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ABSTRACT Integrin-linked kinase (ILK) is key for normal epidermal morphogenesis, but little
is known about its role in hair follicle stem cells and epidermal regeneration. Hair follicle stem
cells are important contributors to newly formed epidermis following injury. We inactivated
the Ik gene in the keratin 15-expressing stem cell population of the mouse hair follicle
bulge. Loss of ILK expression in these cells resulted in impaired cutaneous wound healing,
with substantially decreased wound closure rates. ILK-deficient stem cells produced very few
descendants that moved toward the epidermal surface and into the advancing epithelium
that covers the wound. Furthermore, those few mutant cells that homed in the regenerated
epidermis exhibited a reduced residence time. Paradoxically, ILK-deficient bulge stem cells
responded to anagen growth signals and contributed to newly regenerated hair follicles dur-
ing this phase of hair follicle growth. Thus ILK plays an important modulatory role in the
normal contribution of hair follicle stem cell progeny to the regenerating epidermis following
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injury.

INTRODUCTION

The epidermis is a stratified squamous epithelium, formed by one
basal and several suprabasal layers of keratinocytes, and is respon-
sible for the barrier properties of the skin. The basal keratinocyte
layer is closest to the dermis and is composed of undifferentiated
cells with proliferative capacity, including stem cells and their transit-
amplifying progeny. Basal keratinocytes are key for epidermal main-
tenance and regeneration after injury (Martin, 1997; Singer and
Clark, 1999). Keratinocytes at the surface of the epidermis are con-
stantly shed, so epidermal cells must be continually replenished to
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maintain tissue integrity and homeostasis. This is achieved through
the contribution of keratinocyte stem cells.

Keratinocyte stem cells have been identified in different parts of
the epidermis, including the interfollicular epidermis (Jones and
Watt, 1993), as well as in hair follicles (Cotsarelis et al., 1990) and
sebaceous glands (Horsley et al., 2006). Keratinocyte stem cells can
give rise to all epidermal lineages in reconstitution experiments, in-
dicating a high level of plasticity (reviewed by Watt and Jensen,
2009). However, the lineage determination of keratinocyte stem
cells appears to be strongly influenced by their microenvironment.
For example, in the intact epidermis, epidermal keratinocyte stem
cells essentially replenish only the interfollicular epidermis, whereas
hair follicle stem cells contribute exclusively to the follicles (Ito et al.,
2005).

Hair follicles are epidermal appendages formed during embryo-
genesis. They consist of an upper permanent region (infundibulum),
a midarea (isthmus), and a lower region termed the bulb. After birth,
the bulb and suprabulbar sections undergo repeated cycles of
growth (anagen), regression (catagen), and rest (telogen) that con-
tinue throughout the life of the individual (Schneider et al., 2009).
The execution of repeated regeneration rounds is sustained by stem
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cells located in the bulge area around the isthmus, which produce
progeny that regenerate the anagen follicle at every cycle
(Schneider et al., 2009). Bulge hair follicle stem cells are multipotent
and have the capacity to give rise to all epidermal lineages
(Blanpain et al., 2004; Morris et al., 2004). A considerable body of
work has defined some of the signals involved in the activation of
stem and precursor cells to initiate anagen growth, including WNT
pathway activation through stabilization of B-catenin, inhibition of
bone morphogenetic protein signaling, and stimulation by fibro-
blast growth factor-7 (Greco et al., 2009).

Given their location, the epidermis and its appendages are
highly susceptible to trauma. Epidermal regeneration after wound-
ing is accomplished through the activation of both epidermal and
hair follicle stem cells (Ito et al., 2005; Levy et al., 2005, 2007). Injury
induces follicular stem cells to proliferate, and their progeny move
toward the surface and become committed to an epidermal pheno-
type, thus contributing to reepithelialization (Ito et al., 2005; Levy
etal., 2007). Notably, the pathways involved in modulating the tran-
sition of hair follicle to epidermal keratinocytes necessary for wound
repair have yet to be identified.

Central for hair follicle morphogenesis and epidermal homeosta-
sis is integrin-linked kinase (ILK) (Lorenz et al., 2007; Nakrieko et al.,
2008). ILK is a scaffold protein that localizes to focal adhesions and
mediates cell responses induced by the interaction of integrins with
the extracellular matrix (reviewed by Wickstrom et al., 2010). De-
pending on the cell type and context, ILK can modulate the prolif-
eration, viability, migration, and acquisition of cell polarity. Inactiva-
tion of the Ilk gene in the epidermis causes abnormal proliferation,
defects in hemidesmosomes and in attachment of basal keratino-
cytes to the basement membrane, as well as alterations in the cy-
toskeleton and in epidermal architecture (Lorenz et al., 2007;
Nakrieko et al., 2008). Notably loss of ILK expression in the embry-
onic ectoderm prior to initiation of epidermal formation severely
impairs hair follicle development (Nakrieko et al., 2008). In contrast,
llk gene inactivation in keratinocytes, once the epidermis has begun
stratification and hair follicle morphogenesis is under way, results in
the formation of follicles with abnormal hair shafts, which lose the
ability to respond to growth signals as early as the first anagen,
eventually leading to alopecia (Lorenz et al., 2007). Although it has
become clear that ILK fulfills important functions in keratinocytes, its
specific role in hair follicle stem cell biology remains unexplored. To
address this issue, we conditionally inactivated the Ik gene in kera-
tin 15-expressing hair follicle bulge stem cells, and we characterized
the consequent alterations in their properties. We now show that,
although ILK-deficient bulge stem cells are able to support anagen
follicle growth, their ability to contribute to the interfollicular epider-
mis following injury is compromised, significantly reducing the re-
generative properties of the skin.

RESULTS

Conditional inactivation of ILK in keratinocyte stem cells

of the hair follicle bulge

Keratin 15 (K15) is present in keratinocyte stem cells of the hair fol-
licle bulge, as well as in their progeny found in the hair germ (Fuchs,
2009). To determine the role of ILK in hair follicle bulge cell func-
tions, we generated mice in which we could conditionally inactivate
the llk gene specifically in the K15-expressing cell population.
These mice, hereafter termed K15.CrePR1-1Ik", have floxed Ilk al-
leles and express Cre recombinase fused to a modified progester-
one receptor, which is activated by RU486, under the control of the
K15 promoter (Morris et al., 2004). The K15-CrePR1 transgene has
been demonstrated to specifically target hair follicle stem cells and
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is not expressed in other keratinocyte types, including those in the
sebaceous glands, the inner and outer root sheath of the hair folli-
cle, and the adult interfollicular epidermis (Liu et al., 2003; Ito et al.,
2005; Kim et al., 2009). We first treated the mice with topical RU486
or vehicle for 5 or 10 d and analyzed by PCR genomic DNA from
dorsal skin. We readily detected genomic DNA amplicons corre-
sponding to the excised, floxed allele in animals treated with RU486
but not in vehicle-treated skin, indicating that the K15-Cre trans-
gene is tightly regulated in our system and that noninduced Cre
activity is negligible, if any (Figure 1A). Because the skin contains
both K15-expressing bulge cells and interfollicular keratinocytes
and fibroblasts that do not express K15, we also detected an am-
plicon corresponding to the floxed, unexcised llk allele, which is
expected in the DNA of other skin cells (Figure 1A). We next as-
sessed by immunofluorescence microscopy ILK protein expression
in the K15-expressing hair follicle bulge stem cell population. Treat-
ment of K15.CrePR1-1Ik”f dorsal skin with RU486 was accompanied
by a loss of ILK immunofluorescence in the K15-expressing cell
compartment (Figure 1B), indicating the effectiveness of the drug
regimen used and its specificity to target the desired bulge cell
population. In contrast, ILK immunofluorescence was detected in
all K15-positive cells in control K15.CrePR1-1lk"+ skin, in the pres-
ence or absence of RU486 treatment (Figure 1B and unpublished
data). Furthermore, we observed that RU486 treatment of K15.
CrePR1-1lk”f dorsal skin resulted in the loss of ILK expression in
CD34-expressing hair follicle cells (Supplemental Figure 1). CD34 is
an established marker of hair follicle bulge stem cells. Thus, in our
model, ILK protein decreases in hair follicle bulge stem cells to
undetectable levels after a 5-d RU486 treatment without causing
detectable alterations in the interfollicular epidermis, as evidenced
by normal expression of keratin 14 and involucrin in basal and su-
prabasal interfollicular keratinocytes, respectively (Supplemental
Figure 2).

Role of ILK in anagen-induced hair follicle stem cell
activation and differentiation

During postnatal life, bulge stem cells divide, generating progeny
that contribute to all cell lineages of the cycling hair follicle (Morris
et al., 2004). At birth, hair follicles are not fully developed but are in
an active growth (anagen) phase. Following anagen, the catagen
phase ensues, which is characterized by extensive apoptosis of ma-
trix cells and involution of the hair follicle. Catagen is followed by a
resting telogen phase (Cotsarelis, 2006), and these three phases
continue throughout the life of the individual. To examine the pos-
sibility that ILK is required for follicular fate selection during hair cy-
cling, we bred K15.CrePR1-Ilk?f mice with a Rosa26 reporter strain
that expresses yellow fluorescent protein (YFP), which allowed us to
conduct lineage analyses. In the resulting mice (hereafter termed
K15.CrePR1-YFP-IIk”f mice), Cre-mediated excision in the K15-ex-
pressing population produces ILK-deficient cells that express YFP.
We also generated control mice with only one floxed llk allele, in
which YFP-positive hair follicle stem cells and their progeny still ex-
press ILK from the wild-type locus (hereafter termed K15.CrePR1-
YFP-llk*mice). We then treated P50 mice with RU486 (during the
second telogen) and analyzed their hair follicles 20 d later, during
the third anagen. This time course was selected to separate any
potential acute effects of RU486 on hair follicle growth from changes
due to Ik gene inactivation.

At anagen, hair follicle stem cells are activated to divide, and
their progeny migrate out of the bulge, forming SOX%-expressing
outer root sheath cells (Vidal et al., 2005). Some outer root sheath
keratinocytes later give rise to LEF1-expressing matrix cells. The
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Conditional Ik gene inactivation in stem cells of the hair
follicle bulge. (A) Dorsal skin of P50 K15.CrePR1-1Ik"* or K15.
CrePR1-1lk"f mice was treated daily with topical RU486 (+) or vehicle (-)
for 5 d. Genomic DNA from treated skin was isolated and genotyped.
Amplicons corresponding to the floxed (2.1 Kb), wild-type (wt, 1.9 Kb),
and Cre-excised (230 base pairs) llk alleles are indicated. (B) Dorsal
skin of P50 K15.CrePR1-llk* or K15.CrePR1-Ilkf mice was treated
daily with topical RU486 for 5 d. The skin was harvested 5 d later, and
tissue sections were processesed for immunofluorescence microscopy,
using rabbit anti-ILK and mouse anti-K15 antibodies, as indicated.
Yellow and white arrows show the sebaceous gland (SG) and the hair
follicle bulge (B), respectively. IFE, interfollicular epidermis. The
apparent K15 staining in the IFE is due to antibody trapping by keratin
filaments overlaying the cornified layer. Bar, 50 pm.

latter are highly proliferative transit-amplifying cells, which eventu-
ally become quiescent and differentiate into the cell lineages of the
hair shaft and the inner root sheath (Schneider et al., 2009). We ex-
amined RU486-treated K15.CrePR1-YFP-IIk"f mice and observed the
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presence of targeted, YFP-positive cells that also expressed SOX9
(Figure 2A). Similarly, YFP-positive cells in these mice contributed to
the LEF1-expressing matrix population (Figure 2A), indicating that
ILK is not essential for differentiation of stem cells into either outer
root sheath or matrix keratinocytes. To determine if ILK is essential
to maintain the proliferative capacity of matrix cells, we also as-
sessed the expression of Ki67. Expression of this marker in ILK-defi-
cient matrix cells was indistinguishable from that in [LK-expressing
cells, indicating that proliferation of postnatal matrix keratinocytes
during anagen is not dependent on ILK (Figure 2B). Finally, we eval-
uated the role of ILK in susceptibility to apoptosis in these anagen
hair follicles and found very few terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL)-positive apoptotic cells in
either K15.CrePR1-YFP-IIk"" or K15.CrePR1-YFP-IIk"* animals, irre-
spective of whether they received RU486 or vehicle (Figure 2B and
unpublished data). In keeping with the preceding observations, the
pelage of K15.CrePR1-Ilk?f mice treated at P20 (first telogen) with
RU486 grew in a manner undistinguishable from that of K15.CrePR1-
IIk"* animals during the following two hair cycles (Supplemental
Figure 3), suggesting that inactivation of Ilk in keratinocyte bulge
stem cells does not appreciably alter hair growth and is not essential
for cell survival within this time frame.

Spreading and viability of ILK-deficient keratinocyte

stem cells

To gain a better understanding of the consequences of ILK loss on
bulge keratinocytes, we used fluorescence-activated cell sorting
(FACS) to isolate and culture these cells. Keratinocytes from RU486-
treated K15.CrePR1-YFP-IIk"f or K15.CrePR1-YFP-IIk"* mice were
sorted based on the joint high-level expression of the stem cell
marker CD34 and of integrin 06 (Trempus et al., 2003; Blanpain
etal., 2004) (Figure 3A). We further fractionated these cells to sepa-
rate YFP-expressing cells from the fraction of YFP-negative cells
present. We found that CD34!SH/integrin 06" stem cells consti-
tuted ~1% of the total keratinocyte population analyzed and, within
this fraction, ~50% of stem cells from RU486-treated animals were
YFP-positive (Supplemental Figure 4). This would suggest that
about half of the hair follicle stem cell population was targeted by
the drug treatments. Extending the daily RU486 administration to
10 d did not significantly change these proportions (unpublished
data). Sorted cells were plated onto laminin 332 matrix- and colla-
gen-coated surfaces, and their ability to attach and spread was
scored. |ILK-deficient stem cells were able to attach, albeit with
somewhat reduced efficiency. However, they did not show appre-
ciable spreading until after 72 h following plating (Figure 3B and
unpublished data). In contrast, YFP-negative K15.CrePR1-IIk"f kera-
tinocytes showed attachment and spreading comparable to those
observed in ILK-expressing cells isolated from K75.CrePR1-YFP-
IIk?* animals. All these defects mimic those present in ILK-deficient
keratinocytes isolated from newborn epidermis (Nakrieko et al.,
2008) and are consistent with the notion that ILK is necessary for
normal bulge keratinocyte interaction with the extracellular matrix,
at least in culture.

Although the loss of ILK in stem cells did not decrease their via-
bility in situ, we also investigated the possibility that alterations in
the microenvironment could generate conditions upon culture of
ILK-deficient stem cells that might uncover increased susceptibility
to apoptosis. To this end, we measured the formation of oligonu-
cleosomes, indicative of apoptosis, in these cultures. As observed in
vivo, no significant changes in cell viability were present in ILK-defi-
cient cells relative to normal keratinocytes under these conditions
(Figure 3C).
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Differentiation of ILK-deficient hair follicle stem cells into
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ILK is essential for normal interfollicular epidermal
regeneration

The role of bulge keratinocyte stem cells in intact epidermis is mainly
confined to maintaining all follicular cell lineages during the hair
cycle. However, after cutaneous injury, these cells are also recruited
into a distinct cell fate, differentiating into interfollicular keratino-
cytes and contributing ~30% of cells to the newly formed epithelium
(Ito et al., 2005; Levy et al., 2005). Given that keratinocytes cultured
onto laminin 332-coated surfaces can be induced to model some
responses to injury (Harper et al., 2005), and based on the observed
defects in cultured ILK-deficient bulge stem cells, we reasoned that
ILK expression in follicular stem cells might be required for normal
epidermal repair. To address this possibility, we treated the right half
of the dorsal skin of 50-d-old K15.CrePR1-IIk"f or K15.CrePR1-Ik"*
mice with RU486 as before. The left half of the dorsal skin was
treated with vehicle. This experimental design allowed us to mea-
sure changes in the rates of reepithelialization specifically due to Ilk
gene inactivation within individual animals, because both wounds
were exposed to identical systemic responses to injury. Five days
after the last drug treatment, 6-mm full-thickness excisional wounds
were produced on the animals, and reepithelialization was exam-
ined at timed intervals postwounding. Regeneration of vehicle-
treated skin in K15.CrePR1-Ilk?f mice was undistinguishable from
that of K15.CrePR1-Ik"* animals. Specifically, ~80 and 90% of the
wound in most animals had been reepithelialized as early as 5 and
12 d, respectively, following injury (Figure 4). In stark contrast, re-
generation in the epidermis containing ILK-deficient bulge stem
cells was significantly delayed. This impairment was most pro-
nounced 5 d after injury, when only ~26% of the wound had been
reepithelialized. The delay was maintained all throughout the heal-
ing process, although the relative differences between ILK-express-
ing and ILK-deficient animals decreased with time and all mice
eventually healed. Similar delays in reepithelialization were ob-
served in K15.CrePR1-YFP-IIk"f relative to K15.CrePR1-YFP-lIk"*
mice (unpublished data).

Histological examination of the regenerating epidermis showed
that the keratinocyte migrating edge had advanced significantly less
in epidermis containing ILK-deficient bulge stem cells, both 5 and
9 d after wounding (Figure 5A and unpublished data). Abundant cell
infiltration under the wounded area persisted 9 d after injury exclu-
sively in RU486-treated K15.CrePR1-1Ik"f skin (Figure 5A), indicative
of a delayed course of tissue regeneration. This effect is unlikely to
be related to RU486-induced inflammation, because it was not ob-
served in drug-treated ILK-expressing skin. Trichrome staining indi-
cated that collagen deposition was also delayed in RU486-treated
K15.CrePR1-IIk"* skin 9 and 12 d following wounding compared with
controls (Figure 5, A and B). Collectively, these observations are
consistent with the notion that ILK expression in bulge keratinocyte

CrePR1-IIk* or K15.CrePR1-1Ik”f mice (during the second telogen) was
treated daily with topical RU486 for 5 d, harvested during the
following anagen phase (P70), and processed for immunofluorescence
microscopy using antibodies against SOX9 or LEF1, as indicated.
Anti-green fluorescent protein (anti-GFP) antibodies were used to
detect YFP. Micrographs in panels ¢, j, o, and t represent higher-
magnification images of the areas indicated by the arrows in panels c,
h, m, and r, respectively. Bar, 100 pm (for all panels except e, j, o, and
t). (B) The tissues described in (A) were also analyzed for Ki67-
associated immunoreactivity. Ki67-expressing cells are indicated by
arrows. Apoptotic cells, shown by arrowheads, were identified using
TUNEL staining. Nuclear DNA was visualized with Hoescht 33342. Bar,
100 pm.
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FIGURE 3: Adhesion, spreading, and viability of ILK-deficient hair
follicle bulge cells. The dorsal skin of P50 K15.CrePR1-YFP-IIk?* or
K15.CrePR1-YFP-IIkf mice was treated daily with topical RU486 for
5 d. Five days after the last treatment, the skins were harvested and
keratinocytes were isolated by trypsin digestion. (A) The keratinocyte
suspension was labeled with antibodies against CD34 and integrin 06,
as described in Materials and Methods. Viable stem cells from the hair
follicle bulge (“Bulge”) were purified by FACS based on high CD34
and integrin 06 fluorescence intensity. These cells were further
separated into YFP-positive and YFP-negative populations. (B) Phase

2536 | K.-A. Nakrieko et al.

stem cells and/or their progeny is essential for normal epidermal
regeneration and cutaneous wound healing.

ILK is required for normal contribution of bulge stem cell
progeny to the interfollicular epidermis

The delays in epidermal repair described earlier might result from
several factors, including reduced activation of ILK-deficient hair
follicle stem cells in response to injury and/or from defects in their
progeny once they reach the newly formed epidermis. To address
these issues, we treated with RU486 and wounded K15.CrePR1-
YFP-IIk?”f and K15.CrePR1-YFP-IIk"* mice as before. We first con-
ducted tracing studies at timed intervals after injury. We observed
YFP-positive basal keratinocytes derived from bulge stem cells in
the newly formed epithelium of K15.CrePR1-YFP-Ilk’* mice as early
as 1 d after wounding. In 9- and 12-d wounds, YFP-expressing epi-
dermal keratinocytes (basal plus suprabasal) were readily detected
(Figure 6) and constituted ~12 and 14%, respectively, of the basal
plus suprabasal cell population in the newly formed epidermis, in
agreement with the reported contribution of bulge-derived prog-
eny to epidermis regenerated following excisional injury (Ito et al.,
2005). In stark contrast, the contribution of ILK-deficient bulge stem
cells to the new epidermis was substantially lower (Figure 6). Spe-
cifically, YFP-expressing cells constituted only ~5% of the basal plus
suprabasal cell population in the regenerated epithelium of RU486-
treated K15.CrePR-YFP1-Ilk”f animals 9 d after wounding. Further-
more, the fraction of ILK-deficient cells that contributed to reepi-
thelialization decreased to only ~0.3% in 12-d wounds. Thus,
although ILK-deficient bulge cells are capable of generating inter-
follicular progeny, the abundance and characteristics of the latter
are abnormal.

ILK is involved in clonal expansion and organization of
interfollicular keratinocytes during epidermal regeneration
Trauma induces the cells of the hair follicle to divide and migrate
outward, to contribute to the regenerating epidermis (Ito et al.,
2005; Levy et al., 2005). These cells and their descendants can
be visualized as discrete columns that span all epidermal layers.
Indeed we clearly observed columns of YFP-positive cells in re-
generated epidermis of ILK-expressing K15.CrePR1-YFP-Ilk"+
mice 9 and 12 d postwounding, and they contributed to both
basal and suprabasal layers (Figure 6). On the contrary, those few
YFP-positive, ILK-deficient keratinocytes present in 9-d wounds
from K15.CrePR1-Ilk”f animals appeared randomly organized,
rather than distributed into vertical columns, and were frequently
found within the suprabasal layers (Figure 6A). By 12 d post-
wounding, no ILK-deficient cells were detected in the basal layer
(Figure 6B).

contrast and direct fluorescence micrographs of the YFP-positive and
YFP-negative bulge keratinocytes isolated in (A) (1 x 10 cells), seeded
onto collagen- and laminin 332 matrix-coated dishes, and cultured for
72 h. Bar, 25 pm. (C) YFP-positive or YFP-negative hair follicle bulge
keratinocytes of the indicated genotypes were isolated as described
in (A), and duplicate samples (1 x 10* cells each) were cultured on
collagen- and laminin 332 matrix-coated dishes for 96 h. The cells
were lysed and cytoplasmic mono- and oligonucleosomes were
quantified using a colorimetric enzyme-linked immunosorbent assay
method. Cytoplasmic oligonucleosomes in a culture containing 1 x 10*
exponentially proliferating NIH-3T3 cells (> 95% viable) are shown for
comparison. The results are expressed as the mean absorbance at
405 nm (reference wavelength 490 nm) plus standard error of the
mean (SEM) (n = 3).
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FIGURE 4: Impaired epidermal regeneration after injury following Ilk gene inactivation in hair
follicle stem cells. (A) The right and left halves of dorsal skin of P50 K15.CrePR1-IIk* or K15.
CrePR1-1Ik"f mice (during the second telogen) were treated daily with topical RU486 or vehicle,
respectively, for 5 d. Five days after the last treatment, the mice received two full-thickness
wounds with a 6-mm biopsy punch. Wound appearance at the indicated days (d) postwounding
is shown, and the dashed lines represent the wound surface at the time of injury (0 d). (B) Rates
of wound closure in K15.CrePR1-Ilk”* or K15.CrePR1-Ik"f mice treated with RU486 or vehicle.
Remaining wound surface was measured at the indicated times postwounding and plotted as
the percent of total closure, set at 100%. The results are expressed as the mean + SD (n = 8).
Asterisks indicate p < 0.05 (ANOVA), relative to vehicle-treated K15.CrePR1-Ilk"* skin at the

corresponding time postinjury.

The poor contribution of ILK-deficient stem cell progeny to the
regenerated epidermis could result from decreased cell prolifera-
tion and/or survival. We first analyzed Kié7 expression in newly
formed skin from K15.CrePR1-YFP-Ilk?* and K15.CrePR1-Ilk? mice.
In day 9 wounds, Ki67 immunoreactivity was confined to basal cells
and was observed in ~30% of YFP-negative keratinocytes from ei-
ther mouse strain (Figure 6A and unpublished data). YFP-positive
keratinocytes from K15.CrePR1-YFP-IIk?* mice were similarly labeled
with Ki67. In stark contrast, we detected Kié7 expression only in
~5% of YFP-positive, ILK-deficient basal keratinocytes in day 9
wounds and did not detect any ILK-deficient cells that were Ki67-
positive in reepithelialized tissue in day 12 wounds (Figure 6A), con-
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sistent with the notion that epidermal cells
derived from ILK-deficient bulge keratino-
cytes in the newly formed epidermis exhibit
reduced proliferation potential. Similar to
our observations in the cycling hair follicle,
the proportion of apoptotic cells in the ILK-
deficient epidermal population (<3%) was
undistinguishable from that in ILK-express-
ing keratinocytes (unpublished data), indi-
cating that impairment in regeneration in
RU486-treated K15.CrePR1-1Ik"f skin is un-
likely to arise from decreased viability. To-
gether our data indicate that ILK is essential
to mobilize hair follicle stem cells out of their
niche to contribute to epidermal recapitula-
tion after damage. Moreover, ILK also ap-
pears to be involved in maintaining the
bulge-derived stem cell progeny in the
newly regenerated epidermis.

DISCUSSION

We examined the role that ILK plays in hair
follicle stem cells and their progeny through
conditional inactivation of the Ilk gene in the
K15-expressing bulge stem cell population.
When we treated K15.CrePR1-YFP-IIk"f dor-
sal skin with RU486 during the first (P20) or
second (P50) telogen and examined follicle
entry into the following anagen phase, hair
follicles in which Ik had been targeted grew
and generated hair shafts indistinguishable
from those in ILK-expressing mice. ILK-defi-
cient bulge stem cells were capable of giv-
ing rise to SOX%-expressing outer root
sheath cells, as well as LEF1-expressing ma-
trix keratinocytes, indicating that ILK is not
required for cell fate selection of at least a
subset of follicular lineages. Whether ILK-
deficient cells contribute to all hair follicle
lineages exactly to the same extent as ILK-
expressing cells over the short and long
term remains to be determined. It has been
shown that inactivation of Ilk in the embry-
onic epidermis impairs matrix cell prolifera-
tion and hair follicle development (Lorenz
et al., 2007; Nakrieko et al., 2008). In con-
trast, ILK-deficient bulge stem cell progeny
contribute to the proliferating transit-ampli-
fying matrix population during postnatal
anagen growth, suggesting that keratino-
cyte proliferation and survival in response to anagen induction is not
dependent on ILK-mediated processes. Thus, although ILK is es-
sential for hair follicle morphogenesis, it appears to be dispensable
for at least some aspects of postnatal hair follicle cycling. All these
observations provide evidence of novel roles for ILK in modulating
signaling pathways that distinguish embryonic versus postnatal hair
follicle growth.

ILK is required for the normal contribution of hair follicle stem
cells and their progeny to the regenerating epidermis. The intact
epidermis is maintained through differentiation and self-renewal of
interfollicular keratinocyte stem and/or progenitor cells, with mini-
mal, if any, contribution from the hair follicle (Ito et al., 2005).

} K15.CrePR1-11K™

} K15.CrePR1-1K"
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FIGURE 5: Delayed reepithelialization in wounds from mice with
ILK-deficient hair follicle stem cells. The right and left halves of dorsal
skin of P50 K15.CrePR1-Ilk"* or K15.CrePR1-IIk”f mice (during the
second telogen) were treated daily with topical RU486 or vehicle,
respectively, for 5 d. Five days after the last treatment, the mice
received two full-thickness wounds with a 6-mm biopsy punch.

(A) Tissues were harvested 9 d postwounding and processed for
histological analysis. Sections were stained with hematoxylin and
eosin (micrographs a—d) or with trichrome stain (micrographs e-h).
Arrows indicate wound margins, and the asterisks in panels d and h
indicate the epithelium migrating edge. (B) Tissues were harvested
12 d postwounding and processed for histological analysis. Sections
were stained with hematoxylin and eosin (micrographs a-h) or with
trichrome stain (micrographs i-p). The sections correspond to either
the reepithelialized area at the center of the wound or intact
epidermis adjacent to the wound, shown for comparison. Arrows
indicate wound edges at t =0, and the asterisks indicate the edge of
the migrating tongue in the newly formed epithelium. Bar, 500 um.

Wound

However, trauma activates bulge stem cells, inducing them to prolif-
erate, to migrate outward, and to acquire an interfollicular epider-
mis phenotype (Ito et al., 2005; Levy et al., 2007). The contribution
of hair follicle stem cells to newly formed epidermis is very impor-
tant, and its absence results in substantial and significant delays in
regeneration after injury (Langton et al., 2008). We now show that
ILK is essential for hair follicle stem cell contribution to reepithelial-
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ization, which places this protein as a key factor in the regenerative
pathways of the epidermis.

Following injury during telogen, ILK-deficient bulge stem cells
are able to respond to activation and proliferation signals, as evi-
denced by the presence of their descendants in the growing hair
follicles adjacent to the wounded regions. However, the capacity of
ILK-deficient cells to travel toward the surface and participate in
reepithelialization is severely compromised, possibly at various lev-
els. First, very few ILK-deficient bulge stem cell progeny were mobi-
lized from the follicles adjacent to the wound. Specifically, in RU486-
treated K15.CrePR1-YFP-Ilk?* mice, we readily detected numerous
YFP-positive cells derived from the hair follicle bulge, which had
moved toward the surface, populated the infundibulum, and ad-
vanced to the edge of the wound, as early as 1 d after injury (unpub-
lished data). In contrast, we found only a few ILK-deficient cells in the
upper regions of the hair follicle, and they were not detected prior
to about 5 d after wounding. This suggests that ILK is essential for
the migration of hair follicle stem cell progeny out of the bulge to-
ward the regenerating epidermis. Furthermore, ILK-expressing cells
derived from bulge stem cells went on to form abundant, well-orga-
nized YFP-expressing columns in the regenerated epidermis by 9 d
postwounding. These cells were able to divide and became a larger
fraction of the reepithelialized areas by 12 d following injury. In stark
contrast, 9 d after wounding, those few ILK-deficient cells that con-
tributed to the newly formed epidermis were rarely found in the
basal layer, they were unable to expand and organize in vertical col-
umns, and their abundance had substantially decreased 12 d after
wounding. These observations suggest that ILK may also contribute
to basal keratinocyte attachment to the underlying extracellular ma-
trix, which may have important implications in the execution of a
normal differentiation program. Finally, it is also possible that ILK-
deficient stem cell progeny in the anagen hair follicle may also ex-
hibit impaired ability to contribute to the newly formed epithelium.

The presence of transit-amplifying matrix cells in RU486-treated
K15.CrePR1-YFP-Ilk"f follicles would suggest that ILK is dispensable
for the short-term proliferation of bulge stem cells and their immedi-
ate descendants in vivo. Whether ILK-deficient cells can support hair
follicle growth over multiple anagen cycles is an important area for
future studies.

ILK-deficient bulge hair follicle cells cultured on a laminin 332
matrix have adhesion, spreading, and migration defects reminis-
cent of those observed in ILK-deficient epidermal keratinocytes
(Nakrieko et al., 2008). Altered interactions between these cells and
their surrounding extracellular matrix in vivo may contribute to their
inability to leave the follicular regions adjacent to wounds and to
move toward areas of active reepithelialization. It has been demon-
strated that ILK-deficient basal epidermal keratinocytes exhibit ab-
normalities in hemidesmosomes and do not attach properly to the
underlying basement membrane (Lorenz et al., 2007; Nakrieko
et al., 2008). It is conceivable that similar defects exist in those few
epidermal keratinocytes derived from ILK-deficient hair follicle
bulge stem cells during reepithelialization, which might contribute
to their inability to remain anchored to the basement membrane.

In summary, we have shown that ILK expression in the hair follicle
stem cells is necessary for proper epidermal regeneration after in-
jury, constituting a potential therapeutic target for healing abnor-
malities and aging-related epidermal disorders.

MATERIALS AND METHODS

Generation of K15.CrePR1-1Ik"f mice

Hemizygous K15.CrePR1 transgenic mice (Morris et al., 2004) (B6;SJL-
Tg(Krt1-15-cre/PGR)22Cot/J; The Jackson Laboratory, Bar Harbor,
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Reduced contribution of ILK-deficient cells to the regenerated epidermis. The
dorsal skin of P50 K15.CrePR1-YFP-1k+ or K15.CrePR1-YFP-1Ik/f mice was treated daily
with topical RU486 for 5 d. Five days after the last treatment, the mice received a
full-thickness excisional wound with a 6-mm biopsy punch. (A) Tissues were harvested 9 d
postwounding and processed for immunofluorescence microscopy using antibodies
against Ki67. YFP was detected using anti-GFP antibodies. Arrows indicate wound
margins. Continuous and dashed lines indicate, respectively, the cornified layer and the
dermal-epidermal junction. The box in the panels on the left represents regions shown at
higher magnification in the adjacent panels at right. (B) Tissues were harvested 12 d
postwounding and processed for immunofluorescence microscopy using anti-GFP
antibodies to visualize YFP. The arrow in the micrographs indicates areas shown below at
higher magnification. Solid and dashed lines represent the outer surface of the epidermis
and the dermal-epidermal junction, respectively. Nuclear DNA was visualized with
Hoescht 33342. Bars, 100 um. (C) The number of YFP-positive cells in the reepithelialized
epidermis between the wound margins of mice with the indicated genotype was scored.
The results are expressed as the percentage of YFP-expressing cells (basal plus
suprabasal) relative to total cell number (basal plus suprabasal). Total cell numbers were
assessed by counting the Hoescht 33342-stained cell nuclei. The data are shown as the
mean plus SEM (n = 8).
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ME) were bred with Ik”* mice (Terpstra et al.,
2003) to produce progeny hemizygous for
the K15.CrePR1 transgene and either
heterozygous (K15.CrePR1-Ik?*) or homozy-
gous (K15.CrePR1-1lk" for the floxed Ik al-
leles. The K15.CrePR1-llk"f mice were also
bred into a ROSA26-enhanced YFP back-
ground (mice obtained from The Jackson
Laboratory) to produce K15.CrePR1YFP-Ilk*
and K15.CrePR1YFP-IIk"f animals. Mice were
genotyped for Ik and Cre as described
(Nakrieko et al., 2008), and for the Rosa-YFP
loci with 5-GGAGCGGGAGAAATGGA-
TATG-3’,  5-AAGACCGCGAAGAGTTT-
GTC-3, and 5AAAGTCGCTCTGAGTTGT-
TAT-3" primers, which yield 600- and
320-base pair amplicons corresponding, re-
spectively, to the wild-type and the mutant
(YFP-encoding) alleles. CrePR1 was activated
in dorsal skin of age-matched female mice
following depilation by applications of
200 mg Neutrogena skin cream (Johnson
and Johnson, New Brunswick, NJ) containing
1% (wt/wt) RU486 (Tokyo Chemical Industry,
Portland, OR). The drug was first dissolved in
1 ml ethanol, mixed with the cream, and al-
lowed to stand until all excess ethanol had
evaporated. Drug treatments were con-
ducted daily for 5 d. Control animals were
treated with vehicle only. All animal proce-
dures and maintenance were conducted in
accordance with animal care guidelines from
the University of Western Ontario.

Excisional wounds

Age-matched (50-55-d-old) female K15.
CrePR1-1Ik" and K15.CrePR1-IIk"" mice, or
K15.CrePR1YFP-IIk?"* and K15.CrePR1YFP-
lIk”* mice, were treated daily with RU486 or
vehicle for 5 d. In these experiments, the
right half of the skin was shaved and treated
with RU486, whereas the left half was treated
with vehicle. A central portion of 7-9-mm
width was left untouched to better distin-
guish vehicle-treated areas from drug-
treated areas. The treatments with RU486
were conducted on animals housed individ-
ually. During treatment, the animals were
housed in cages with appropriate filters to
prevent RU486 spreading through dust or
aerosols. The mice were treated individually
in a laminar flow hood and housed this
way until 24 h after the last RU486 treat-
ment. One day after the last treatment, the
mice were anesthetized by isoflurane inhala-
tion. Two full-thickness excisional wounds
through the dorsal skin and on each side of
the spine were made just under the scapula
with a 6-mm-diameter circular biopsy punch
(Miltex, Plainsboro, NJ). The wound surface
was measured and tissues were then har-
vested for further analyses 5, 9, or 12 d
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postinjury. Wound closure rates were determined, and differences
were assessed by analysis of variance (ANOVA) with post hoc Bon-
ferroni correction. All wounding analyses were conducted using
eight animals per group, examining at least eight epidermal sec-
tions per wound, which contained reepithelialized areas as well as
adjacent nonwounded skin. To estimate the contribution of tar-
geted cells to newly formed epidermis, wounded and adjacent nor-
mal tissues were harvested from K15.CrePR1YFP-IIk"* and K15.
CrePR1YFP-IIk" mice. Tissue sections were processed for immuno-
fluorescence microscopy to detect YFP as described in the Supple-
mental Material. YFP-positive cells in the reepithelialized areas be-
tween the wound margins were counted, and their abundance was
expressed as the percentage of total cells counted in that same area
of newly formed epidermis. The cells counted included both basal
and suprabasal cells. These analyses were conducted using at least
five epidermal sections per wound and eight animals per group.
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