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chanical stress (26). To determine whether physiological levels of
KRas%'?P 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 CREERT?2 under the human involucrin promoter (38)
(InvCREER) (Fig. 34). 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/RosaYFP mice resulted in the labeling
of suprabasal cells of the IFE of the back skin and the lips (Fig. 3 C-
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. S64).
After TAM administration in InvCREER/KRasSI-G12D mijce,
recombination of KRas®/?" allele was detected in IFE cells
(x6HCD347) but not in bulge SCs (oc6HCD34H) (Fig. S6B). TAM
administration in InvCREER/KRas™-C12P" induced  hyper-
thickening of the IFE (Fig. S6 C-E), with an increase in the number
of layers expressing K5 (Fig. SOE), an increase in the proportion of
cells expressing Ki67, and the expressmn of K6 (Fig. S6C). These
data indicate that KRas®'*" expression in the IFE induced
hypergohferatlon and hyperplasia of the IFE. InvCREER/
KRas mice 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. 3 G-K), and
these tumors were 1ndlst1n% uishable from the papillomas obtained
in K15CREPR/KRas and K19CREER/KRas"*'-0'*P
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). Interestln%ﬁl papillomas arising from the IFE of
InvCREER/KRas D mice also express CD34 and K17, an-
other follicular marker (Fig. 3 L-0), indicating that expression of
HF markers by tumor cells does not necessarily reflect their cellular
origin. None of these mice developed invasive carcinoma within 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 co Ig)etent to develop
benign papillomas upon physiological KRas®!?P expression with
similar latency and without the need of stimulation caused by injury.
Combined Expression of KRasS'?® and p53 Deletion in Epidermal Cells
Is Necessary to Initiate SCC. Because no mahgnant tumor was ob-
served in mice expressing KRas®'?P in any of the epidermal
compartments tested and because p53 gene dosage has been
reported to control malignant progression in DMBA/TPA-induced
skin tumors (41), we tested whether p53 deletion can | promote the
formation of invasive SCC in skin expressin ng KRas . To this
end, we first determined whether KRas®'? expression and p53
deletion in the epidermis are sufficient to initiate invasive SCC. We
administered 1 mg TAM to K14CREER/KRas™S-G12P/p53%1
mice (Fig. 44). 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 KRas®'?P expression and p53 deletion in
K14CREER/KRas"*"¢'*P/p53" mice (Fig. 7). 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
KS5 but not K1 (Fig. 4 C-G), displayed disruption of basal lamina
(Fig. 4H), and expressed markers of epithelial to mesenchymal
transition (Fig. 47). 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 KRas®'?® expression and p53 deletion in the skin epider-
mis induces SCC. (A) IFE and HF basal cells targeted by K74 promoter at clonal
induction are highlighted in dark green. (B) Macroscopic picture of ulcerative
back skin lesions from K14CREER/KRas"*-%"2P/p53"f mouse 1 mo after TAM
administration. (C and D) Immunostaining of K5 (C) and K1 (D) in K14CREER/
KRas"“"¢125/p531 pack skin tumors show the absence of K1 expression in
these tumors. (E-I) Comparison between wild-type back skin and SCC from
K14CREER/KRas-512/p53%f mice. Hematoxylin-eosin staining (E), expres-
sion of K5 (F), K1 (G), laminin5, a basal lamina marker (H), and vimentin, a
mesenchymal marker (/), showing that these tumors present all histological
and biochemical characteristics of invasive SCC. (Scale bars, 50 pm.)

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

LSL-G12D fifl

Ip53  graft

K19CREER/KRas
A .

R il 1[34
“
184

K19CREER/KRa$™ **/p53"

wild-type carcinoma

Fig. 5. KRas®'?P expression and p53 deletion in bulge SCs and their HF
progeny induce SCC. (A) Macroscopic picture of tumors arising in K19CREER/
KRas">-6120/p53f hack skin grafted onto nude mouse. Immunostaining of
K5 (B) and K1 (C) in K19CREER/KRas"*""¢'2%/p53" carcinoma. (D-H) Com-
parison between wild-type back skin, papilloma, and carcinoma arising from
grafted K19CREER/KRas"-¢"2P/p53%M 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/KRas5-¢12P/p53fVfl
mice. (Scale bars, 50 pm.)

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 KRas®"?P 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 KI19CREER/KRas"S™6120/p5311  mjce,

Lapouge et al.

which specifically induce KRas®'?P 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 KI9CREER/KRas™S-612D/
p53"" mice onto the back skin of nude mice one month after
TAM administration. All mice grafted with the skin of TAM-
treated KI9CREER/KRas™>C?P/p537M mice developed many
skin tumors, including ulcerative lesions, within 2 mo after TAM
administration (Fig. 54) (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 KI4CREER/KRas™**12/ps3% mice. To de-
termine whether the expression of KRas®!?? and the loss of p53
in matrix TA cells can induce skin tumor formation, we admin-
istered TAM to ShhCREER/KRas"S"12P/p5371 mice. As in
ShhCREER/KRas""612P mice, no macroscopic or microscopic
tumors (Fig. S8) were observed in ShhCREER/KRas"S"¢!12P/
p53" treated mice up to 4 mo after TAM administration (n =
10). These data clearly showed that the combined expression
of KRas®?® 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, KRas®'*" on-
cogene expression in bulge SCs and their HF progeny gave rise
to benign papillomas, and KRas®'?" expression combined with
p53 deletion in these cells led to invasive SCC. Because K15 and
K19 inducible CRE lines also targeted cells located within the HG
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 KRas®?P 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 KRas®"?” expression. The absence of tumor for-
mation upon KRas®'?P 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 KRas®'?P 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 KRas®'?P
expressed K1, whereas bulge SCs and their HF progeny do not
express K1 during 8h2!siological conditions. Similarly, papilloma
arising from KRas®'?P 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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KRas®!?P 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 KRas®'?P 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-
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described. Generation of InvCREER mice and induction of CRE-mediated
recombination are described in S/ Methods.

Histology, Inmunostaining, and Imaging. These were performed as previously
described (31) and are detailed in S/ 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 S/ Methods.

ACKNOWLEDGMENTS. We thank our colleagues who provided us with
reagents and whose gifts are cited in the text. P.AS. and CB. are
Researchers of Fonds de la Recherche Scientifique (FRS)/Fonds National de
la Recherche Scientifique (FNRS), K.K.Y. is a research fellow of the Formation
a la Recherche dans I'Industrie et I’Agriculture (FRIA), and G.L. is post-doc-
toral fellow of the FRS/FNRS. This work was supported by a career develop-
ment award from the Human Frontier Science Program Organization, the
program CIBLES of the Wallonia Region, a grant from the Fondation Contre
le Cancer and the fond Gaston lIthier, a starting grant from the European
Research Council, and the European Molecular Biology Organization (EMBO)
Young Investigator Program.

25. Owens DM, Romero MR, Gardner C, Watt FM (2003) Suprabasal alpha6beta4 integrin
expression in epidermis results in enhanced tumourigenesis and disruption of
TGFbeta signalling. J Cell Sci 116:3783-3791.

26. Bailleul B, et al. (1990) Skin hyperkeratosis and papilloma formation in transgenic
mice expressing a ras oncogene from a suprabasal keratin promoter. Cell 62:697-708.

27. Brown K, Strathdee D, Bryson S, Lambie W, Balmain A (1998) The malignant capacity
of skin tumours induced by expression of a mutant H-ras transgene depends on the
cell type targeted. Curr Biol 8:516-524.

28. Tuveson DA, et al. (2004) Endogenous oncogenic K-ras(G12D) stimulates proliferation
and widespread neoplastic and developmental defects. Cancer Cell 5:375-387.

29. Raimondi AR, Molinolo A, Gutkind JS (2009) Rapamycin prevents early onset of
tumorigenesis in an oral-specific K-ras and p53 two-hit carcinogenesis model. Cancer
Res 69:4159-4166.

30. Means AL, Xu Y, Zhao A, Ray KC, Gu G (2008) A CK19(CreERT) knockin mouse line
allows for conditional DNA recombination in epithelial cells in multiple endodermal
organs. Genesis 46:318-323.

. Youssef KK, et al. (2010) Identification of the cell lineage at the origin of basal cell
carcinoma. Nat Cell Biol 12:299-305.

32. Arnold I, Watt FM (2001) c-Myc activation in transgenic mouse epidermis results in

mobilization of stem cells and differentiation of their progeny. Curr Biol 11:558-568.

33. Niemann C, Owens DM, Hulsken J, Birchmeier W, Watt FM (2002) Expression of
DeltaNLef1 in mouse epidermis results in differentiation of hair follicles into
squamous epidermal cysts and formation of skin tumours. Development 129:95-109.

34. Horsley V, et al. (2006) Blimp1 defines a progenitor population that governs cellular
input to the sebaceous gland. Cell 126:597-609.

35. Demehri S, Turkoz A, Kopan R (2009) Epidermal Notch1 loss promotes skin
tumorigenesis by impacting the stromal microenvironment. Cancer Cell 16:55-66.

36. Blanpain C, Fuchs E (2006) Epidermal stem cells of the skin. Annu Rev Cell Dev Biol 22:
339-373.

37. Harfe BD, et al. (2004) Evidence for an expansion-based temporal Shh gradient in
specifying vertebrate digit identities. Cell 118:517-528.

38. 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.

39. Schweizer J, Kinjo M, Furstenberger G, Winter H (1984) Sequential expression of
mRNA-encoded keratin sets in neonatal mouse epidermis: Basal cells with properties
of terminally differentiating cells. Cell 37:159-170.

40. Malanchi |, et al. (2008) Cutaneous cancer stem cell maintenance is dependent on

beta-catenin signalling. Nature 452:650-653.

Kemp CJ, Donehower LA, Bradley A, Balmain A (1993) Reduction of p53 gene dosage

does not increase initiation or promotion but enhances malignant progression of

chemically induced skin tumors. Cell 74:813-822.

42. Trempus CS, et al. (2003) Enrichment for living murine keratinocytes from the hair
follicle bulge with the cell surface marker CD34. J Invest Dermatol 120:501-511.

43. 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.

44. Vasioukhin V, Degenstein L, Wise B, Fuchs E (1999) The magical touch: Genome
targeting in epidermal stem cells induced by tamoxifen application to mouse skin.
Proc Natl Acad Sci USA 96:8551-8556.

45. Srinivas S, et al. (2001) Cre reporter strains produced by targeted insertion of EYFP
and ECFP into the ROSA26 locus. BMC Dev Biol 1:4.

46. Jonkers J, et al. (2001) Synergistic tumor suppressor activity of BRCA2 and p53 in
a conditional mouse model for breast cancer. Nat Genet 29:418-425.

3

=

41.

=

Lapouge et al.


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

L T

/

1\

=y

Supporting Information

Lapouge et al. 10.1073/pnas.1012720108

S| Methods

Generation of InvCREER Mice. The CREERT?2 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 Notl 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-CREERT?2 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 KRas™"%1?? 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-34
(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-lamininSo
(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/KRas"S-612P - 1py-
CREER/KRas™"9'?P K19CREER/KRas""1?P/p53"1 K14-
CREER/KRas™"612P)p53W1 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-a6-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 w6-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-

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.
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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 x
g and two times at 40 x g. Collected HF were digested at 37 °C
for 20 min and collected for FACS after trypsin neutralization
and 70 pm, 40 pm 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 SuperscriptIl (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
Mzxpro 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 p-actin Ct for each type
of epidermal cells isolated. Error bars represent SD.

To assess Cre-mediated recombination of the KRas
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).

LSL-G12D

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-a6-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’

w

. 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. S1. Targeting KRas®'?® expression in bulge stem cells and their HF progeny using K15CREPR induces defects of sebaceous gland (SG) and HF differen-
tiation and papilloma formation. (A) Bulge stem cells and theirs progenies targeted by the K75 promoter are highlighted in dark green. (B) YFP im-
munostaining revealed the presence of YFP-positive cells in K15CREPR/RosaYFP in the absence of RU486 administration in 6-mo-old mice, indicating some
leakiness in the K15CREPR mice. (C-G) YFP-positive cells targeted by the K15CREPR 7 d after RU486 administration: bulge cells (C), hair germ (HG) (D), outer
root sheath (ORS) (E), isthmus (F), and interfollicular epidermis (IFE) (G). (H-L) Comparison of wild-type and K15CREPR/KRas"*~"%'2P back skin 4 mo after RU486
administration. Defects of SG homeostasis leading to SG hyperplasia and cyst formation are shown in the middle column, whereas defects of HF differentiation
and cysts are shown in the right column. (H) Hematoxylin-eosin staining. (/-L) Expression of K5 (/), K1 (J), K6 (K), and Oil-red-O (L) staining are shown. Mac-
roscopic picture of tumor in the K15CREPR/KRas"“"%'2P |ips (M) and back skin (P) 4 mo after RU486 administration. Expression of K5 (N and Q) and of K1 (O and
R) in papilloma from lips and back skin arising in K15CREPR/KRas"*""¢"?P mice. (S) Macroscopic picture of papillomas arising in 6-mo-old K15CREPR/KRas"*-"¢"2P
mice in the absence of RU486 administration. Bu, bulge; HS, hair shaft; Inf, infundibulum; Is, isthmus; IRS, inner root sheath; Mx, matrix. *Follicular cysts;

#sebaceous cysts. (Scale bars, 100 um.)
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Fig. S2. Analysis of KRas®"?" recombination in bulge and sebaceous gland proliferation at different times after TAM administration in K19CREER/KRas"*-"¢"2P

mice. (A) PCR analysis of KRas®'?P allele recombination 2 d after TAM administration in FACS-isolated bulge cells (t6HCD34H) and cells of the interfollicular
epidermis and infundibulum (a6HCD347). (B) FACS quantification of BrdU-positive cells in bulge cells (06HCD34H) of wild-type (gray bars) and K19CREER/
KRas"*=G'2P (black bars) mice 4 h after BrdU administration. (C) Analysis of cell proliferation (Ki67) in wild-type and K19CREER/KRas"*~"¢'2° mice at 1, 2, and
4 mo after TAM administration. Bu, bulge; SG, sebaceous glands. (Scale bars, 100 pm.)
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Fig. $3. Defect of sebaceous gland (SG) and HF differentiation leading to cystic formation after KRas®'?® expression in K19CREER/KRas"*""¢"?" mice. (A-D) K6
and Ki67 expression in wild-type (A) and K19CREER/KRas"*-"%"2 back skin at 2 wk (B), 1 mo (C), and 4 mo (D) after 10 mg TAM administration. Hematoxylin-
eosin staining (E) and Oil-red-O (F) staining show hyperplasia and defect of SG and HF differentiation leading to cystic structures in the back skin of K19CREER/
KRas"*“"2® mice 4 mo after TAM administration.
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Fig. S4. Upward migration of K19 targeted cells in K19CREER/KRas"*~%'2P/RosaYFP mice. (A) YFP-positive cells are detected in the isthmus (Is) (MTS24)
compartment and in the sebaceous gland (SG) (SCD1) compartment at 2 wk after TAM administration in K1 9CREER/KRas"*""¢'2®/RosaYFP mice, whereas no YFP-
positive cell was observed in the SG of K19CREER/RosaYFP mice. (B) At 4 wk after TAM administration, some YFP-positive cells have migrated throughout the

infundibulum and have reached the interfollicular epidermis (IFE) in some regions of the back skin of K19CREER/KRas"*""“'?°/RosaYFP, whereas no YFP-positive
cell was observed in the IFE of K19CREER/RosaYFP mice. Bu, bulge. (Scale bars, 100 pm.)
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Fig. S5. ShhCREER lineage tracing, Ras expression, and phenotypic analysis after KRas®'2® expression in ShhCREER-derived cells. (A) YFP-positive cells are
detected in the HF matrix and their progeny 1 wk after TAM administration, whereas 2 and 4 wk after TAM administration, only rare YFP cells were still
detected in the differentiated companion layer cells of the HF. (B) RT-PCR analysis of KRas expression in FACS-isolated YFP cells from ShhCREER/RosaYFP mice
1 d after TAM administration, total epidermis (x6H+), bulge cells (a6HCD34H), cells of the interfollicular epidermis (IFE) and infundibulum («6HCD347), showing
similar level of KRas expression in the different epidermal compartments. (C) K6 (Upper) and Ki67 (Lower) expression in wild-type and ShhCREER/KRas"-"¢"2P
back skin at 1, 2, 3, and 4 wk after TAM administration. (D) Oil-red-O (ORO) staining in wild-type and ShhCREER/KRas">~¢'?P back skin 4 mo after TAM ad-
ministration. Mx, matrix; Bu, bulge; SG, sebaceous gland. (Scale bars, 100 um.)
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Fig. S6. Temporal analysis of cell proliferation and interfollicular epidermis hyperplasia after KRas®'2® expression in InvCREER/KRas"*""¢'2P mice. (A) Lineage
tracing 1 wk after TAM administration in InvCREER/RosaYFP mice, showing that some YFP-positive cells (arrows) can also be found in suprabasal cells of the
infundibulum (INF) and in companion layer of the HF. IFE, interfollicular epidermis. (B) PCR analysis of KRas®’?® recombination after TAM administration in IFE
and bulge cells of INvCREER/KRas"*~%'2° mice. (C) K6 (Right) and Ki67 (Left) expression in wild-type and InvCREER/KRas"*""¢"?" back skin 1 and 2 wk and 1 and 4
mo after TAM administration. (D and E) Hematoxylin-eosin staining (D) and basal marker expression (K5/p4) (E) in wild-type and InvCREER/KRas"""¢'2P mice 4
mo after TAM administration show IFE hyperplasia upon KRas®'?® expression. (Scale bars, 50 pm.)

Lapouge et al. www.pnas.org/cgi/content/short/1012720108 70f8


www.pnas.org/cgi/content/short/1012720108

éw g(‘)

= 0 L

=M o9 oo

Q e g&

S 5 e

i A< Be

Q

&a £< ¢S
o ¥ xg

2 rz o

w w

X X o) w w

5 \ T £ © 14
s IFIY & O o
o © © N o < <
© 30 3 =2 = -
4 (&) &) = X X

— KRas recombined allele
—wt allele

600 pb —|

o
il
i1+
3
i
3

1p53
s
s

oBH |KRagS-¢'2)
LSL-G1
NoTAM
LSL-G1

CD34H

Ladder

abH

CD34-| K19CREER/

wild-type

K14CREER/KRas

K14CREER/KRas
TAM

o
I
I

o _E

—p53 floxed allele
—p53 recombined allele
—wt allele

Fig. S7. PCR analysis of recombination of KRas®’?? and p53 conditional alleles after TAM administration in K14CREER/KRas">""¢'2/p53" and in K19CREER/
KRas->-120/p53f mice. (A) PCR analysis of KRas®"?? recombination. (B) PCR analysis of p53 recombination.
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Fig. 8. Expression of KRas®'?® combined with the loss of p53 in HF matrix does not lead to tumor formation. ShhCREER/KRas"*5"22/p53ffl mice were treated
with 2.5 mg of TAM, and back skin was analyzed 4 mo later. (A-C) Hematoxylin-eosin staining (A) and expression of K5 (B) and K1 (C) in wild-type and 4 mo
after TAM administration in ShRhCREER/KRas"*"¢'2%/p53™ mice. Bu, bulge; IFE, interfollicular epidermis; SG, sebaceous gland. (Scale bars, 100 pm.)
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