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Runx1/AMLI1 is a transcription factor implicated in tissue stem cell regulation and belongs to the small
Runx family of cancer genes. In the hair follicle (HF), Runx1 epithelial deletion in morphogenesis impairs
normal adult hair homeostasis (cycle) and blocks adult hair follicle stem cells (HFSCs) in quiescence. Here,
we show that these effects are overcome later in adulthood. By deleting Runx1 after the end of morphogenesis,
we demonstrate its direct role in promoting anagen onset and HFSC proliferation. Runx1 deletion resulted in
cyclin-dependent kinase inhibitor Cdknla (p21) upregulation. Interfering with Runx1 function in cultured
HFSCs impaired their proliferation and normal G,/G1 and G,/S cell cycle progression. The proliferation defect
could be rescued by Runxl readdition or by p21 deletion. Chemically induced skin tumorigenesis in mice
turned on broad Runx1 expression in regions of the skin epithelium, papillomas, and squamous cell carcino-
mas. In addition, it revealed reduced rates of tumor formation in the absence of Runx1 that were accompanied
by decreased epithelial levels of phospho-Stat3. Runx1 protein expression was similar in normal human and
mouse hair cycles. We propose that Runx1 may act as a skin oncogene by directly promoting proliferation of

the epithelial cells.

Runx1 is part of the small Runt domain family of transcrip-
tion factors implicated in tissue stem cell regulation (2), tissue
development (14), and cancer (8). Runx1 plays developmental
roles in several organs, including blood (54), muscle (65), the
nervous system (26, 69), and hair follicles (HFs) (44, 47), by
affecting cell survival, proliferation, and differentiation (14).
Runxl is frequently mutated in acute myeloid leukemia and
myelodisplastic syndrome (8, 38, 54). Runxl is required in
mouse embryos for adult hematopoietic stem cell (HSC) emer-
gence (11, 54), while in adult mice it affects specific hemato-
poietic lineages (21, 25, 46, 56). The role of Runx1 in epithelial
skin and HFs, an important model system for stem cell regu-
lation and cancer progression, has just begun to be ad-
dressed (2).

Mammalian skin is largely composed of closely interacting
epithelial and mesenchymal tissues, such as the epidermis and
the epithelium of skin appendages (e.g., HFs and sebaceous
glands) and dermis. During mouse fetal and perinatal life, HFs
bud from the overlying epidermis and then move into the skin
mesenchyme (dermis and subcutis). Around postnatal day 17
(PD17), the HF initiates a unique process of cyclic organ trans-
formation known as the hair cycle. One hair cycle lasts ~3
weeks and has three phases: anagen, for HF growth and gen-
eration of proliferating pigmented hair shaft; catagen, for
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apoptosis-driven regression; and telogen, for relative quies-
cence. The old hair shaft (club hair) is shed from the skin in
exogen (41, 45, 51).

HFs have an upper permanent (bulge) region containing
infrequently dividing stem cells (15) and a temporary lower
region (bulb) that dies out in catagen and is regenerated at
anagen from short-lived matrix cells produced by bulge cells
collapsing/migrating in telogen into the hair germ, a small
epithelial structure found underneath (20, 27, 70). This is
followed by bulge cell proliferation during early anagen
phase (15, 70). The hair signaling center, the dermal papilla
(DP), is a pocket of mesenchymal cells that lies at the hair
base (41).

The hair bulge and germ cells express several proteins (K14,
CD34, LGRS, and K15) used in lineage-tracing experiments to
demonstrate long-term contributions of bulge and possibly
germ cells to HF regeneration (7, 28, 29, 59, 70). Other cells
besides bulge and germ cells might work as HFSCs (30).

Runx1 is expressed in a few HF compartments, including
bulge and germ, but not in other skin epithelial structures, such
as sebaceous gland and epidermis (44, 47). Constitutive epi-
thelial deletion of Runx1 through development affects hair
shaft structure, HFSC activation, and anagen onset (44, 47).
However, it remained unclear if Runx1 directly and perma-
nently affected HFSC proliferation and which factors might
be implicated. Furthermore, the potential function of Runx1
in skin cancers is currently unexplored. Clarification of this
role appears to be important, since HFSCs are a well-ap-
preciated source of skin appendage tumors and of the most
common malignancy of humans, i.e., basal cell carcinoma
(17, 32, 35, 37).
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MATERIALS AND METHODS

Mice. The Cornell University IACUC approved all of our mouse work. To
create knockout mice, we mated hemizygous K14-Cre (CD1) or B-actin-CreER
(C57BL/6) mice with homozygous Runx1?® (C57BL/6) mice; F, K14-Cre (or
B-actin-CreER)/Runx1¥* (CD1/C57BL/6) progeny were bred subsequently with
homozygous Runx1™® mice to generate K14-Cre (or B-actin-CreER); Runx1%/f
mice at a 25% Mendelian frequency. The B-actin-CreER; Runx1?f mice were
crossed once more with the Runx1™ mice to generate B-actin-Cre; Runx1%
and Runx1™ mice at a 1:1 ratio. Genotyping was performed as described
previously (21, 23, 62). Mice from the B-actin-CreER crossing were injected with
a 9-mg/40 g of body weight dose of tamoxifen dissolved in corn oil. Injections
were performed once daily for 2 days. Mice were housed in cages with littermates
of the same sex postweaning at PD21. Skin color of animals was assessed by
visual inspection of the entire back skin without hair shaving or clipping, to avoid
skin injury. Mice with any sign of black skin patches on the back were scored as
in anagen. Single Cdknla knockout (—/—) mice (Jackson Laboratories strain
B6;129S2-CdknlatmITyj/J), genotyped as instructed by the vendor (data not
shown), were sequentially crossed to our transgenic mouse lines to create double
knockout Cdknla™~; K14-CreER; Runx1?" mice. Two independent crosses
were carried over in the same sequence to generate p21~/~ and p217/7;
Runx1™; K14Cre littermates and p21™/* and p21*/*; Runx1"; K14Cre litter-
mates. Parental pairs from each cross were mated simultaneously, and newborn
litters from each cross were obtained and sacrificed on the same day. Mice of all
four genotypes were utilized side by side in each experiment of the cell prolif-
eration assays.

DMBA/TPA treatments. We used the two-step chemically induced tumori-
genic protocol described in detail elsewhere (24). We employed K14-Cre/
Runx1™ knockout mice (n = 24) and wild-type littermate controls with no
K14-Cre (n = 28) at three stages in their adulthood (as shown in Fig. 6, below).
We shaved their back skin hair and applied 32 ug of 9,10-dimethyl-1,2-benzan-
thracene (DMBA) dissolved in 200 wl of acetone. This drug introduces point
mutations in the DNA, including the locus of the H-ras proto-oncogene (24).
Following that, we used the phorbol ester 12-O-tetradecanoylphorbol-13-acetate
(TPA) at a dose of 12.4 pg/mouse dissolved in 200 wl of acetone. TPA propa-
gates the mutation via protein kinase C activation (13), which induces robust
proliferation of the skin epithelial cells (keratinocytes). Mice were subjected to
TPA treatments twice a week for up to 15 or 20 weeks at a time. The hair was
gently shaved several times during the procedure, as needed, to allow efficient
delivery of the TPA solution. The appearance of tumors on the back skin and
their numbers on each mouse were counted once a week during the 15 to 20
weeks of TPA treatment. Aged mice between 8 and 14 months were monitored
for malignant transformation, as shown by sudden sinking of the tumor, accom-
panied by abrupt vascularization, attachment to the fascia, and rapid growth.
Diagnoses of papillomas and squamous cell carcinomas were performed by a
veterinary pathologist (Rachel Peters) and based on morphological assessments
of tumor margins (infiltrative versus well demarcated), cellular atypia (well
differentiated and uniform versus poorly differentiated and marked anisocytosis
with dyskeratosis), and desmoplastic response. Tumors and other tissues were
fixed in 10% neutral buffered formalin overnight and then transferred to 70%
ethanol. They were processed overnight, embedded in paraffin, and sectioned at
4 wm with routine hematoxylin and eosin (H&E) staining. Skin tumors along
with lung, kidney, and liver were then examined by light microscopy for the
presence of neoplastic cells.

BrdU labeling. 5-Bromo-3-deoxyuridine (BrdU; Sigma-Aldrich) was injected
intraperitoneally in saline buffer (phosphate-buffered saline [PBS]) at 25 ng/g of
body weight. To make label-retaining cells (LRCs), mice were injected on three
consecutive days (PD3, -4, and -5) twice a day at 12-h intervals with a dose of 25
ng/g of body weight. BrdU label was chased for a total of 4 weeks, and mice were
treated with 12.4 g of TPA dissolved in acetone administered twice weekly for
the last 2 weeks of the chase. Short-term BrdU exposure was evaluated during
anagen stage as indicated by the change in skin color at a dose of 50 pg/g of body
weight and at the indicated frequencies. Animals were sacrificed and skin was
embedded in OCT, frozen in dry ice, sectioned using a cryostat (Richard Allan
Scientific), and stained for immunofluorescence using antibodies specific to
BrdU, as described previously (61).

Histology, immunofluorescence, and X-Gal staining. Staining of skin tissue for
immunofluorescence and with H&E was as described previously (61). The MOM
Basic kit (Vector Laboratories) was used for mouse antibodies. Nuclei were
labeled with 4',6'-diamidino-2-phenylindole (DAPI) or Hoechst. For 5-bromo-
4-chloro-3-indoxyl-beta-p-galactopyranoside (X-Gal) staining, 10-wm skin sec-
tions were fixed for 1 min in 0.1% glutaraldehyde and washed in PBS. Incubation
in X-Gal solution was at 37°C for 12 to 16 h. Antibodies were from (i) rat
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(a6-integrin at 1:100 and CD34 at 1:150 [BD Biosciences], E-cadherin [1:500;
Sigma], and BrdU [1:300; Abcam]); (ii) guinea pig (K5 and K15 [1:5,000; E.
Fuchs, Rockefeller University]), (iii) rabbit (Runx1 [1:8,000; T. Jessell, Columbia
University {10}], Ki67 [1:100; Novocastra], keratin 1 [1:500; Covance], Loricrin
[1:200; E. Fuchs, Rockefeller University], and phosphorylated Stat3 (P-Stat3;
1:50; Cell Signaling); and (iv) mouse (myc; 1:400; Zymed).

Immunohistochemistry. Paraffin sections of 4 um were deparaffinized in three
changes of xylene at room temperature and rehydrated through a graded etha-
nol-water series at ratios of 100%, 95%, and 70%, followed by rinsing in water.
Antigen retrieval was performed by microwaving for 20 min in 0.01 M EDTA
buffer (pH 8.0). Sections were incubated in 0.5% hydrogen peroxide to block
endogenous peroxidase and washed three times in Tris-buffered saline (TBS).
After blocking nonspecific antigen sites with 10% normal goat serum for 20 min,
slides were incubated for 1.5 h at 37°C with antibody against phosphorylated-
p44/42 mitogen-activated protein kinase (pErk1/2-Thr202/Tyr204; Cell Signaling
Technology no. 4376; 1:50 dilution in TBS). Normal rabbit immunoglobulins
were used as negative controls. Sections were then incubated with biotinylated
goat anti-rabbit IgG (BA-1000; Vector) for 20 min. Detection was performed by
a 20-min incubation with streptavidin peroxidase (50-242Z; Invitrogen), followed
by a 10-min incubation with aminoethyl carbazole chromogen/substrate solution
(00-2007; Invitrogen). Sections were counterstained with hematoxylin and
mounted in aqueous mounting medium (0100-01; Southern Biotech).

Microscopy and image processing. Images were acquired using the IP-Lab
software (MVI) on a fluorescence light microscope (Nikon) equipped with a
charge-coupled-device 12-bit digital camera (Retiga EXi; QImaging) and mo-
torized z-stage. Single images were color combined and were assembled in
montages and enhanced for brightness, contrast, and levels using Adobe Photo-
shop and Illustrator.

Primary cell culture, flow cytometry, and QRT-PCR. Skin cells were cultured
using low-Ca®* keratinocyte E medium (61) by plating in triplicate 50,000,
250,000, 500,000, 1,000,000, or 1,500,000 live (not staining with trypan blue) cells
on irradiated mouse embryonic fibroblasts (passage 4). Keratinocyte colonies in
dishes with 50 to 200,000 cells were counted using phase-contrast microscopy or
H&E staining. A similar procedure was applied to amplifying the cell line of
CD34%/a6™ cells sorted from the bulge. For flow cytometry, mice were
treated with tamoxifen in anagen phase and sacrificed. Skin cells extracted by
trypsin treatment were stained with biotin-labeled CD34 antibody (eBio-
scence) followed by streptavidin-allophycocyanin (BD Biosciences) and with
phycoerythrin-labeled a6-integrin (CD49f) antibody (BD Biosciences), as de-
scribed previously (61). Live cells were those excluding propidium iodide
(Sigma). Fluorescence-activated cell sorting (FACS) was performed using a BD
Biosciences Aria apparatus at Cornell. RNA isolation from sorted cells and
quantitative reverse transcription-PCR (QRT-PCR) of cDNAs were as described
previously (61). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) demon-
strated equal loading by RT-PCR. GAPDH was used in the QRT to normalize
threshold cycle C values and compute fold changes.

Human samples. Fronto-temporal scalp skin specimens were obtained from
female patients undergoing elective facial plastic surgery with informed patient
consent according to the University of Luebeck, Faculty of Medicine Ethics
Committee (Germany) approved protocol 06-109. Anonymous samples were
received fresh from plastic surgery, embedded in OCT, and cut into 7-pm serial
sections and kept frozen through shipping until staining, which was performed
essentially as previously described for mouse skin (44).

DNA constructs. For the K14-Runx1-myc construct, Runxl coding sequences
were amplified by PCR from mouse Amllb ¢cDNA previously cloned into
pcDNA3.1 (a gift from Nancy Speck) as template. The 5’ forward primer was
5'-TCTAGCGGCCGCATGCGTATCCCCGTAGATGCC-3'; sequences in bold
show the restriction site for NotI and underlined sequences are the first 21 bases
of Runxl. The 3’ reverse primer was 5'-GCTCTAGATCACAGGTCCTCCTCT
GAGATCAGCTTCTGCATTGATGCCATGGTCTCGAGGTAGGGCCGCCA
CACGGC-3'; sequences in bold are restriction sites for Xbal and Xhol, respec-
tively, sequences in italics are the myc tag followed by the stop codon, and
underlined sequences are the last 18 bases of Runxl. The PCR product was
purified with a gel extraction kit (Qiagen), digested with NotI (5’ end) and Xbal
(3’ end), and ligated into a K14-B-globin cassette (a gift from Elaine Fuchs) at
NotlI and Xbal sites. The final K14-Runx1-myc construct was verified by sequenc-
ing. For the Kl4-enhanced green fluorescent protein (eGFP)-myc construct,
Runx1 coding sequences were digested from the K14-Runxl-myc construct at
Spel and Xhol sites, and then eGFP coding sequences obtained from the
pEGFP-C1 vector (Clontech) with restriction enzymes Nhel and Xhol were
cloned at Spel and Xhol sites, followed by the previously cloned myc tag. For the
K14-eGFP-Runt-myc construct, the Runt domain was amplified by PCR using
the same Amllb cDNA template. The 5’ forward primer was 5'-ACCGATATC
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TABLE 1. Cell cycle stages of transfected cells based on Ki67
and BrdU signals

Growth BrdU Nuclear staining pattern
phase staining of Ki67 foci
Early G,/G, - Dim
Mid-G, - Many foci
Late G, - 2-10 foci
S + 2-5 foci
G, - 1 large focus
Mitosis - Bright staining

“Identified using a fluorescence microscope.

TAATGGTGGAGGTACTAGCTGACCAC-3'; sequences in bold are the re-
striction site for EcoRV, and underlined sequences are the first 24 bases of the
Runt domain. The 3’ reverse primer was 5'-TGCCTCGAGCACCTTACGCTTC
TTCTTTGGCACCTTACGCTTCTTCTTTGGATCATCTAGTTTCTGCCG
ATG-3'; sequences in bold are the restriction site for Xhol, sequences in italics
are the nuclear localization signal (NLS) in tandem, and underlined sequences
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are the last 22 bases of the Runt domain (22). The PCR product was purified
with a gel extraction kit (Qiagen), digested with NotI (5" end) and Xbal (3" end),
and ligated into the K14-eGFP-myc plasmid at the NotI and Xbal sites between
eGFP and the myc tag. The final K14-eGFP-Runt-myc construct was verified by
sequencing.

Transfections and cell cycle analysis. At 24 h before transfection, CD34*/
a6t -sorted keratinocytes, expanded and propagated for several passages without
feeders in low-Ca®>* medium (61), were plated onto six-well plates containing an
18-mm? coverglass (Corning). The next day cells were ~80% confluent. For
transfections 1 pg of each DNA construct was mixed with 6 pl of TransFectin
lipid reagent (Bio-Rad) and 125 pl of serum-free medium according to the
manufacturer’s instructions. The DNA/lipid complex was added to the dishes,
and cells were further grown for an additional 48 h. Next, 4.4 pl of 1.7 mg/ml
BrdU was added to each 35-mm plate and incubated at 37°C for 20 min. Cells
were washed with PBS, fixed for 20 min with 1.6% formaldehyde, and triple
stained for myc, BrdU, and Ki67 using an immunofluorescence procedure.
Transfected cells were categorized positive based on a myc staining fluorescence
signal intensity higher than 500 counts on a 4,095 gray-level scale with a fixed
exposure. Transfected cells were further differentiated based on transgene ex-
pression levels as dim when myc staining intensity was between 500 and 1,500
gray levels and as bright when the intensity was between 1,500 and 4,095. Table
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FIG. 1. Delayed first adult anagen onset in epithelial Runx1 knockout mice (cKO). (A) Typical skin color changes in WT and Runx1 ¢cKO mice
photographed at the ages indicated. Note the black skin color with new hair growth in the WT but not cKO mouse at PD32. At PD48 WT mouse
skin was in the second telogen, as indicated by the pink color, while cKO mouse skin was at the first anagen onset. Note the patchy appearance
at the initiation of skin color change (arrows) in the cKO mouse. (B) Frozen skin sections from WT and cKO mice at the stages indicated (stained
with hematoxylin and eosin). For the PD48 cKO mouse the skin sample was collected from one of the black skin areas indicated by the arrows
in panel A. (C) Fraction of Runxl cKO, Het, and WT littermate control mice of the same sex that passed anagen onset as a function of time.
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FIG. 2. Immunostaining for hair follicle lineage markers confirmed normal expression in cKO mice after anagen onset. Frozen skin sections
at the ages indicated show immunofluorescence signals from antibodies specific to markers indicated in the corresponding color. Bar, 20 pm.
Normal expression in cKO skin during telogen has been previously reported (44).

1 categorizes the cell cycle stages of transfected cells based on the presence or
absence of Ki67 and BrdU signal and based on Ki67 nuclear staining patterns
identified with a fluorescence microscope.

Statistical analyses. Data shown are averages and standard deviations. Stu-
dent one and two-tailed ¢ tests for tumor formation, cell cycle stages, and
BrdU incorporation were performed to compare wild-type and knockout
samples.

RESULTS

Runx1 c¢KO hair follicles spontaneously enter a new hair
cycle. Previously we found that mice with epithelial conditional
deletion of Runxl (conditional knockout [cKO]) displayed a
prolonged telogen phase, which could be overcome by skin
injury (44). To see if this telogen block was overcome sponta-
neously later in adulthood, we crossed the K14-Cre transgenic
mice (62) with mice in which loxP sites (floxed [fl]) were in-

serted in the Runx1 gene locus to flank the fourth exon, which
encodes the Runt DNA-binding domain (21). We produced
large cohorts of Runx1 cKO mice with an exon 4 deletion (A4),
along with heterozygous (Het; Runx1¥*) and wild-type (WT;
RUNX1%"" or RUNX1%") littermate controls (44) (see Mate-
rials and Methods). We visually monitored the hair cycle pro-
gression from PD20 to PD90 as evidenced by the apparent
change in skin color from pink, indicative of telogen, to black,
indicative of anagen, due to incorporation of melanin into the
newly synthesized hair shaft (41). A few representative mice
were shaved and photographed (Fig. 1A). Mice sacrificed at
several stages were used to prepare frozen skin sections that
were subsequently stained with hematoxylin and eosin for con-
trast or with fluorescently labeled antibodies for hair differen-
tiation markers, which confirmed hair cycle stages (Fig. 1B and
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FIG. 3. Keratinocytes isolated from young and adult Runx1 epithelial cKO skin failed to proliferate in culture. (A) Primary skin keratinocytes
plated for 2 weeks on fibroblast feeders in the numbers and dish sizes indicated showed growth of large colonies from WT but not from Runx1
cKO cells by hematoxylin and eosin staining. (B) Phase-contrast images of WT and cKO keratinocytes after 2 weeks of growth. Cells in the cKO
dishes are feeder fibroblasts. (C to E) Average numbers of keratinocyte colonies in WT and cKO cells isolated from mouse skin at the postnatal

day indicated. N, number of mice used for each experiment.

C and 2). All the differentiation markers were expressed cor-
rectly in ¢cKO hair follicles upon entering anagen. WT mice
changed their skin color earlier and more abruptly than cKO
mice and in a head-to-tail rapid progression throughout the
back skin. In contrast, the skin of epithelial Runxl cKO mice
became black not only late but also in a nonuniform or patchy
manner in most animals analyzed (Fig. 1A). The patchy hair
growth is reminiscent of the second telogen in WT mice (45),
except the distribution of hair growth zones began from the
sides and middle and was different from that observed in WT
mice in the second telogen (45) (data not shown). This sug-
gested a possible role for Runx1 in regulating the normal hair
growth spreading patterns throughout the skin. Taken together
these data demonstrated that the telogen arrest in the Runxl
cKO HFs is temporary, lasts ~1 to 2 weeks, and is eventually
overcome in the absence of apparent skin injury. This sug-
gested that Runx1 activity is not an essential prerequisite for
anagen induction.

Runx1 acts directly at anagen onset in adulthood. To deter-
mine if Runx1 cKO HFSCs have a delay in maturation during
morphogenesis that might offset anagen onset later in adult
mice, or whether HFSCs have an intrinsic defect in prolifera-
tion in cell culture irrespective of the developmental stage at
which they were isolated, we performed clonogenic stem cell
assays (3, 4) at different ages. We predicted that if Runx1 cKO
HFSCs mature later than WT, then the clonogenic defect
previously documented in early morphogenesis (44) might be
overcome at the time of anagen onset. We isolated WT and
Runx1 cKO skin cells from littermate mice at PD5, PD21, and
PD56 to -58 (when cKO mice began the delayed anagen on-
set), plated equal numbers of live cells (those not stained with
trypan blue), and counted keratinocyte colonies 2 weeks after
plating (Fig. 3). While WT keratinocytes formed large healthy

growing colonies, Runx1 cKO keratinocytes failed to prolifer-
ate under all the experimental conditions tested (Fig. 3). Plat-
ing more cells and/or a higher density of cells did not rescue
the cell proliferation defect, ruling out potential lower num-
bers of HFSCs in the Runxl cKO mice (Fig. 3 and data not
shown). These data did not support the hypothesis that delayed
maturation of HFSCs in morphogenesis might prevent colony
formation by keratinocytes isolated from Runxl cKO mice.
Instead, they demonstrated that under certain stress condi-
tions, such as those imposed by cell culture, the HFSCs, and in
fact all epithelial cells isolated from skin, including those from
the epidermis, fail to proliferate and survive in the absence of
Runx1. This result correlates with data presented below, in
which acute inhibition of Runx function in keratinocytes per-
turbed cell cycle regulation (see Fig. 5, below).

To investigate if Runxl is needed directly at anagen onset
for cell proliferation (as opposed to being required in devel-
opment via HFSC maturation), we used a tamoxifen-inducible
CreER transgenic system (23) to ablate Runx1 function at four
stages in late postnatal morphogenesis and in adulthood (Fig.
4A). We tested several inducible Cre lines in Rosa26R re-
porter mice (53) and chose a pB-actin-CreER mouse line (23),
which showed high efficiency of tamoxifen induction and little
or no leaky Cre activity in the absence of tamoxifen by X-Gal
staining of frozen skin sections and by PCR (Fig. 4B and C)
(see Materials and Methods). Since Runx1 is expressed in skin
predominantly in the hair bulge and hair germ at anagen onset
(44), we did not expect a major contribution to the phenotype
by other nonepithelial skin cell types targeted by the B-actin-
CreER. Runx1™®; B-actin-CreER control mice injected with
oil but not with tamoxifen at PD18 and PD19 and sacrificed 2
days later showed strong Runxl1 protein expression in the hair
germ and in rare cells at the base of the bulge by immunoflu-
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FIG. 4. Runxl inducible knockout at several stages in adulthood delays anagen onset. (A) Scheme of tamoxifen induction to generate iKO at
stages of late morphogenesis and of the first hair cycle as indicated. (B) X-Gal staining on skin sections isolated from B-actin-CreER; Rosa26 mice
injected with tamoxifen (TM) dissolved in oil (left) or oil only (right) at PD18 and -19. (C) PCR with specific primers for the Runx1 floxed allele
shows the lower (excision) band only in mice injected with tamoxifen. (D) Runxl immunostaining of skin sections from mice injected with
tamoxifen or oil. Note the lack of Runx1 signal in HFs from the tamoxifen-injected mouse. (E) Mice injected with tamoxifen (left) or oil (right)
showed pink and black skin color, indicative of telogen and anagen, respectively. (F) Quantification of skin color changes in tamoxifen-treated
B-actinCreER; Runx1™ mice (iKO) and tamoxifen-treated Runx1¥ (no Cre) littermate mice, labeled as WT.

orescence analysis of skin sections in 90% of the HFs analyzed
(n = 3 WT [174 HFs]. In contrast, Runx1"%; tamoxifen-in-
duced knockout (iKO) B-actin-CreER " mice injected at the
same stage with oil (n = 3 mice [126 HFs]) (Fig. 4D) lacked
RUNXI1 staining in 97% of HF's analyzed (Fig. 4D). Additional
mice analyzed at PD29, PD32, and PD33 confirmed these
results (data not shown). These data attested to the efficient
and rapid depletion of the Runx1 protein in response to Runx1
KO (iKO).

To induce the Runxl KO (iKO) in adulthood, we injected
the Runx1™"; B-actin-CreER mice with tamoxifen during four
distinct stages: PD10 to -11, PD14 to -15, PD18 to -19, and
PD25 to -26, which, considering the ~2-day lag necessary to
eliminate the Runx1 protein (see above), would result in acute
Runx1 loss in late morphogenesis, first catagen, first telogen,
and first anagen onset, respectively (Fig. 4A). We monitored
anagen onset by the change in skin color from pink to black in
intact (not shaved) mouse skin. Mice in Fig. 4E were shaved
for demonstrative purposes. Littermate Runx1™" mice nega-
tive for B-actin-CreER were injected with tamoxifen and
served as the WT control. At all time points of induction we
found delayed anagen onset in Runx1 iKO mice relative to WT
(Fig. 4F). These data demonstrate that the effect of Runx1 loss
on adult anagen onset is due to an active requirement for
Runxl1 at that stage, as opposed to being a late consequence of

a defect in HFSC maturation during embryonic HF morpho-
genesis.

Runx1 regulates G,/G1 and G,/S cell cycle phase transitions
in cultured HF bulge cells. The bulge and germ cells of Runx1
cKO mice remained quiescent for a prolonged period of time,
but it was unclear if the defects were due to cell cycle effects,
as seen in two blood cell lines, BaF3 and Jurkat T cells (6, 64).
Thus, we inhibited Runx1 function in cell culture by using the
Runt DNA-binding domain, which interferes with Runx pro-
tein function (48), and checked the immediate effect on cell
cycle progression. We transfected the sorted CD34 " /a6™ cul-
tured bulge cells with a DNA construct expressing the Runt
DNA-binding domain tagged with NLS (22), eGFP, and Myc,
all placed in frame downstream of the keratin 14 (K14) pro-
moter (K14-eGFP-RUNT-myc) (63). A K14-eGFP-myc trans-
gene served as the transfection control (Fig. 5A) (see Materials
and Methods for construct description). A fraction of cells
stained positive for myc expression 48 h after transfection (Fig.
5B). We assessed the cell cycle phase distribution in trans-
fected (myc-positive) and untransfected (myc-negative) cells
by examining the combined BrdU and Ki67 staining patterns
(Fig. 5C) (5). Transfected cells, but not untransfected cells,
displayed increased numbers of cells in G, in Runt-expressing
cells relative to control cells, which suggested that interference
with Runx function impaired the G,/G1 phase transition (Fig.



2524 HOI ET AL.
A
=—{__ki4__ (y{ecrp( RUNT [(myd}=
m—{___ K14 (1 eGFP [mycp=

B K14-eGFP-RUNT-myc K14-eGFP-myc

Ki67

Myc DAPI

Middle G1 GO/Early G1 O

Late G1

m

MoL. CELL. BIOL.

48 hrs; N= 3 transfection experiments

10

2 30 B K14-eGFP-RUNT-myc (N=504 cells)
3 0 K14-eGFP-myc (N=234)
- *p=0.027

860 '—!

[$]

5 p=0.384 p=0.227

@ 40 : :

®

= [1 T[]  p=044s
45 20

X

GO/  Mid.G1LateG1 S G2  Mitosis
Early G1

@ 10

°©

g 80 B K14-eGFP-RUNT-myc (N=1506 cells)|

o O K14-eGFP-myc (N=1426)

[ &)

,g 60

= p=0.719p=0.513 p=0.744

g 40— P B

=

>

-

o

X

0
Go/
Early G1

Mid.G1Late
G1

S-PhaseG2  Mitosis

Cell cycle stages

N=3 transfection experiments; N=2100 cells/genotype

S phase

G2 phase
% BrdU+ of Transfected Cells

Mitosis

14
12
10

8

o N B~ O

24-hours || 48 hours
14
12 W K14-eGFP-RUNT-myc
1 OK14-eGFP-myc
10
8
6
4
2
0
Dim  Bright Total Dim  Bright Total
Myc Intensity Myc Intensity

FIG. 5. Expression of the Runt domain in cultured CD34"/a6"-sorted bulge cells affects cell cycle progression. (A) Schematic of vector DNA
containing engineered transgenes that encode the myc- and GFP-tagged versions of the dominant negative DNA binding Runt domain expressed
from the keratin 14 promoter (a gift from E. Fuchs), referred to as K14-eGFP-RUNT-myc. The control was the K14-eGFP-myc construct. (B) Myc
(red) and DNA DAPI (blue) staining of CD34"/a6™ cultured bulge cells after 48 h of transfection with the DNA constructs indicated at the top.
(C) Examples of BrdU (red) and Ki67 (green) staining patterns, indicating distinct cell cycle stages. (D, top) Cell counts of distinct cell cycle stages
are shown as the percentage of the total transfected (myc™) cells. P values shown at the top for each comparison were obtained by two-tailed ¢ test
analysis. (Bottom) Same experiment as in the top graph but for untransfected (myc-negative) cells, showing no significant differences and
demonstrating comparable growth conditions among cell culture dishes. (E) Same experiment as in panel D, except cells were scored only for the
percent of transfected cells BrdU™ 24 and 48 h after transfection. Cells were categorized as bright or dim based on an arbitrary cutoff value at equal
exposure of ~1,500 gray level counts for the myc immunofluorescence staining. Note the lower S-phase frequency for K14-eGFP-RUNT-myc-

transfected cells.

5D). Since S-phase cells were underrepresented in this analysis
we repeated the transfections and scored solely the BrdU™
cells among transfected cells. We found a noticeable decrease
in the fraction of S-phase (BrdU™ cells) in Runt-expressing
cells compared with control cells at 24 and 48 h after transfec-
tion (Fig. SE). These data suggested that inhibition of Runx
function impaired Gy/early G, exit and the transition into
S-phase in cultured bulge cells and might explain at least in
part the prolonged quiescence of CD34*/a6™ bulge stem cells
in vivo and their failure to proliferate long-term in cell culture
(Fig. 3) (44).

Runx1 loss in anagen impairs proliferation of HFSCs in
vivo. Our in vitro data thus far suggested a role of Runxl in

regulating the rates of cell cycle progression for bulge cells.
This prompted us to ask whether in vivo, during the normal
bulge proliferative stage, in anagen, Runx1 KO bulge cells also
proliferated at a lower rate. We examined the efficiency of
BrdU incorporation in bulge cells during anagen in mice with
either a cKO or iKO Runx1 knockout. First, we analyzed the
K14-Cre; Runx1™ ¢KO mice and WT controls (n = 3) by
injecting BrdU at anagen (see Materials and Methods), as
indicated by the first sign of change in skin color from pink to
black (Fig. 6A). We sacrificed the mice 12 h later and immuno-
stained frozen skin sections for BrdU and for the bulge marker
CD34. We then quantified the number of BrdU/CD34 ™ cells
per HF and the fraction of HFs with BrdU*/CD34" (bulge)
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FIG. 6. Runxl cKO and iKO mouse cells impair bulge cell proliferation during anagen. (A) Scheme of short-term BrdU labeling in anagen in
WT and K14Cre; Runx1™" epithelial (cKO) mice. (B) Images of 10-wm skin sections show HFs at the same anagen stage in WT and cKO mice
from panel A immunostained for markers (indicated in the corresponding color). Bu, the bulge area (contains the CD34" cells); arrows,
BrdU"/CD34" cells. Bar, 20 pm. (C) HFs with =1 CD34*/BrdU" cell are shown as the percentage of BrdU" bulges (left). For the three
experiments shown on the left (n = 185 WT and 239 cKO HFs counted), we computed the average number of BrdU"/CD34 ™" cells per bulge (right
panel). (D) Scheme of short-term BrdU labeling in anagen in WT and B-actin-CreER; Runx1™" mice injected with tamoxifen (iKO) to induce
Runx1 deletion in adulthood after anagen onset. (E) HFs with =1 CD34"/BrdU™" cell were used to compute the fraction of BrdU™" bulges (left).
For the two experiments shown on the right we computed the percentage of BrdU™ cells among all the CD34™" bulge cells (right). (F) RT-PCR
of cDNA prepared from CD34"/a6™" (bulge) cells sorted from the skin cells (indicated at top) from iKO mice injected with tamoxifen after anagen
onset. Note the increased expression of the Cdknla (p21) gene upon Runx1 knockout induction. (G) The same samples as in panel F, but results
were analyzed by QRT-PCR for Runx1 and Cdknla expression and normalized to GAPDH levels. Note the low levels of Runx1 expression in iKO
mice, as expected, and significantly increased expression of Cdknla in iKO CD34"/a6™ bulge cells in both experiments. Each experiment utilized
a different pair of WT and iKO mice matched by sex.

cells (Fig. 6B). HFs of WT and cKO mice were generally found Second, we induced the Runx1 iKO at anagen onset by inject-

in anagen 3a (20%), anagen 3b (50 to 60%), and anagen 3c (13
to 28%), as defined previously (41). HFs in both categories of
mice displayed either no BrdU"/CD34" cells or ~1 to 2
BrdU*/CD34™ cells in thin skin sections (10 um) (Fig. 6B and
C, right). The fraction of HFs positive for BrdU was signifi-
cantly higher (P = 0.04) in WT mice than in Runx1 cKO mice
(Fig. 6C, left), and this was true at each subanagen stage (3a,
3b, or 3c) detected in the analysis (results not shown). More-
over, the average number of BrdU™*/CD34™ cells per bulge was
nearly double in WT HFs compared to cKO (Fig. 6C, right).

ing tamoxifen on two consecutive days in B-actin-CreER;
Runx1¥® mice (n = 2) just prior to the pink-to-black skin color
change (Fig. 6D). Mice with no B-actin-CreER and no Runxl
excision band detection by genotyping were also injected with
tamoxifen and served as a WT control (n = 2). Two to 3 days
after tamoxifen induction we injected BrdU four times during
a 24-h time period (0, 6, 12, and 24 h), sacrificed the animals
2 h later, and assessed BrdU incorporation in bulge cells dur-
ing anagen. Although more variable, these data also showed a
noticeable reduction in BrdU incorporation in the CD347"
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demonstrating expansion of Cre™ cells with Runx1 excision.

bulge cells (Fig. 6E). All these data suggested that an imme-
diate consequence of Runxl1 loss in anagen is reduced rates of
bulge cell proliferation relative to WT.

Cdknla/p21 works downstream of Runx1 to regulate epithe-
lial cell proliferation. To understand the mechanisms of re-
duction in bulge cell proliferation rates due to Runxl loss, we
considered the cyclin-dependent kinase inhibitor Cdknla
(p21), a key regulator of the cell cycle (31), which we previ-
ously found upregulated in the Runxl cKO bulge cells (44).
Here we checked if Cdknla mRNA was immediately upregu-
lated in the freshly sorted CD34*/a6" bulge cells following
acute Runxl deletion (iKO) during anagen (~PD33 to -36
with tamoxifen; ~PD36 to -39 at sacrifice) by RT-PCR (Fig.
6F) and QRT-PCR (Fig. 6G) (see Materials and Methods). In
all assays acute Runx1 deletion in anagen resulted in reduced
Runx1 and increased Cdknla mRNA levels.

To test whether Cdknla upregulation upon Runxl loss
might be responsible for the impaired proliferation detected in

skin epithelial cells, we generated Runxl cKO mice in which
the Cdknla gene was also deleted (p21 KO Runx1 cKO). The
generation of full Cdknla knockout mice has been described
elsewhere (9). Newborn double KO and control pups of four
different genotypes (see Materials and Methods) were sacri-
ficed, and primary keratinocytes were isolated. Cells were
plated either at high density on collagen-coated plates (BD
Biosciences), labeled with BrdU, and tested for proliferation
rates (Fig. 7A) or were plated at low density on irradiated
mouse embryonic fibroblasts (MEF) feeder layers for colony
formation assays (Fig. 7B and C). Remarkably, quantification
of BrdU incorporation (Fig. 7A, bottom) and of colony forma-
tion efficiency (Fig. 7B, C, and D) indicated that Cdknla KO
largely rescued the cKO Runx1 defect in both assays. Geno-
typing of cultured keratinocytes 2 weeks after plating con-
firmed that Runxl-deleted cells were able to grow when
Cdknla was also deleted and that the colonies observed in
these samples were not a result of incomplete Runx1 deletion
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with the constructs schematized at the top.

due to Cre inefficiency in these mice. These data identified
downregulation of CdKnla as a major function of Runxl in
promoting skin epithelial cell proliferation.

Next we tested the status of mRNA expression of the other
two Runx family members, which could have redundant/com-
pensatory effects in the Runxl KO mice. Runx2 and Runx3
protein expression levels in the skin have been reported, but
they were confined to compartments other than the prolifera-
tive hair regions (bulge, hair germ, or outer root sheath) where
Runx1 is normally expressed (19, 34). Our RT-PCR analysis
detected Runxl but also Runx2 mRNAs in established cell
lines grown for many passages in cultures from either mouse
skin keratinocytes or sorted CD34"/a6™ bulge cells (Fig. 8A).
However, in freshly isolated CD34"/a6" bulge cells and
CD347 /a6* nonbulge basal cells, (Q)RT-PCR analysis re-
vealed Runx2 mRNA expression levels which were low (as
judged by C; values) and variable from mouse to mouse in two
WT mice matched by sex from different litters, found at similar
anagen stages (Fig. 8B and C). The experiments were per-
formed three times, and MEF expression of Runx2 was used to
normalize results across experiments. Since Runx2 protein has
not been detected in the bulge in vivo (19, 34), it is unclear if
these low and variable Runx2 mRNA levels in WT mice de-
tected might have biological relevance. Within the same litter,
Runx1 ¢cKO mice showed a meager increase or comparable
levels of Runx2 mRNA, suggesting that Runx2 mRNA is not
dramatically upregulated in vivo in response to Runxl loss

(Fig. 8B and C). In light of these and previously published
expression data (19, 34), it is unlikely that Runx2 plays a
redundant or compensatory role with Runx1 in the hair follicle
bulge, although future double KO analyses would fully address
this question.

Finally, to confirm that the proliferation effect detected in
cultured cells is directly due to Runxl loss, we added back
Runx1 by transfecting a K14-Runxl-myc DNA construct to
primary cultures of Runxl ¢cKO and WT keratinocytes 24 h
after plating cells freshly isolated from newborn mice. Com-
parison with K14-eGFP-myc-transfected control cells indi-
cated that K14-Runx1-myc restores high rates of proliferation
in cKO Runxl keratinocytes. In addition, it accelerated the
rates of proliferation in WT cells, suggesting a dose effect of
Runx1 on cell proliferation (Fig. 8D).

Runx1 works as an oncogene in mouse skin tumorigenesis.
Runx1 belongs to a family of cancer genes (8), and our data so
far suggested that Runx1 downregulates the mRNA expression
of the skin tumor suppressor gene Cdknla (58) in HFSCs and
stimulates epithelial and HFSC proliferation. Moreover, SC
overproliferation is thought to increase the risk of cancer de-
velopment (12, 35). Therefore, we next asked whether the
Runx1 ¢cKO would impair papilloma and squamous cell carci-
noma (SCC) formation in response to skin DMBA/TPA car-
cinogenic treatment (Fig. 9A). We employed a total of 28 WT
and 24 Runxl cKO mice and treated them first with DMBA to
induce mutations and then with TPA to promote proliferation
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FIG. 9. Runx! deletion impairs chemically induced skin tumorigenesis. (A) DMBA/TPA treatment of WT and K14Cre X Runx1"" (cKO)
littermate mice, shown on the timeline schematic of hair cycle phases. (B) Starting at 8 weeks of treatment, cKO mice showed fewer papillomas
than WT mice. (C) Average numbers of tumors (top) and fractions of tumor-bearing mice (bottom) measured weekly as a function of time of TPA
treatment (in weeks) for mice treated with DMBA at three different stages as indicated on the right. Note the reduction in tumor formation in
cKO versus WT mice at comparable stages. P values noted as p”* (top) and p* (bottom) for each stage of initiation are shown for data after 15
weeks of TPA treatment. (D) Number of tumors/mouse averaged among the three stages of initiation (n = 24 cKO and 28 WT mice). (E) Number
of hair cycles, estimated by the frequency of skin color change from pink to black in mice initiated with DMBA and treated with TPA for 15 weeks.

for 15 to 20 weeks, as previously described (24). The time as
well as the hair cycle stage of DMBA initiation can have an
impact on the tumor outcome (40). Because WT and cKO
mice were generally not found at the same hair cycle stage at
comparable ages (Fig. 1C and 9A), we initiated the DMBA
mutations at three different stages during the first telogen, first
anagen, and second telogen phases to account for possible
stage- and/or age-dependent effects on tumor formation (Fig.
9A). Runxl cKO mice showed delayed tumor formation, ac-
companied by a statistically significant reduction in the average
number of tumors/mouse and even more prominently in the
fraction of mice presenting tumors at each equivalent stage of
DMBA initiation (Fig. 9B, C, and D). Skin initiated with
DMBA in the first but not the second hair cycle and monitored
for 15 weeks of TPA treatment displayed fewer number of hair
cycles in Runx1 cKO mice than the WT (Fig. 9E). The second-
telogen data suggested that reduced frequency of hair cycling
is not the sole cause of reduced papilloma formation in Runx1
cKO mice. To verify if small papillomas formed underneath
the skin but were missed in our visual inspection, we cut serial

sections through half the entire back of one cKO mouse skin
with no apparent tumors after DMBA/TPA treatment. This
did not reveal any additional small papillomas (data not
shown). These data showed that Runxl is necessary for effi-
cient tumor formation by chemically induced carcinogenesis in
mouse skin.

To analyze the progression of the papillomas to malignancy
in the two groups of mice treated with DMBA/TPA, we mon-
itored their tumors weekly to ~14 months of age and sacrificed
them when tumors on the back displayed signs of malignant
conversion (ulceration, vascularization, and sudden growth).
Histopathological assessment of tumor morphology showed
SCCs in 8 of 26 (~30%) WT mice and 1 of 24 (~5%) Runxl
cKO mice. The SCCs invaded deep beneath the skin and,
rarely, they demonstrated pulmonary metastasis (Fig. 10B and
C). Given the ~4- to 5-fold reduction in initial papilloma
formation, these data ruled out the possibility that papillomas
in the Runx1 cKO mice could have in fact progressed to SCCs
at a higher rate.

To see if Runxl1 is expressed in WT tumor cells at different
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FIG. 10. Runxl expression in mouse skin papillomas and squamous cell carcinomas. (A) Representative squamous papilloma. Note the clearly
demarcated base and outward growth of the epidermis. Hematoxylin and eosin stain was used. Magnification, X40. (B) Representative squamous
cell carcinoma. Note the infiltrative and downward growth in less differentiated cells. Hematoxylin and eosin stain was used. Magnification, X40.
(C) Lung metastatic focus from the squamous cell carcinoma in panel B. Hematoxylin and eosin stain was used. Magnification, X200. Bar, 500 pm.
(D to F) Sections of several papillomas and squamous cell carcinomas immunostained with different markers as indicated in the corresponding
colors. Blue is DNA Hoescht stain. Note the Runx1 expression in zones expressing markers of undifferentiated epithelial cells (K5 and a6-integrin).
(D) Note that papillomas detected in cKO mice expressed some levels of Runx1, which we attributed to incomplete Cre activity. The WT and cKO
papillomas showed similar expression levels of differentiation markers (right). (E) A normal HF tissue image is shown at the same exposure next
to a tumor image to compare levels. (F) Two SCCs with different levels of differentiation, showing strong and broad Runx1 expression. Bar, 20 pm.

stages of tumor progression, we examined in detail the expres-
sion pattern of Runxl in papillomas and SCCs and found it
abundantly present at all stages analyzed (Fig. 10D, E, and F).
Runx1 protein expression, as detected by immunostaining, co-
localized in many tumor cells with the epithelial undifferenti-
ated markers K5 and a6-integrin and the bulge marker CD34™"

(Fig. 10D and E), in line with a previous report of elevated
Runx]l mRNA in mouse papillomas (36). Papillomas found in
the Runx1 cKO mouse were likely a result of incomplete K14-
Cre recombinase activity, since randomly tested cKO tumors
showed detectable Runx1 expression and similar levels of dif-
ferentiation markers (Fig. 10D and data not shown). The one
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FIG. 11. TPA treatment is not sufficient to overcome the proliferation defect of Runx1 cKO bulge cells. (A) Scheme for generating bulge BrdU
LRC:s followed by 2 weeks of TPA treatment (top). The frequency of HFs with BrdU LRCs (middle) and average number of BrdU LRCs per
positive bulge (bottom) are shown before and after 2 weeks of TPA treatment. (B) Images of HFs from skin sections before (PD21) and after
(PD34) TPA treatment and immunostaining for BrdU. Higher retention of BrdU in the bulge at PD34 demonstrated fewer divisions of the LRCs
upon TPA treatment. (C) Scheme of short-term BrdU labeling after TPA treatment from PD21 and up to anagen onset (top). cKO bulge cells
incorporated less BrdU even upon TPA stimulation, as shown by both the percentage of BrdU* HFs (middle) as well as the number of BrdU"

cells per positive bulge (bottom).

SCC discovered in the cKO mouse did not show any Runxl
expression (data not shown), indicating that it was either
formed in the complete absence of Runxl (not as a result of
incomplete K14-Cre action) or that Runx1 can be turned off at
later stages in SCC formation. Of the eight SCCs found in WT
mice, seven had high levels of Runx1 protein in cells largely
colocalizing with K5 and low Runxl1 levels in the suprabasal,
more-differentiated cells (Fig. 10F, top). Runxl remained
highly expressed in invading islets of undifferentiated epithelial
cells that lost the normal epithelial tissue polarity (Fig. 10F,
bottom) and even in those cells that acquired spindle-like mor-
phology, likely upon the epithelium-to-mesenchyme transition
(55) (data not shown). The pattern of Runxl expression in
mouse papillomas and SCCs suggested its presence in undif-
ferentiated proliferative cells of the tumors. Along with the
apparent resistance of Runxl cKO skin to chemically induced
tumorigenesis, these data support a requirement for Runx1 in
skin tumor formation and potentially in tumor cell mainte-
nance or survival.

Characterization of early tumorigenic stages in Runx1 ¢cKO
skin. To begin to address the mechanism by which Runxl
might affect tumor formation in mouse skin we tested (i) if in
HFs Runxl cKO bulge cells proliferated less than WT cells
even upon strong promotion with TPA, and (ii) if other skin
epithelial compartments might ectopically turn on Runx1 ex-
pression and respond differently at the molecular level to TPA
treatment.

To check the proliferation rates in cKO and WT HFs in
response to TPA, we performed pulse-chase experiments to
obtain LRCs by injecting BrdU at PD3, -4, and -5, with a chase
for 2 weeks, followed by TPA (no DMBA) treatment for 2
weeks prior to sacrifice to obtain information about the rela-
tive frequency of cell divisions in bulge cells during the chase
period. We found that cKO mice displayed significantly more
BrdU LRCs than control WT bulge cells after but not before
TPA treatment (PD31) (Fig. 11A and B). Similar conclusions
were obtained when we treated WT and cKO mice with TPA
(not DMBA) until anagen and injected BrdU just prior to
sacrifice (Fig. 11C). These data showed that Runx1 cKO bulge
cells proliferated less in response to TPA stimulation, suggest-
ing a possible link with the defective tumor formation.

Next we asked if TPA treatment caused epithelial compart-
ments other than HFs to turn on Runxl expression. To that
end we treated skin with DMBA at PD21 and analyzed skin
after different weeks of TPA treatment. (Mice analyzed at 2
weeks of TPA treatment were not initiated with DMBA.) We
checked for Runx1 expression, the progress of epidermal strat-
ification and differentiation as shown by expression of several
markers (previously described [60]), and the level of several
well-known tumorigenic markers (1) (Fig. 12 and 13). Strik-
ingly, Runx1 expression, which is normally absent or very low
in the interfollicular epidermis and infundibulum (Fig. 12A,
top left), became upregulated in random regions of the skin in
these epithelial compartments after 2, 8, 15, and 20 weeks of
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FIG. 12. Molecular analysis of early stages of carcinogenic treatment. (A) Skin sections from mice treated with DMBA and TPA as indicated
(left), immunostained with markers indicated at top. 2 wks, mice treated with TPA only. Note ectopic expression of Runxl in the infundibulum
(Inf) and epidermis (Ep) induced by TPA (left panels) not seen in normal skin (top left). Note the lower degree of epidermal expansion in cKO
skin in the right panels. De, dermis. *, samples in the top panels were treated with acetone only as a control, except for the left two panels, which
show untreated skin. (B) Skin sections as described for panel A, with Runx1 immunostaining shown in a single color and at a higher magnification.

Bars, 75 pm.

TPA treatment (Fig. 12A, left panels, and B). The strength of
the immunoreactivity signal seemed to correlate with the de-
gree of stratification. Runx1 expression could be detected spo-
radically in skin regions of few cKO mice (due to incomplete
Cre activity).

To check if the Runx1 cKO skin responded differently at the
molecular level to TPA treatment, we checked for expression
of several selected markers previously reported to be regulated
during tumorigenesis (2, 60). The differentiation markers ker-

atin 1, 5, and 15 and a6-integrin, Loricrin, and E-cadherin were
expressed in both WT and cKO skin and revealed consistently
lower stratification and expansion of the epidermis and the
infundibulum in cKO skin (Fig. 12A). Similar to Runx1, both
P-Erk and phosphorylated Stat3 (P-Stat3) immunostaining,
previously shown upregulated in tumorigenesis (1), showed
variable expression correlating with the degree of epidermal
stratification, although the expression was broader than that of
Runxl and was present in both WT and cKO skin. P-Erk
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FIG. 13. Tumorigenic marker analysis of mouse skin at early stages of carcinogenic treatment. (A) Skin sections from mice at early stages of
chemically induced skin tumorigenesis sacrificed at the indicated times of treatment were immunohistochemically stained for P-Erk (brown) and
counterstained with hematoxylin. Examples of the strongest-stained regions in WT and cKO skin are shown. (B) Mice treated as described for
panel A, but using frozen skin sections and immunofluorescnce for P-Stat3. Note the general decrease in P-Stat3 levels in the Runx1 cKO epidermis
(Ep) and infundibulum (Inf). Shown are representative pictures of skin sections of comparable epidermal thickness. Bar, 50 pm.

immunohistochemistry showed generally fewer stained cells in
cKO samples after 2 weeks of TPA treatment. By 8 weeks of
TPA treatment the differences between WT and cKO were not
as apparent, and they were noticeable in only two of four cKO
mice analyzed after 20 weeks of TPA treatment. P-Stat3 im-
munofluorescence staining at 2, §, 15, and 20 weeks of TPA
treatment showed P-Stat3 signal in both WT and cKO epider-
mis and infundibulum in repeat experiments with either dif-
ferent mice or different body regions. Despite such variability,
in many samples analyzed the cKO skin showed noticeably
lower P-Stat3 that WT skin. This was especially obvious at
regions of hyperproliferation, which were more frequent in the
WT group but were also visible in regions of similar epidermal
expansion (Fig. 13B). P-Stat3 immunoreactivity was more vari-
able, data were inconclusive after 8 weeks of TPA treatment,
and the differences were less pronounced by 20 weeks of treat-
ment in regions away from the papillomas (data not shown).
The one SCC found in the cKO mouse also showed low levels of
P-Stat3 and P-Erk (Fig. 13). We conclude that at early stages of
tumorigenesis P-Erk and especially P-Stat3 showed lower levels in
Runx1 cKO skin, which correlated with a lower degree of epider-
mal stratification and infundibular expansion in these mice.

Runx1 shows distinct expression patterns during all major
phases of the human hair cycle. Our data thus far suggest a
potential implication of Runx1 in skin cancer likely linked with
its role in hair cycle and skin epithelial cell proliferation. To
begin to understand if Runx1 might be a potentially interesting
therapeutic target in humans, we examined the Runx1 protein
expression pattern in human skin. Previously, Runx1 was re-
ported to be expressed at anagen in the outer root sheath of
human HFs, including the bulge as well as the hair shaft, and
in the inner root sheath (52), similar with the pattern reported
in mice in anagen (44, 47). The hair matrix keratinocytes in the
lower bulb and the precortical hair matrix reportedly showed
no, or very low, Runx1 expression. Here we confirm this Runx1
expression pattern in human anagen HFs using the anti-Runx1
antibody created in the Thomas Jessell laboratory (Fig. 14A)
(10). In addition, we showed that Runxl was expressed in
human telogen HFs in epithelial cells at the base of the bulge
and in the secondary hair germ, just as we had previously
reported in the mouse (Fig. 14E) (44). Moreover, we found
detectable Runx1 protein signal in the outer root sheath in
catagen (Fig. 14D) and strong signal in the epithelial strand
cells of late human catagen HFs (Fig. 14C and D). Runxl



VoL. 30, 2010 Runxl IN CELL PROLIFERATION AND TUMORIGENESIS 2533

Lower ORS
/Bulb

Late Catagen

Epithelial
strand

Epithelial
, strand

Late 5
Catagen--~ —

Lower bulge

Infundibullum?

FIG. 14. Runxl expression in human hair follicle cell cycle. HFs at anagen (A, a, a’, and a"), catagen (B, b, and b’), late catagen (C, D, d, d’,
d”, and d'”) and telogen (E, e, and e’) are shown in images of frozen skin sections fixed and immunostained for Runx1 (red), a6-integrin (green),
and DNA DAPI dye (blue). (A, B, D, and E) Low-magnification (X4) skin images showing HF morphology, as indicated by DAPI staining. Boxed
areas are shown at a higher magnification (X40) in the corresponding lowercase letter panels as color-combined images. The DNA DAPI image

was omitted in some of the panels to reveal Runxl staining. DP, dermal papilla; Mx, matrix; ORS, outer root sheath; SG, sebaceous gland. Bar,
100 pm.
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expression in the bulge at late catagen is weak and diffuse. In
contrast, we detected strong signal in the upper infundibular
area, where Runx1 is normally weak in adult mouse skin, and
also in both the outer and the inner root sheath, as previously
documented for adult mouse skin (44). We conclude that the
overall expression pattern of Runxl documented here in hu-
man skin is similar to the expression found in mouse skin
during the hair cycle (44, 47), suggesting conserved functions in
mouse and human HFs.

DISCUSSION

Here we provide the first evidence that Runx1 plays a direct
role in adulthood in promoting anagen onset and HFSC pro-
liferation, even though it is not absolutely essential for either
process. Runx1 deletion upregulates Cdknla (p21), while in-
terfering with Runx1 function impairs HFSC proliferation and
cell cycle progression. Moreover, we demonstrated a role for
Runx1 in mouse skin tumor formation. Since Runxl protein
expression is very similar in normal human and mouse HFs, we
propose that Runx1 acts as a novel skin oncogene in murine
and in human skin, which is also recruited for the control of
HF cycling, by directly promoting the proliferation of epithelial
cells, including HFSCs and their progeny. Manipulating Runx1
activity may, therefore, be a promising novel therapeutic target
both in the management of hair growth disorders and in skin
tumor prevention.

Runx1 expression in cells of the hair germ and a few cells at
the base of the bulge (44, 47), where activated HFSCs begin to
proliferate at the onset of anagen (18, 70), is important for
HFSC activation (44). Here we have brought evidence that the
HF telogen block previously reported (47) is a direct effect of
Runx1 loss and is spontaneously overcome in adulthood in the
absence of injury. This suggests a compensation mechanism,
which removes HFs from quiescence even in the absence of
Runx1. Unlike the hair cycle phenotype, the clonogenic ability
of keratinocytes is strictly dependent on Runx1 (a hallmark of
HFSCs in vitro [13, 43]). This underscores how differences in
the environment can reveal distinct aspects of the role Runx1
plays in a context-dependent manner. Apparently, Runx1 is
indispensable under certain stress conditions imposed by the
culturing conditions or by rapid tumor growth (current study).

Runx1 is known to affect cell survival, proliferation, and
differentiation (8, 38) and plays complex roles in cell cycle
progression (6, 14, 64, 66). Cdknla modulates proliferation of
tissue stem cells, such as blood and brain cells, during normal
homeostasis and in response to stress, senescence, and aging by
blocking cells in the Gy/G, and G,/S phases of the cell cycle
(12). Moreover, Cdknla (p21) KO mouse newborn keratino-
cytes showed increased proliferation in vitro, accompanied by
an enhanced short-term engraftment ability in vivo (58). Runx1
is known to bind to the promoter of Cdknla and directly
repress its expression in neural cells (57). Here we show that
Runx1 plays a role in setting the bulge cell proliferation in vivo
and keratinocyte proliferation rates, G,/G, exit, and S-phase
transition in vitro. Moreover, we demonstrate that this role is
mediated at least in part by Cdknla, which is as an important
player downstream of Runx1 regulation of proliferation in skin
epithelial cells.

What is the physiological significance of Runxl modulation

MoL. CELL. BIOL.

of bulge cell proliferation in epithelial skin? Runx1 modulates,
but is dispensable for, HFSC proliferation, and anagen onset
(reference 44 and this work). The link of bulge cell prolifera-
tion with tumorigenesis has been a recurring theme in the field,
and Runxl is a known cancer gene in blood (8, 39).

Runx1 mutations have been associated with acute myeloid
leukemia (8), and recently Runx1 was found to be expressed
and play a role in endometrial carcinoma in humans (16). Here
we have implicated Runx1 in the repression of Cdknla (p21),
known for its role in stem cell proliferation (see above), for
tumor suppression downstream of p53 (31), and in the skin for
blocking tumorigenesis in response to DMBA/TPA treatment
(58). Given the dual roles Runx1 and Cdknla play in stem cell
proliferation and tumorigenesis, it seems possible that these
roles might be connected. Moreover, Runxl interacts with
other known cancer genes. It is downstream of p63 (42), an-
other stem cell factor expressed at high levels in skin squamous
cell carcinomas that is necessary for efficient tumor formation
(68), and in a p53 mutant fibroblast line Runx1 was found to
induce oncogenic transformation (67).

Here we found that Runxl adopts a broad expression pat-
tern in the epithelial skin and in papillomas and SCCs in
response to carcinogenic treatment. Moreover, Runx1 was re-
quired for efficient tumor skin formation, which was associated
with impairment in bulge cell proliferation and epidermal
stratification even in the presence of a strong promoter such as
TPA. These data correlate with the Runxl1 role in control of
cell cycle and proliferation in bulge cells and in keratinocytes.
It follows that impairment in epithelial cell proliferation upon
Runx1 loss may reduce tumorigenesis in mouse skin. Our pre-
liminary data suggest Stat3 and Cdknla as potential candidates
for the Runx1 mechanism in tumorigenesis, and these avenues
will have to be tested more directly in the future. The Stat3
pathway has been shown essential for DMBA/TPA-induced
tumorigenesis (33). The putative link of Runxl and Stat3 in
skin tumorigenesis is perhaps not surprising, given that the
Runx1 mutant phenotype is strikingly similar to that shown by
Stat3 knockout mice (49, 50). The relationship of these two
transcription factors in skin tumorigenesis and HF regulation
is intriguing and requires further exploration.

The parallel, hair cycle-dependent Runxl expression pat-
terns in murine and human HFs certainly encourage one to
explore, next, the functional role of Runx1 not only in human
hair cycle control but also in human skin appendage tumor and
basal cell carcinoma development.
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