning into TOPOblunt
vector (Invitrogen), the fragment was digested by NotI re-
striction enzyme and cloned into the vector 3700Inv-pL2 that
contains the human involucrin promoter, the SV40 intron, the
SV40 polyA signal (2) [kindly given by F. M. Watt (Cancer
Research Institute, Cambridge, United Kingdom)]. The resulting
Involucrin-CREERT2 fragment was microinjected into fertilized
oocytes [performed by Younes Achouri from the UCL facility
(Université catholique de Louvain, de Duve Institute, Brussels,
Belgium)]. Transgenic founders were first identified by PCR.
Expression profiles of the founders were screened with reporter
Rosa-YFP mice. The transgenic founder used in this study was
then crossed with KRasLSL-G12D and Rosa-YFP mice.

Primary Antibodies. The following primary antibodies were used:
anti-K5 (rabbit, 1:2,000; Covance), anti-GFP (rabbit, 1:1,000;
Molecular Probes), anti-GFP (chicken, 1:4,000; Abcam), anti-β4
(rat, 1:200; BD Pharmingen), anti-KI67 (rabbit, 1:600; Abcam),
anti-K1 (rabbit, 1:2,000; Covance), anti-K10 (rabbit, 1:2,000;
Covance), anti-K6 (rabbit, 1/30,000; Covance), anti-laminin5α
(rabbit, 1:1,000; Abcam), anti-vimentin (rabbit, 1:200; Abcam),
anti-CD34 (rat, 1:100; BD Pharmingen), anti-K17 (rabbit, 1:6,000;
kindly given by Pierre Coulombe, John Hopkins University, Bal-
timore, MD), anti-MTS24 [rat, 1/500; kindly provided by Richard
Boyd (Monash Immunology and Stem Cell, Monash University,
Clayton, Australia)], and anti-SCD1 (goat, 1/500; Santa Cruz).

Isolation of Keratinocytes, DNA and RNA Extraction, Real-Time RT-
PCR, and PCR Analysis of Cre-Mediated Recombination. Isolation
of keratinocytes was performed as previously described (3).
Briefly, back skins from K19CREER/KRasLSL-G12D, Inv-
CREER/KRasLSL-G12D K19CREER/KRasLSL-G12D/p53fl/fl K14-
CREER/KRasLSL-G12D/p53fl/fl at 2 d after the last tamoxifen
(TAM) administration and from wild-type mice were incubated
overnight in trypsin/EDTA at 4 °C (Gibco-Invitrogen). After
isolation of keratinocytes, immunostaining was performed
using anti-CD34 (clone RAM34; BD Biosciences) followed
by streptavidin-allophycocyanin (BD Biosciences) and FITC
anti-α6-integrin (clone GoH3; BD Biosciences). Living cells
expressing epidermal cells were gated by forward scatter, side
scatter, and by negative staining for Hoechst and by expres-
sion of CD34 and α6-integrin. FACS analysis was performed
using FACSAria and FACSDiva software (BD Biosciences).
Isolation of Shh-derived cells was performed by isolating

YFP expressing cells after TAM administration to ShhCREER/
RosaYFP mice. After 3 d of TAM administration (0.1–0.2 mg/d),
back skin of P8 mice was removed and incubated in Dyspase II
(0.5 mg) (Sigma) overnight at 4 °C. Next day, dermis were sep-
arated from epidermis, cut in small pieces, and digested in col-

lagenase 1% (Sigma) at 37 °C for 45 min on a checking
incubator. Hair follicles (HF) were then collected after three
rounds of centrifugation at 4 °C, corresponding to 5 min at 100 ×
g and two times at 40 × g. Collected HF were digested at 37 °C
for 20 min and collected for FACS after trypsin neutralization
and 70 μm, 40 μm mesh filtering. Living YFP-expressing epi-
dermal cells were gated by forward scatter, side scatter, negative
for Hoechst staining, and by expression of YFP. FACS analysis
was performed using FACSAria and FACSDiva software (BD
Biosciences).
For DNA extraction, sorted cells were harvested directly in

Dulbecco’s phosphate buffered saline (DPBS) supplemented
with 10% FCS, and cell pellets were collected after one wash
step in DPBS. DNA extraction was then performed using the
classical phenol/chloroform protocol. For RNA extraction, sor-
ted cells were harvested directly in the lysis buffer provided by
the manufacturer (Stratagen), and total RNA extraction and
DNase treatment of samples were performed using the Abso-
lutely RNA Microprep kit (Stratagen), according to the manu-
facturer’s recommendations.
After RNA quantification, purified RNA was used to syn-

thesize the first-strand cDNA using SuperscriptII (Invitrogen)
and random hexamers (Roche). Quantitative PCR analyses
were performed with 2 ng of cDNA reaction as template, using
a Brilliant II Fast SYBR QPCR Master Green mix (Stratagen)
and an Agilent Technologies Stratagene Mx3500P real-time
PCR system. All primers were designed using Lasergene 7.2
software (DNAStar). Analysis of results was performed with
Mxpro software (Stratagene). The entire procedure was repeated
in two or three biologically independent samples. Results were
presented as the ratio of KRas Ct over the β-actin Ct for each type
of epidermal cells isolated. Error bars represent SD.
To assess Cre-mediated recombination of the KRasLSL-G12D

allele, PCR was performed as described using primers and pro-
tocol available on the Jacks Lab Web site (http://web.mit.edu/
jacks-lab/). To detect recombination of the p53 floxed allele,
PCR was performed as previously described (4).

Analysis of BrdU Incorporation by FACS. BrdU (50 mg/kg) was ad-
ministered i.p. 2 h before animal killing. Isolation of skin kerati-
nocytes was performed as previously described (1). Immunostaining
was performed using anti-CD34 (clone RAM34; BD Biosciences)
followed by streptavidin-allophycocyanin (BD Biosciences) and
phycoerythrin (PE) anti-α6-integrin (clone GoH3; BD Bio-
sciences). BrdU staining was performed using BrdU Flow kit (BD
Biosciences). FACS analysis was performed using FACSCalibur
and CellQuestPro software (BD Biosciences).

Primers Used for Real-Time PCR.

KrasF 5′-AGA GCG CCT TGA CGA TAC AGC-3′
KrasR 5′-AAA GCC CTC CCC AGT TCT CAT-3′
b-actinF 5′-ACCAACTGGGACGATATGGAGAAGA-3′
b-actinR 5′-TACGACCAGAGGCATACAGGGACAA-3′

1. Indra AK, et al. (1999) Temporally-controlled site-specific mutagenesis in the basal
layer of the epidermis: Comparison of the recombinase activity of the tamoxifen-
inducible Cre-ER(T) and Cre-ER(T2) recombinases. Nucleic Acids Res 27:4324–4327.

2. Carroll JM, Romero MR, Watt FM (1995) Suprabasal integrin expression in the
epidermis of transgenic mice results in developmental defects and a phenotype
resembling psoriasis. Cell 83:957–968.

3. Blanpain C, Lowry WE, Geoghegan A, Polak L, Fuchs E (2004) Self-renewal,
multipotency, and the existence of two cell populations within an epithelial stem cell
niche. Cell 118:635–648.

4. Meuwissen R, et al. (2003) Induction of small cell lung cancer by somatic inactivation of
both Trp53 and Rb1 in a conditional mouse model. Cancer Cell 4:181–189.
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Fig. S7. PCR analysis of recombination of KRasG12D and p53 conditional alleles after TAM administration in K14CREER/KRasLSL-G12D/p53fl/fl and in K19CREER/
KRasLSL-G12D/p53fl/fl mice. (A) PCR analysis of KRasG12D recombination. (B) PCR analysis of p53 recombination.
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