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SUMMARY

In mammalian skin, multiple types of resident cells
are required to create a functional tissue and support
tissue homeostasis and regeneration. The cells that
compose the epithelial stem cell niche for skin
homeostasis and regeneration are not well defined.
Here, we identify adipose precursor cells'within the
skin and demonstrate that their dynamic regenera-
tion parallels the activation of skin stem cells. Func-
tional analysis of adipocyte lineage cells in mice
with defects in adipogenesis and in transplantation
experiments revealed that intradermal adipocyte
lineage cells are necessary and sufficient to drive
follicular stem'cell'activation:'Furthermore, we impli-
cate PDGF expression'by immature adipocyte cells
in the regulation of follicular stem cell activity. These
data highlight adipogenic cells as skin niche cells
that positively regulate skin stem cell activity, and
suggest that adipocyte lineage cells may alter epithe-
lial stem cell function clinically.

INTRODUCTION

Tissue niches are essential for controlling stem cell self-renewal
and differentiation (Voog and Jones, 2010). Epithelial lineages in
the skin are maintained by stem cells that exist in multiple tissue
microenvironments (Blanpain and Fuchs, 2006). In particular, the
niche for hair follicle stem cells, which reside within the bulge
region of the hair follicle, promotes continual and repetitive
regeneration of the follicle during the hair cycle. Specialized
mesenchymal cells, the dermal papillae (DP), that are associated
with the hair follicle can specify epithelial identity, and are
thought to control follicular stem cell activity by releasing signal-
ing molecules (Blanpain and Fuchs, 2006; Greco et al., 2009;
Rendl et al., 2005). Extrinsic signals, such as bone morpho-

genetic proteins (BMPs), fibroblast growth factors (FGFs),
platelet derived growth factors (PDGFs) and Wnts can activate
stem cell activity in the hair follicle (Blanpain and Fuchs, 2006;
Greco et al., 2009; Karlsson et al., 1999). Yet, it remains unclear
which cells establish the skin stem cell niche.

Multiple changes within the skin occur during the hair follicle’s
regenerative cycle (Blanpain and Fuchs, 2006). Following hair
follicle morphogenesis (growth phase, anagen), the active
portion of the follicle regresses (death phase, catagen), leaving
the bulge region with a small hair germ that remains dormant
during the resting phase (telogen) (Greco et al., 2009). Anagen
induction in the next hair cycle is associated with bulge cell
migration and proliferation in the hair germ to generate the highly
proliferative cells at the base of the follicle (Greco et al., 2009;
Zhang et al., 2009). The activated stem cells then differentiate
to form the inner root sheath and hair shaft for the new hair
follicle.

During activation of hair growth, the expansion of the intra-
dermal adipocyte layer in the skin doubles the skin’s thickness
(Butcher, 1934; Chase et al., 1953; Hansen et al., 1984). The
growth of the intradermal adipose depot could occur through
adipocyte hypertrophy or adipogenesis. While adipocyte
hypertrophy involves lipogenesis, adipogenesis requires the
proliferation and specification of adipocyte precursor cells into
preadipocytes, which exit from the cell cycle and differentiate
into mature, lipid-laden adipocytes (Rodeheffer et al., 2008;
Rosen and Spiegelman, 2000). Adipogenesis requires the upre-
gulation and transcriptional activity of the nuclear receptor,
PPARY in preadipoctyes (Rosen and Spiegelman, 2000), which
can be blocked by specific antagonists, bisphenol A diglycidyl
ether (BADGE) and GW9662 (Bendixen et al., 2001; Wright
et al., 2000). Whether intradermal adipocytes undergo hyper-
trophy and/or adipogenesis during the hair cycle is unknown.

Recent data shows that during the hair cycle, mature intra-
dermal adipocytes express BMP2 mRNA (Plikus et al., 2008),
an inhibitory signal for bulge cell activity (Blanpain and Fuchs,
2006; Plikus et al., 2008). In addition, reduced intradermal
adipose tissue in transgenic mice overexpressing human
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Figure 1. Intradermal Adipocytes Regen-
erate via a Proliferative Precursor Cell
during the Hair Cycle

(A) Histogram plot of the size distribution of
Lipidtox*/caveolin® cells during the hair cycle.
n = 80-100 cells from three to four mice for each
hair cycle stage. Asterisks indicate significance
compared to other hair cycle stages.

(B) Caveolin immunostaining (green) and Lipidtox
staining (red) marks intradermal adipocytes during
the telogen (P49) and anagen (P56) of the second
hair cycle. A, anagen; T, telogen. Dashed lines
outline epidermis and hair follicles. Box and
whisker plots of the distance of caveolin® cells
from hair follicle bulge at P56. n = 100 follicles from

=
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Telogen
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§1 two individual mice for each box.

2 (C) Schematic of 3 day BrdU labeling experiments

S during catagen (P18-P21) and anagen (P21-P24).

'-(%: Representative images for perilipin (green), nuclei
Catagen Anagen (blue) and BrdU (red) immunostaining of skin

Perilipin BrdU

Stage of BrdU pulse

sections. Dashed lines outline epidermis and
hair follicles. Arrows indicate perilipin*, BrdU*
cells. Quantification of the number of BrdU*, per-

lipin* adipocytes in 20x microscopy fields. n = 3-5 mice; >15 follicles per time point. Quantification the % of BrdU" nuclei of mature adipocytes as analyzed by

FACS. n = three to five mice for each bar.

All data are + SEM, *p < 0.05. Scale bars represent 100 um. See also Figure S1.

apolipoprotein C-l in the skin (Jong et al., 1998), fatty acid trans-
port protein (FATP)-4-deficient mice (Herrmann et al., 2003), and
Dgat1~'~ or Dgat2~'~ mice (Chen et al., 2002; Stone et al., 2004)
results in abnormalities in skin structure and function such as hair
loss, epidermal hyperplasia, and abnormal sebaceous gland
function. While these data suggest a regulatory role for adipo-
cytes in the skin, these mutations affect multiple cell types in
the skin. Thus, the precise role of intradermal adipocytes in
skin biology remains unclear.

In this study, we analyze the role of intradermal adipocytes on
follicular stem cell activity. Using histological and functional anal-
ysis of cell populations of the adipocyte lineage in the skin, we
identify a dynamic process of adipogenesis that parallels the
activation of hair follicle stem cells! Functional analysis of adipo-
cyte lineage cells in mice with defects in adipogenesis and in
transplantation experiments revealed that immature adipocyte
cells are necessary and sufficient to drive follicular stem cell
activation. Finally, we implicate PDGF signals produced by
immature intradermal adipocyte lineage cells in controlling hair
regeneration. These data define active roles for intradermal
adipocytes in the regulation of the skin tissue microenvironment.

RESULTS

De Novo Adipogenesis Parallels Follicular Stem Cell
Activity

To determine whether changes in individual adipocyte cell size
contributes to growth of the intradermal adipocyte layer during
the hair cycle (Butcher, 1934; Chase et al., 1953; Hansen et al.,
1984; Figures S1A and S1B), we analyzed individual adipocytes
during the hair follicle cycle by immunostaining skin sections with
antibodies against caveolin 1A which is enriched on the cell
surface of mature adipocytes (Le Lay et al., 2010) and a fluores-
cent neutral lipid dye, Lipidtox. Morphometric analyses of indi-
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vidual caveolin*, Lipidtox™ cells quantified the cross-sectional
area (XSA) of intradermal adipocytes. Adipocytes progressively
increased in size following morphogenesis of the hair follicle
(P4-P15) (Figures 1A and Figure S1C). Following catagen, intra-
dermal adipocyte XSA decreased to the area of adipocytes
during morphogenesis. Thus, intradermal adipose tissue growth
during follicle maturation occurs at least in part by hypertrophy of
mature adipocytes.

To determine whether anagen induction is associated with
changes in intradermal adipocytes, we analyzed intradermal
adipose tissue during the second hair cycle when anagen activa-
tion is slower than the first hair cycle. At P49 when the follicles are
in the second telogen, small intradermal adipocytes exist below
the dermis distant from the follicles (Figure 1B). At P56, activation
of follicular stem cells is initiated in some follicles, as indicated by
an enlarged hair germ. The activated follicles are in close prox-
imity to small caveolin™, Lipidtox™ cells that extend from adipose
layer toward the growing hair follicle (Figure 1B), suggesting that
follicular stem cell activation is associated with changes in the
intradermal adipocytes.

To analyze if de novo formation of intradermal adipocytes
occurs through a proliferative precursor cell during the hair cycle,
we determined if proliferative cells expressing perilipin, which
is specifically expressed on mature adipocytes (Greenberg
et al.,, 1991), exist in the skin during the hair cycle by pulsing
mice for 3 days with BrdU during different stages of the hair cycle
(Figure 1C). When mice were pulsed with BrdU before the
first telogen (P18-P21), no BrdU positive nuclei were detected
within perilipin* adipocytes. In contrast, when mice were pulsed
with BrdU following anagen induction from P21-P24, BrdU posi-
tive nuclei were located within perilipin® cellular membranes
(Figure 1C).

We further analyzed de novo adipocyte formation by exam-
ining BrdU incorporation within the nuclei of mature adipocytes
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(Figure 1C), which were enriched from dermal tissue via enzy-
matic dissociation and differential centrifugation. Microscopic
analysis of isolated cells and analysis of the expression of
adipocyte specific mMRNAs by real time PCR confirmed the
enrichment of mature adipocytes using this isolation procedure
(Figure S1D). FACS analysis of BrdU staining in isolated nuclei
from mature adipocytes revealed that when 3 day BrdU pulses
were performed during the initiation of anagen, 10% of mature
adipocyte nuclei exhibited BrdU localization. In contrast, less
than 2% of BrdU™ nuclei were detected when mice were pulsed
before anagen induction (Figure 1C). Taken together, these data
demonstrate that intradermal adipocytes regenerate through
a proliferative precursor during anagen induction.

Adipocyte Precursor Cells Are Activated during

the Hair Cycle

Adipocyte precursor cells were recently identified in visceral and
subcutaneous adipose tissue depots (Rodeheffer et al., 2008;
Figure S2A). To determine if adipocyte precursor cells exist in
the skin, we isolated stromal vascular fraction (SVF) cells from
the skin dermis at P21, when anagen is induced during the first
hair cycle. Similar to visceral adipose tissue, adipocyte precursor
cells (Lin-, CD34", CD29", Sca1*) are present within skin tissue
(Figure 2A and Figure S2A). To confirm skin-derived adipocyte
precursor cells are functional, we cultured FACS-purified adipo-
cyte precursor cells from the skin. After 3 days of culture, skin-
derived adipocyte precursor cells form robust adipocytes, as
seen by Oil Red O staining (Figure S2B). In addition, adipocyte
precursor cells were able to form caveolin®, Lipidtox* cells
when injected into the intradermal muscle layer of syngeneic
mice (Figure S2B). Thus, functional adipocyte precursor cells
reside in the skin.

To analyze the number and proliferation of adipocyte
precursor cells during the hair cycle, we pulsed mice with BrdU
for 3 days during catagen (P15-P18), anagen initiation (P19-P22)
or mature anagen (P22-P25), and analyzed the percentage of
adipocyte precursor cells. Few adipocyte precursor cells exist
in the skin during catagen (Figures 2B and 2C). In contrast, the
percentage of adipocyte precursor cells in the CD34* SVF cell

o
Adipocyte  Intradermal
Precursor Cells Adipocytes

(C) Graphs quantify the % of adipogenic cells and
the % of BrdU* adipogenic cells within the Lin",
CD29*, and CD34* cell population at P18 (cata-
gen), P22 (initial anagen) or P25 (mid-anagen).

(D) Real-time PCR analysis of PPARy mRNA
expression in P21 adipogenic cells and mature
intradermal adipocytes compared to total isolated
stromal vascular fraction (SVF) in the skin. n =
three independently isolated cell populations.

All data are + SEM, *p < 0.05. See also Figure S2.

SVF

population increased ~4-fold during anagen induction (Figures
2B and 2C) and returned to baseline during maturation of the
hair follicle at P25. Therefore, adipocyte precursor cell number
peaks in the skin during follicular stem cell activation.

Analysis of BrdU incorporation within adipocyte precursor
cells revealed that prior to anagen ~50% of adipocyte precursor
cells are proliferating. However, once anagen was initiated, the
percentage of proliferative adipogenic cells was reduced to
~25% (Figure 2C). Thus, adipocyte precursor cells are stimu-
lated to proliferate during late catagen to generate an increased
population of adipogenic cells during anagen induction. These
data correlate with the timing of de novo adipocyte generation
after anagen induction (Figure 1C).

To further characterize adipocyte precursor cells in the skin,
we analyzed the mRNA expression of the adipogenic transcrip-
tion factor, PPAR~y. We find that when compared to expression
within SVF cells, PPAR~ is enriched in adipocyte precursors
and expressed at ~25% of the mRNA levels of mature intra-
dermal adipocytes (Figure 2D). These data confirm the adipo-
genic nature of resident intradermal adipocyte precursor cells.

Mouse Models Alter Distinct Adipocyte Lineage Cells

in the Skin

To define the function of intradermal adipocyte lineage cells
during hair follicle regeneration, we analyzed mouse skin prior
to and during hair regeneration at P21 in two separate mouse
models with genetic mutations that affect adipogenesis (Fig-
ure S3A), or of wild-type mice after pharmacological treatments
that affect adipocyte lineage cells (Figure S5).

In one genetic model, mice lacking Early B cell factor 1
(Ebf1~/~) display a decrease in postnatal intradermal adipose
tissue (Hesslein et al., 2009; Figure S3A). Analysis of Ebf1
mRNA expression using in situ hybridization revealed that Ebf1
is expressed in the DP in mature, growing hair follicles at P4
(Rendl et al., 2005); however, bulge, hair germ, and DP cells
lack Ebf1 expression during the initiation of a new anagen during
the hair cycle (Figure S3B), when adipogenesis is active. This
expression pattern was confirmed by real time PCR on isolated
DP cells and epithelial cells (Figure S3C).
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In another genetic model, the lipoatrophic ‘fatless’ Azip/F1
mouse, mature white adipocytes are lacking throughout the
animal, including the skin (Figure S3A), due to the expression
of a flag-epitope tagged, dominant-negative form of C/EBP
under the control of the aP2 promoter, which normally drives
expression of Fatty Acid Binding Protein-4 (FABP4) late in adipo-
genesis (Moitra et al., 1998). Immunostaining for the Flag epitope
expressed within the Azip transgene detected expression of
Flag* cells within the immature subcutaneous adipose depot
below the skin of Azip mice but not within the skin epithelium
of Azip mice (Figure S3D). The lack of Flag* cells in the intra-
dermal adipose depot of Azip skin suggests that aborted mature
adipocytes do not persist in the skin of Azip mice.

While both Azip and Ebf1 '~ mice displayed delayed hair coat
formation (to be reported elsewhere), these defects are absent
after P15, and catagen proceeded normally in both Azip and
Ebf1~'~ mice (Figure S4A). Both Azip and Ebf1 null mice display
normal epidermal and sebaceous gland proliferation at P21 (Fig-
ure S4B) and sebaceous gland size in Azip and Ebf1 '~ skin was
similar to WT at P21 (Figure S4C). Furthermore, Azip and Ebf1 /=
mice displayed normal DP morphology and T cell numbers
(Figures S4D and S4E). These data suggest that these mutant
mice do not display any overt changes of nonadipocyte lineage
cells within the skin prior to P21.

We next examined the adipocyte lineage in these mutant mice.
Using FACS, we find that adipocyte precursors are absent in
Ebf1~’~ skin but slightly elevated in Azip skin (Figure 3A). To
analyze adipocyte precursor activity in Azip and Ebf1 null mice,
we defined proliferation within the intradermal adipocytes
following 3 days of BrdU injections after P21 (Figure 3B). Due
to the lack of mature adipocytes in Azip skin, we analyzed
putative adipocytes in the dermis based on their elevated
expression of caveolin 1A. Both WT and Azip mice displayed
BrdU", caveolin®™ cells surrounding hair follicles (Figure 3B).
However, Ebf1 null mice lacked proliferative, caveolin* cells
within the dermis. Similarly, the dermis of WT and Azip mice
was filled with PPARy* cells, while the dermis of Ebf1~'~ mice
exhibited few PPARy* cells (Figure 3C). These data suggest
that adipocyte precursor cells are able to proliferate and differen-
tiate into highly expressing PPARy* preadipocytes in the dermis
of WT and Azip mice, but these early adipogenic events are
absent within the skin of Ebf1~/~ mice.

In addition to these genetic models that diminish adiposity in
the skin, we treated mice with PPARY antagonists, bisphenol A
diglycidyl ether (BADGE) and GW9662 (Bendixen et al., 2001;
Wright et al., 2000) to inhibit adipogenesis pharmacologically
(Figure 4). Based on the lack of a phenotype in mice lacking
PPARY in the skin epithelium prior to 3 months of age (Karnik
et al,, 2009; Mao-Qiang et al., 2004), we did not anticipate
dramatic alterations in the function of epithelial cells with the
short use of these drugs in 3-week-old mice.

To determine if treatment with PPARY antagonists altered the
regeneration of intradermal adipose tissue during anagen activa-
tion, we treated mice with BADGE and GW9662 from P18-P24.
BADGE- and GW9662-treated skin exhibited a reduction in
skin adipose thickness (Figure S5A). To determine if intradermal
adipocyte precursor cell number was altered with treatment of
PPARYy antagonists, we quantified the percentage of adipocyte

764 Cell 146, 761-771, September 2, 2011 ©2011 Elsevier Inc.

precursor cells in vehicle, BADGE- and GW9662-treated mice
compared to SVF. In mice treated with BADGE and GW9662
from P18-P24, the percentage of adipogenic cells at P24 was
elevated compared to the vehicle-treated mice (Figure 4A).
Furthermore, intradermal PPARY expression was decreased in
BADGE- and GW9662-treated mice compared to vehicle (Fig-
ure 4B). Interestingly, if treatment of BADGE was delayed until
after intiation of anagen at P21 (P21-P27), intradermal adipose
tissue displayed normal intradermal adipose tissue size and
PPARY expression (Figures 4B and 4C). These results demon-
strate that inhibition of PPARy prior to anagen induction blocks
intradermal adipose tissue regrowth by blocking the action of
adipocyte preadipocytes but not reducing the number of adipo-
cyte precursor cells.

To confirm that BADGE or GW9662 treatment does not alter
the homeostasis of sebocytes, which express PPARy and
when aberrant, can alter bulge activity and epidermal homeo-
stasis (Horsley et al., 2006; Karnik et al., 2009; Sundberg et al.,
2000), we analyzed Ki67 localization and Lipidtox staining in
sebaceous glands of BADGE- or GW9662-treated mice. Treat-
ment of mice with PPARy antagonists from P18-P24 did not alter
the proliferation of cells within the sebaceous gland (Figure S5B)
or the size of sebaceous glands (Figure S5C). These results
confirm that sebaceous gland homeostasis is not dramatically
altered during the short-term loss of PPARy function in the
skin. Additional analysis of Ki67 staining in the epidermis re-
vealed that these PPARYy antagonists did not alter epidermal
proliferation (Figure S5B).

Thus, these three mouse models with diminished or absent
intradermal adipocytes affect different stages of adipogenesis
in the skin. The Ebf1 null mouse lacks adipocyte precursor cells
suggesting that this mutation acts at the adipocyte precursor cell
to block postnatal intradermal adipogenesis. PPARy antagonists
do not block the formation of adipocyte precursor cells in the
skin but disrupt the formation of PPARY™, preadipocytes, result-
ing in a loss of postnatal intradermal adipogenesis. Finally, the
Azip transgene blocks late stages of adipocyte maturation after
PPARY", preadipocyte formation, allowing us to examine the
role of mature, lipid-laden adipocytes in the skin.

Adipogenesis Defects Result in Aberrant Follicular Stem
Cell Activation
Next, we examined the telogen to anagen transition after P19 in
WT, Azip, Ebf1 null and mice treated with PPARY antagonists.
Follicles of Ebf1 null mice display telogen or late catagen
morphology from P21-P56, suggesting that Ebf1~/~ mice have
defects in activation of bulge stem cells (Figure 3D). These
defects were evident morphologically and by the lack of BrdU
incorporation in hair germ cells after a 24 hr pulse (Figure S3E).
In contrast, Azip mice displayed anagen induction kinetics
similar to WT mice (Figure 3D), as evidenced by anagen
morphology and proliferation within the hair germ in the majority
of Azip follicles at P21 (Figure S3E). Taken together, these data
suggest that immature adipocyte lineage cells, which are absent
in Ebf1~/~ mice but present in Azip mice, are necessary for follic-
ular stem cell activation.

Since Ebf1~~ mice may display defects in the skin based on
Ebf1 expression in the DP at P4, we determined if the lack of


MacBook Air


MacBook Air



A —— Adipocyte precursor cells

(o]
o

I
o

T

N
o

*

% Adipogenic Cells

o

WT  Ebf1  Azip

2 J

- .
H* WT Ebf1" Azip

BrdU*/caveolin*
cells per field

Mo 50
ole)

O =

s S40( ] .

Y -

<8

o 0,

WT Ebf1+ Azip
CAna m Cata mTelogen

_

H

% Follicles

Figure 3. Defects in the Generation of Immature Adipocyte Lineage Cells Blocks Follicle Stem Cell Activation
(A) FACS analysis of Sca1* adipogenic cells derived from WT, Ebf1~'~ and Azip skin reveals an absence of adipocyte precursor cells in Ebf1 ™/~ mice. n = three

mice.

(B) Analysis of BrdU incorporation during a 3-day pulse in caveolin® cells in the skin of WT, Ebf1 '~ and Azip mice after P21. Arrows indicate BrdU* (red), caveolin®

(green) cells within the intradermal region of the skin.

(C) Analysis of PPARy expression (green, arrows) in the dermis of WT, Ebf7 '~ and Azip mice. Dotted lines outline hair follicles. Dots indicate nonspecific

immunostaining. n = three fields from three mice for each genotype.

nalysis of anagen (Ana), catagen (Cata), and telogen hair stages in WT, and Azip mice based on morphology at indicated ages. n = five to seven
D) Analysis of Al C d tel hai in WT, Ebf1~/ d Azi ice based hol indi d fi

mice; > 37 follicles for each bar.

All data are + SEM, *p < 0.05, ***p < 0.0001. Scale bars represent 100 um. See also Figure S3 and Figure S4.

adipocyte lineage cells are the primary defect that results in hair
cycling defects in Ebf1~'~ mice using skin grafting experiments.
Skin was isolated from P18 female WT or Ebf1 '~ mice, scraped
to remove intradermal adipocytes, and grafted onto full thick-
ness wounds of male Ebf1~/~ or WT littermates, respectively.
Three weeks after grafting, hair growth was evident in the grafts
from Ebf1~'~ mice on WT recipients, whereas WT grafts lacked
external hair follicles when grafted onto male Ebf1~/~ mice (Fig-
ure S3F). We verified that dermal cells in these grafts were
derived from the male recipients using in situ hybridization for
the Y chromosome (Figure S3F). Importantly, the epithelium
and DP in anagen follicles were derived from the female Ebf1~/~

donor skin, suggesting that inherent defects in hair follicle cells of
Ebf1~'~ mice do not prohibit hair growth induction.

To further confirm if adipocyte lineage cells are able to rescue
hair cycling defects of Ebf1~'~ mice, we transplanted WT
adipocyte precursor cells, which were FACS isolated from skin
total dermal SVF, into Ebf1~'~ skin at P21. As a control, the
contralateral side of the backskin was injected with total WT
SVF cells, which consists of unfractionated cells isolated from
the dermis. The few adipocyte precursor cells within the total
SVF are not expected to be active, perhaps due to other inhibi-
tory cell populations or insufficient numbers of active cells
(Rodeheffer et al., 2008). Three days postinjection, follicles within
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Figure 4. PPARy Antagonists Abrogate Intradermal Adipogenesis and Hair Follicle Stem Cell Activation
(A) FACS analysis of Sca1* adipogenic cells derived from skin shows increased adipocyte precursor cells in BADGE and GW9662 (GW)-treated mice. n = three

mice.

(B) PPARy immunostaining in vehicle and mice treated with BADGE either P18—-P24 or P21-P27. Arrows indicate PPARY™ cells. SG, sebaceous gland. n = three

mice; three fields of view.

(C) Analysis of anagen induction in mice injected with vehicle, BADGE, or GW for 6 days at indicated ages.
All data are + SEM, *p < 0.05, **p < 0.005, and ***p < 0.0005. Scale bars represent 100 um. See also Figure S5.

WT SVF-injected Ebf1 '~ mice remained in telogen as indicated
by follicle morphology and by the lack of Ki67* hair germ cells,
which indicates anagen at early stages of activation (Figure 5C).
In contrast, regions of Ebf1 ~/~ backskin injected with WT adipo-
cyte precursor cells displayed Ki67* cells within the hair germ of
follicles and were adjacent to Y chromosome™ cells when WT
male cells were injected into Ebf1 '~ female recipient mice (Fig-
ure 5C). When cell transplantations were followed for 2 weeks,
follicles in Ebf1 null skin injected with WT adipocyte precursor
cells were in full anagen, while the SVF injected skin remained
in telogen (Figure 5C). Together with the skin grafting experi-
ments (Figure S3F), these data strongly suggest that the lack
of adipocyte precursor cells in Ebf1 null mice at P21 is the likely
cause for the lack of follicular stem cell activation in Ebf1 =/~
mice, and the function of Ebf1 in other skin cell types, such as
DP cells, is likely not responsible for the hair cycle phenotype.
Next, we examined whether PPARy™ preadipocytes in the skin
were necessary to induce follicular regeneration. To do so, we
analyzed mice treated with BADGE and GW9662 during the tran-
sition from telogen to anagen from P18-P24. As controls, we
treated mice with vehicle from P18-P24 or with BADGE from
P21-P27 after anagen induction. The hair follicles of both mice
treated with vehicle and mice treated with BADGE from P21-
P27 generated anagen follicles normally with almost 100% of

766 Cell 146, 761-771, September 2, 2011 ©2011 Elsevier Inc.

the follicles in anagen after 6 days of treatment (Figures 4C). In
contrast, mice treated with BADGE or GW9662 from P18-P24
did not enter into anagen and remained in the telogen phase of
the hair cycle (Figure 4C). These dataindicate that preadipocytes
with functional PPARy nuclear receptors are necessary for
regeneration of the hair follicle.

Adipocytes Are Sufficient to Induce Follicular Stem Cell
Activation
To determine if adipocyte lineage cells are sufficient to alter
follicular stem cell activity, we intradermally grafted adipocyte
precursor cells derived from the SVF of subcutaneous adipose
tissue from mice expressing luciferase under the leptin promoter
(Rodeheffer et al., 2008). We used 6- to 8-week-old mice
since murine hair follicles enter into an extended telogen phase
that lasts for 3-4 weeks around 7 weeks of age. When shaved
mice were injected with adipocyte precursor cells into the ventral
region of WT mice, luciferase activity was identified at the
injection site after 6 weeks (Figure 5A). Interestingly, mice with
robust adipocyte formation displayed external hair growth in
the injected area (Figure 5A).

To further determine if the hair growth-inducing activity of
adipocyte lineage cells is enriched compared to unfractionated
SVF cells, we injected SVF or FACS-isolated subcutaneous
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adipocyte precursor cells into the dermis of shaved, murine
backskin at 7 weeks of age. Both cell populations were injected
into the same region of the backskin to avoid differences in the
hair follicle stage due to regional differences in the skin (Plikus
et al., 2008). Two weeks following cell engraftment, hair growth
was evident at the adipocyte precursor cell injection site but
not on the adjacent side injected with SVF cells (Figure 5B).
Histological analysis of skin from these mice revealed morpho-
logical anagen induction in the adipocyte precursor injected
skin but notiin the skininjected with SVF cells (Figures 5B). These
data suggest that adipocyte lineage cells are sufficient to induce
precocious hair follicle regrowth.

To determine if immature adipocyte lineage cells or mature
adipocytes are sufficient to induce hair follicle growth, we deter-
mined if adipocyte precursor cells derived from Azip mice could
induce anagen in syngeneic WT mice at P49. Since mature
adipocytes cannot be transplanted by current methods without
adipocyte precursor cell engraftment, induction of anagen by
Azip adipocyte lineage cells would indicate that mature adipo-

(D) Adipocyte precursor cells derived from Azip
skin induce anagen in WT P49 skin 3D after intra-
dermal injection as indicated by Ki67* hair germ
cells (arrows). Flag epitope immunostaining of
transplanted skin reveals the localization of Flag*
transplanted cells in skin injected with adipocyte
precursors. Arrows indicate anagen induction as
indicated by enlarged, hair germs and Ki67*
staining. AP, adipocyte precursor. n > 27 follicles
from two independent experiments.

All data are + SEM, *p < 0.05. Scale bars represent
100 pm.

*

AP
Cells

cytes are not the primary adipogenic cell type involved in the
induction of stem cell activity in hair follicles. When we injected
SVF cells derived from Azip mice, Flag™ cells were absent from
the skin and hair follicles remained in telogen (Figure 5D).
However, in the areas of skin injected with adipocyte precursor
cells from Azip mice, Flag* cells were evident within the skin
and were adjacent to hair follicles entering into anagen, as indi-
cated by the enlarged hair germ morphology and Ki67 staining in
the hair germ (Figure 5D). Taken together, these data suggest
that immature adipocyte lineage cells initiate hair growth through
the activation of follicular stem cell activity.

Defective PDGF Signaling in Follicles without Adipocyte
Regeneration

To characterize potential molecular mechanisms by which adipo-
cytes regulate hair follicle cycling, we analyzed skin sections
in WT and Ebf1~/~ mice for activation of signaling pathways
that regulate follicular homeostasis and regeneration (Blanpain
and Fuchs, 2006). Specifically, we immunostained skin sections
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positive cells.

(B) Phospho-MAP kinase staining in vehicle and Ebf1~/~ mice at P21. Arrows indicate positive cells. Bu, bulge; HG, hair germ; DP, dermal papillae.
(C) Real-time PCR analysis of mRNA expression in adipocyte precursor cells and mature intradermal fat compared to total isolated skin cells. n = three inde-

pendently isolated cell populations.

(D) PDGF receptor expression in telogen stage follicles (P19) localizes to the dermal papilla (DP) beneath the a6 integrin* border with the hair follicle cells.

(E) Analysis of PDGF receptor activation in DP from WT (telogen (P49) and anagen (P56)), BADGE-treated (P24) and Ebf1 '~ (P21) mice. Dashed lines mark the hair
follicle, while solid lines mark the dermal papilla (DP). n = 50-75 follicles in > two mice for each sample.

(F) Hematoxylin and eosin stained follicles from Ebf1~'~ mice injected with control or PDGF coated beads 5 days postinjection. Quantification of the dose
response of anagen induction with beads coated with BSA or indicated concentrations of PDGFA. n = 15-24 follicles from two independent experiments.

All data are + SEM, *p < 0.05. **p < 0.001. Scale bars represent 100 um.

with antibodies against phospho-SMAD1/5/8, phospho-42/44
MAP kinase, and B-catenin to analyze bone morphogenetic,
growth factor, and Wnt signaling, respectively. While nuclear
B-catenin and phospho-SMAD1/5/8 were localized to the nuclei
of cells within hair follicles in P7 Ebf1 null mice, as is observed
in WT mice, phosphorylation of MAP kinase (p42/44) was dimin-
ished in Ebf1 null follicles compared to WT follicles (Figure 6A).
This lack of MAP kinase activation extended to anagen induction,
where phospho-MAPK™ nuclei were found in WT follicles in the
hair germ and DP, but Ebf1~/~ follicles lacked phospho-MAPK
localization in both of these cell types (Figure 6B).

To define candidate signaling factors expressed by adipocyte
lineage cells that could mediate cell signaling, we analyzed
mRNA expression for molecules that have been implicated in
hair follicle cycling in skin-derived adipocyte precursor cells and
mature adipocytes. As described previously, BMP expression is
enriched in mature adipocytes (Plikus et al., 2008; Figure 6C). Inter-
estingly, the expression of PDGFA in adipocyte precursor cells
was elevated almost 100 fold over the expression in SVF cells.
Mice lacking PDGFA display phenotypic similarities with Ebf1
null mice, including a delay of follicle stem cell activation that
blocks anageninduction (Karlsson etal., 1999; Tomita et al., 2006).

To determine if mice with defects in intradermal adipocyte
regeneration display defective PDGF signaling, we analyzed
the expression and activity of the PDGF receptor (PDGFR) by
immunofluorescence in WT, Ebf1~'~ and BADGE-treated skin.
We find that during telogen and anagen, PDGFR is expressed
below the bulge in the DP as described previously (Rendl
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et al., 2005; Figure 6D). Analysis of phospho-PDGFR demon-
strated that during anagen induction, PDGFR is activated in
the DP and the lower part of the hair germ (Figure 6E). To deter-
mine if intradermal adipose regeneration is required for activa-
tion of the PDGFR, we analyzed hair follicles from BADGE-
treated and Ebf1 null mice for activation of the PDGFR at P21.
As seen in Figure 6E, PDGFR activation was diminished in the
DP of both BADGE-treated and Ebf1 null mice.

Based on the dataabove, we hypothesized that PDGF signaling
may be defective in Ebf1 null mice, which lack adipocyte pre-
cursor cells. Thus, we tested whether elevated PDGFA could
trigger the activation of stalled hair follicle regeneration in Ebf1
null mice. To this end, we injected PDGFA-coated beads intrader-
mally into Ebf1 null mice at P21. Three days after bead implanta-
tion, a majority of follicles adjacent to PDGFA-coated beads dis-
played morphologies characteristic of anagen follicles (Figures
6F). This growth induction increased with elevated concentrations
of PDGFA with 100ng/pl activating ~86% of adjacent follicles,
demonstrating a dose dependency of activation of Ebf1 null
hair follicles. By contrast, follicles in Ebf1 null mice that were adja-
cent to BSA-coated beads remained in telogen. Taken together,
these data suggest that intradermal adipocyte precursor cells
activate PDGF signaling in the DP in a dynamic manner.

DISCUSSION

Our data support a model in which cells of the adipocyte lineage
form a niche within mammalian skin to regulate epithelial stem
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Figure 7. Model for the Role of Adipocytes in the Skin in WT and
Mouse Models with Defects in Adipogenesis

During the hair follicle cycle, intradermal adipose tissue increases size in part
due to the activation of adipocyte precursor cells (green and blue stars) that
generate new mature adipocytes (orange circles) de novo. Proliferation of
adipocyte lineage cells is stimulated during follicle regression (catagen) to
increase adipocyte precursor cell number during telogen and anagen initiation.
Azip mice lack mature adipocytes but have adipocyte precursor cells and
regenerate follicles similar to WT mice. In Ebf1~/~ mice, adipocyte precursor
cells are absent within the skin after catagen, leading to a reduction in intra-
dermal adipose tissue and defects in stem cell activation. Similarly, treatment
of mice with PPARY antagonists during catagen blocks subdermal adipose
tissue growth and follicle regeneration. However, the most immature adipo-
cyte precursor cells are maintained in mice treated with PPARYy antagonists,
suggesting that intradermal adipocyte precursor cells that express PPARY
(green star) are essential for stem cell activation in the hair follicle.

cell behavior (Figure 7). Using mouse models with defects in
adipose tissue, we probed the role of immature and mature
adipocytes in the skin. The relatively normal activation of hair
follicle growth in Azip mice, which lack mature adipocytes,
when taken together with the lack of follicular stem cell activa-
tion in Ebf1 null and PPARYy antagonist treated mice, which
have defects in immature adipocytes, support an active role of

immature adipocytes during the activation of hair growth. Future
experiments analyzing the role of mature adipocytes in hair
cycling and skin homeostasis may reveal their function in the
skin, as suggested by the expression of BMP mRNA in these
cells (Figure 6; Plikus et al., 2008).

Adipocyte lineage cells in other tissues have been shown to
generate niches for other cell types. Hematopoietic stem cell
engraftment is inhibited by mature adipocytes within bone
marrow (Naveiras et al., 2009). In contrast, mature adipocytes
positively regulate the formation of the mammary gland epithe-
lium for efficient branching and development (Couldrey et al.,
2002; Landskroner-Eiger et al., 2010). In addition, adipocyte
precursor cells have also been found within skeletal muscle
and may signal to muscle precursor cells to promote muscle
differentiation (Joe et al., 2010; Uezumi et al., 2010). Combined
with our data showing that adipocyte precursor cells are neces-
sary and sufficient for the activation of skin epithelial stem cells,
these studies highlight the importance of cells in the adipocyte
lineage as niche cells within individual tissues.

Based on the expression of PDGF ligands by adipocyte
lineage cells, the activation of the PDGFR in the DP during ana-
gen, and the ability of PDGF-coated beads to rescue hair cycling
defects in Ebf1 null mice, we propose that adipocyte precursor
cells secrete PDGF to promote hair growth. Mice lacking
PDGF-A display similar hair follicle defects as Ebf1 null mice,
namely a lack of anagen entry (Karlsson et al., 1999). In addition,
PDGF ligands have been implicated in hair growth induction
based on experiments analyzing conditioned media from SVF
derived adipocytes (Park et al., 2010). Adipocyte lineage cells
are not the only cell type in the skin that expresses PDGF ligands,
multiple cells in the follicular epithelium, the matrix and the hair
germ, have been shown to express PDGF (Karlsson et al.,
1999). Additional signals expressed by intradermal adipocytes
may also be involved in signaling to the DP or epithelium (Park
et al., 2010). Future experiments will clarify the cellular target of
adipocyte signals in the skin and further define how PDGF
signaling promotes bulge cell activation.

Our data also suggest that the intradermal adipose tissue is
regulated in a manner that is distinct from other adipose depots.
In general, the turnover of adipose in subcutaneous and visceral
fat is relatively slow (Ochi et al., 1988; Spalding et al., 2008).
However, we find dramatic alterations in intradermal adipose
tissue that parallels the rapid turnover of the hair follicle. Identifi-
cation of mechanisms that regulate intradermal adipose tissue
dynamics may have relevance for the growth and atrophy
of other adipose depots. While the origin of precursor cells
within adipose tissue in vivo is not well understood, a population
of cells within the skin (skin-derived precursors (SKPs)) was sug-
gested to repopulate multiple cell lineages within the dermis,
including adipocytes (Biernaskie et al., 2009). Defining the rela-
tionship between intradermal adipocyte turnover, SKPs, and
other dermal populations in the skin may reveal novel mecha-
nisms involved in turnover of the intradermal adipocytes.

It is interesting to note that human patients with obesity,
anorexia, and lipodystrophy have hair follicle growth defects
(Fukumoto et al., 2009; Lurie et al., 1996; Piacquadio et al.,
1994). By defining the role of the understudied adipocyte lineage
cells in the skin, we have identified that these cells dynamically
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promote epithelial stem cell activity. Whether cells of the adipo-
cyte lineage also play a role in other processes in the skin, such
as tumorigenesis and wound healing, is not known. It will be
important for future studies to determine whether adipocytes
can act during these clinically relevant pathological conditions.

EXPERIMENTAL PROCEDURES

Mice and Treatments with BrdU and PPARY Antagonists

Azip and Ebf1 null mice have been described previously (Lin and Grosschedl,
1995; Moitra et al., 1998). For 5-Bromo-2'-deoxyuridine (BrdU) pulse experi-
ments, mice were injected intraperitoneally with 50 ng/g BrdU (Sigma-Aldrich)
prior to being sacrificed. For experiments using PPARy antagonists, mice were
treated daily with BADGE at 15 pg/g or GW9662 at 1 ug/g. All animals were
handled according to the Institutional guidelines of Yale University.

Histology and Immunofluorescence

Skin was mounted using O.C.T. compound, sectioned, fixed in a 4% formalde-
hyde solution. When applicable the M.O.M. kit (Vector labs) was used to
prevent nonspecific binding with mouse antibodies. Antibodies and their dilu-
tions are listed in Supplemental Methods. Fluorescence staining of lipids was
performed using Lipidtox (1:200, Invitrogen). For histological analysis, the
sections were stained with hematoxylin and eosin. Alkaline Phosphatase stain-
ing was performed using Western Blue Stabilized Substrate according to
manufacturer’s instructions (Promega).

Flow Cytometry Analysis and Sorting

SVF cells were released from the dermis of skin tissue via digestion of minced
tissue with collagenase IA (Sigma). Adipocyte precursor cell purification was
performed as described (Rodeheffer et al., 2008). Briefly, single cell suspen-
sions were resuspended in FACS staining buffer containing PBS and 4% fetal
bovine serum and stained with antibodies described in Supplemental
methods. Cells were sorted using FACS Aria equipped with FACS DiVA soft-
ware (BD Biosciences).

Isolation of mature adipocytes was performed following collagenase diges-
tion as described above. Released SVF cells were centrifuged, floating cells
isolated and washed in adipocyte wash buffer containing Hank’s buffered
saline solution (HBSS) with 3% bovine serum albumin (BSA) solution.
Following resuspension in adipocyte wash buffer, the cells were then lysed
by addition of 0.2% NP40. The nuclei were pelleted via centrifugation and
stored in wash buffer containing 0.02% NP40. BrdU staining of cells and
mature adipocyte nuclei was performed according to manufacturer’s direc-
tions using the Brdu Flow kit (BD Biosciences).

Adipocyte Culture

Freshly isolated skin-derived SVF cells or purified adipocyte precursor cells
were plated onto laminin-coated plates (BD Biosciences) in DMEM supple-
mented with 10% FBS (GIBCO) and 10 ng/mL bFGF (R&D Systems) and main-
tained in a 5% CO2 atmosphere. Cells were allowed to grow to confluence and
were then held at confluence for 3 days without bFGF. For staining, cells were
fixed with 2% formaldehyde and 0.2% glutaraldehyde in PBS for 15 min and
then rinsed in PBS, water, and 60% isopropanol sequentially. The cells were
then stained with Oil red O (0.7% in 60% isopropanol).

Skin Grafts, Cell Transplantations, and Bead Injections
For skin grafts, donor skin from P18 female mice was dissected, scraped to
remove intradermal adipocytes, and grafted onto full thickness wounds of
male littermate mice. Skins were prepared for histological analysis after the
appearance of hair growth at D21. Intradermal cell transplantations were per-
formed with 5 x 10° SVF cells or FACS purified adipocyte precursor cells.
Three days to 2 weeks following injection, skins were prepared for histological
analysis. Cell and tissue grafting was performed at least twice in at least two
mice per experiment.

For injection of PDGF beads intradermally, recombinant human PDGF (R&D
Systems) was reconstituted in 0.1% BSA. Affi-gel blue beads (Bio-Rad) were
washed in PBS, incubated in protein solution at 37°C for 30 min. As a control,
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beads were incubated in 0.1% BSA alone. For the dosage analysis, 1 ng/ul,
10 ng/pl, 100 ng/ul of PDGF were used to coat beads. Approximately 15-20
coated beads were injected into the skin of Ebf7 null mice. Skins were har-
vested 3 days after injections to determine activation status of hair follicles.

In Situ Hybridization and Probes

Antisense cRNA probes directed against mouse Ebf1 (GenBank accession #
NM_007897, 1195-2248 bp) (Jin et al., 2010) were generated following the
manufacturer’s protocol (Roche). Cryosections of mouse skin were fixed
with 4% formaldehyde, washed with PBS and acetylated in 0.1M triethanol-
amine HCI, (pH 8.0), 233mM NaOH, and 0.25% acetic anhydride. Sections
were then hybridized with cDNA probes in 50% hybridization buffer (TBS
with 5% heat-inactivated sheep serum, 50% formamide) overnight at 55°C.
Sections were washed with SSC and Wash Buffer (Roche) and probe detection
was performed according to manufacturer’s instructions (Roche). Y chromo-
some in situ hybridization was performed on frozen skin sections according
to manufacturer’s protocol (IDetect Chromosome Paint Mouse Probe, ID
Labs). Sections were hybridized with cDNA probes at 37°C for 5 hr. For both
in situ hybridization protocols, sections were mounted in Prolong Gold with
DAPI (Invitrogen) and subjected to brightfield and fluorescent microscopy.

A list of Primers used in the study is in Table S1.

Statistics

To determine significance between groups, comparisons were made using
Students t tests. Analyses of multiple groups were performed using One-
Way ANOVA with Bonferroni’s posttest with GraphPad Prism version for
Macintosh (GraphPad Software). For all statistical tests, the 0.05 level of
confidence was accepted for statistical significance.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,
five figures, and one table and can be found with this article online at
doi:10.1016/j.cell.2011.07.019.
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