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Abstract

Maintaining the architecture, size and composition of an intact
stem cell (SC) compartment is crucial for tissue homeostasis and
regeneration throughout life. In mammalian skin, elevated expres-
sion of the anti-apoptotic Bcl-2 protein has been reported in hair
follicle (HF) bulge SCs (BSCs), but its impact on SC function is
unknown. Here, we show that systemic exposure of mice to the
Bcl-2 antagonist ABT-199/venetoclax leads to the selective loss of
suprabasal BSCs (sbBSCs), thereby disrupting cyclic HF regenera-
tion. RNAseq analysis shows that the pro-apoptotic BH3-only
proteins BIM and Bmf are upregulated in sbBSCs, explaining their
addiction to Bcl-2 and the marked susceptibility to Bcl-2 antago-
nism. In line with these observations, conditional knockout of Bcl-2
in mouse epidermis elevates apoptosis in BSCs. In contrast, ectopic
Bcl-2 expression blocks apoptosis during HF regression, resulting in
the accumulation of quiescent SCs and delaying HF growth in
mice. Strikingly, Bcl-2-induced changes in size and composition of
the HF bulge accelerate tumour formation. Our study identifies a
niche-instructive mechanism of Bcl-2-regulated apoptosis response
that is required for SC homeostasis and tissue regeneration, and
may suppress carcinogenesis.
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Introduction

In most tissues, including the mammalian skin, SCs exist in hetero-
geneous states and localize to specific niches. On a functional level,
SC quiescence, self-renewal and differentiation as well as the elimi-
nation of damaged SCs have to be tightly regulated to protect the
tissue from degeneration or cancerous overgrowth. While it is well
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established that the niche instructs the activities of tissue-resident
stem and progenitor cells (Morrison & Scadden, 2014; Yu et al,
2018), it is not sufficiently understood how SCs translate the input
of their niche signals into an appropriate and robust molecular
response. Epithelial SCs in hair follicles (HFs) are an excellent
model to dissect the relevant niche factors and positional cues coor-
dinating SC function. HFs undergo cycles of growth (anagen),
regression (catagen) and rest (telogen) (Paus & Cotsarelis, 1999)
(Fig EV1A). The cyclic transition from telogen to anagen relies on
niche signals, such as Wnt, BMP, Shh and FGF (Kishimoto et al,
2000; Rendl et al, 2008; Greco et al, 2009; Woo et al, 2012), and is
fuelled by SCs residing in the HF bulge, an anatomical niche found
in the lower permanent part of HFs (Lavker et al, 2003).

It has been shown that SCs frequently comprise a heterogeneous
cell population (Donati & Watt, 2015; Joost et al, 2016). How SC
heterogeneity is orchestrated on the cellular and molecular levels
and how it affects tissue function are currently not well understood.
Previous reports showed that slow-cycling label-retaining cells
(LRCs) are present in two prominent HFSC populations, basal and
suprabasal bulge SCs (bBSCs, sbBSCs) (Cotsarelis et al, 1990; Blan-
pain et al, 2004) (Fig EV1B). CD34"/itga6'®" sbBSC and neighbour-
ing CD34"/itga6"8" bBSCs are similar with both SC populations able
to self-renew in vitro and to generate new HFs when grafted (Blan-
pain et al, 2004). Until now, the molecular mechanisms underlying
a position-encoded bulge SC heterogeneity that lead to functional
differences in tissue maintenance have not been reported.

The anti-apoptotic Bcl-2 protein is a critical component of the
intrinsic (mitochondrial) apoptosis and is highly expressed in HF
BSCs (Sotiropoulou et al, 2010). The members of the Bcl-2 protein
family control mitochondrial outer membrane permeabilization
(MOMP) which results in cytochrome c release and triggers the acti-
vation of the initiator caspase-9 and executioner caspase-3 and
caspase-7 (Taylor et al, 2008; Galluzzi et al, 2018). In the mamma-
lian skin, Bcl-2 expression has been associated with increased resis-
tance of BSCs to DNA damage-induced cell death (Sotiropoulou
et al, 2010). In this study, we investigate the physiological function
of Bcl-2 for BSCs, the relevance of BSC-specific Bcl-2 regulation and
its role for SC-driven skin regeneration and tumour formation.
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Results
Bcl-2 protects suprabasal bulge SCs

To investigate the role of Bcl-2 in BSC homeostasis, we systemi-
cally treated mice with a highly selective Bcl-2 antagonist ABT-
199/venetoclax which is currently implemented in cancer therapy
(Souers et al, 2013; Thijssen & Roberts, 2019). Remarkably, a single
i.p. injection of ABT-199 during the resting phase of the hair cycle
(postnatal day, PdS0; Fig EV1A) resulted in apoptosis in HF BSCs.
Active caspase-3 (aCas3) staining was detected exclusively in the
lower part of HFs, including the HF bulge and hair germ (HG), but
not in other SCs or tissue locations (Fig 1A and B). More detailed
analysis showed that specifically sbBSCs, a subpopulation of BSCs
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Figure 1. Differential requirement for Bcl-2 preventing suprabasal BSC loss.

102 103 104 105

Anna Geueke et al

between the new HF and the club hair, were aCas3 positive in
ABT-199-treated skin (Figs 1A and EV1B). FACS analysis of BSCs
revealed the specific loss of CD347/Itga6'®™ sbBSCs upon ABT-199
treatment (Fig 1C and D). Quantification showed a dramatic
increase (~ 60%) in HFs containing apoptotic BSCs following treat-
ment with ABT-199 compared with controls (Fig 1B). ABT-199
treatment did not increase the number of HF with apoptotic cells in
the HG (Fig 1B). Importantly, no aCas3" cells were detected in the
dermal papilla (DP), a cluster of specialized stromal fibroblasts that
are crucial for the initiation of new HF growth (Fig 1B). Notably,
apoptosis of BSCs was also increased in HFs of tail epidermis after
ABT-199 treatment, where HFs differ in their architecture
(Duverger & Morasso, 2009) (Fig EVIC and D), suggesting that tail
BSCs also rely on a Bcl-2-mediated protection mechanism. Different
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A Treatment scheme of experimental timeline and Immunofluorescence staining of telogen back skin hair follicles (HF) for Integrin a6 (Itga6, red), active caspase-3
(aCas3, green) and DAPI (blue) in control (Ctr) and Bcl-2 inhibitor (ABT-199)-treated mice. B, bulge; CH, club hair; DP, dermal papilla; HF, hair follicle; HG, secondary

hair germ. Scale bar, 50 um.

B Quantification of back skin HF with aCas3" cells in bulge, hair germ and dermal papilla of Ctr and ABT-199-treated mice (n = 4 mice biological replicates;
mean =+ standard deviation (SD); ***P < 0.001, ns, not significant, two-way ANOVA test). nd, not detected.

C,D Treatment scheme, FACS plot (C) and quantification (D) of keratinocytes stained for CD34 and Itga6 after 6 days of treatment with vehicle solution (Ctr) or ABT-199
(n = 6 biological replicates; mean =+ standard deviation [SD]; **P < 0.01, ns = not significant, two-tailed unpaired Student’s t-test). suprabasal (sbBSC, CD34"/
Itga6'®"), basal (bBSC, CD34"/Itga6™8") BSCs and n-B (non-bulge epidermal cells). **P < 0.005.
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body regions may have developed a general mechanism of safe-
guarding and maintaining HF SCs. Our findings showed that
sbBSCs were distinct from bBSCs in their susceptibility to ABT-199
revealing SC specificity in dependency on anti-apoptotic factors.
Next, we tested whether Bcl-2 is differentially expressed in the HF
SC populations, which showed that the highest expression of Bcl-2
was in BSCs when compared to isolated Lrigl+ve SCs of the HF
junctional zone (JZ) or hair germ (HG) progenitors (Appendix Fig
S1B and C). Importantly, the expression of Bcl-2 was particularly
high in sbBSCs when compared to bBSCs and non-bulge cells (non-
BSCs) (Fig 2A). Further, analysis of Bcl-xL revealed that this anti-
apoptotic factor is not differently expressed in sbBSCs compared
with bBSCs and non-BSCs, suggesting that Bcl-xL does play a major
role in this context (Appendix Fig S1A). Moreover, a number of
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previous studies already excluded a relevant alteration in platelets,
shown to be dependent on Bcl-xL, both in patient and in mice after
exposure to ABT-199 (Mason et al, 2007; Souers et al, 2013;
Vandenberg & Cory, 2013; Vogler et al, 2013; Debrincat et al, 2015;
Ganzel et al, 2020). We thus conclude that the intrinsically high
level of Bel-2 in CD34"/Itga6'°” sbBSCs may underlie their specific
ABT-199 susceptibility.

Cyclic hair regeneration is regulated by Bcl-2 suprabasal
bulge SCs

Given that BSCs drive cyclic hair renewal by initiating a new anagen
growth phase (Rompolas & Greco, 2014) (Fig EV1A), we next tested
the role of sbBSCs in HF regeneration and investigated the
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Figure 2. Loss of suprabasal BSCs delays cyclic hair regeneration.

A gRT-PCR for Bcl-2 mRNA expression in sorted n-B (non-Bulge), bBSC (basal BSCs) and sbBSC (suprabasal BSCs; n = 3 biological replicates; mean =+ standard deviation

[SD]; ****P < 0.0001, ns=not significant, two-way ANOVA test).

B Treatment scheme of experimental timeline and histology of back skin sections of control (Ctr) and ABT-199-treated mice. Scale bar, 200 pm.

(@}

Treatment scheme and hair-coat recovery monitored for 5 weeks following daily treatment (Pd50-Pd55) with vehicle solution (Ctr) and ABT-199.

D gRT-PCR for mRNA expression of the transcription factors Lefl and Runxl in epidermis of ABT-199-treated and control (Ctr) mice at P77 as shown in (B) (n = 3
biological replicates; mean =+ standard error of mean (SEM); **P < 0.01, ns=not significant, two-tailed unpaired Student’s t-test).
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physiological relevance of the sbBSC Bcl-2 dependency. Therefore,
we treated mice with ABT-199 during the telogen resting phase to
deplete sbBSCs (Pd50) and analysed skin samples during the follow-
ing anagen phase (Pd77; Figs 2B and EV1B). Depletion of sbBSCs by
ABT-199 significantly delayed hair growth for up to 3 weeks
(Fig 2C; Appendix Fig S2A). In contrast to the normal hair growth
observed in control mice at 3 weeks after treatment, ABT-199 treat-
ment efficiently blocked telogen to anagen transition in the back
skin and tail epidermis (Fig 2B; Appendix Fig S2B). This observa-
tion was supported by reduced expression of Lefl and Runx1, tran-
scription factors associated with hair growth, in mice treated with
ABT-199 (Fig 2D) (Merrill et al, 2001; Hoi et al, 2010). Interestingly,
ABT-199 treatment also resulted in hair greying (Fig 2C). This
observation is in line with previous data from Bcl-2 knockout mouse
models demonstrating the importance of Bcl-2 for melanocyte
survival and skin pigmentation and most likely occurs independent
from sbBSC loss (Yamamura et al, 1996; Mak et al, 2006). In this
context, we detected a high number of melanocytes as shown by
immunofluorescence staining for Trp2 (Fig EV1E) indicating that
cell death detected in the HG may reflect apoptotic melanocytes.
Together our data indicated that sbBSCs, and thus the composition
and architecture of the BSC compartment, are important for anagen
initiation and cyclic hair regeneration. The results also suggested
that Bcl-2 dependency of a SC subpopulation is crucial for tissue
homeostasis.

To examine whether the Bcl-2 dependency of BSCs changes
during the different stages of the hair cycle, mice were treated with
ABT-199 in anagen (Pd70) and analysed during the same anagen
phase 1 week later (Pd77; Fig EV1A, Appendix Fig S2C). Histologi-
cal analysis of skin tissue sections revealed that progression through
anagen was not affected. Although the expression of transcription
factors Lefl and Runx1 showed some variability between individual
mice during the anagen phase after ABT-199 treatment, it was not
significant (Appendix Fig S2D). In addition, ABT-199 treatment
during anagen did not result in increased apoptosis (Appendix Fig
S2E). Given that HF morphology, including the sbBSC compartment,
is dramatically re-modelled during anagen (Hsu et al, 2011), the
data support Bcl-2-mediated protection of sbBSCs during telogen but
not anagen.

To investigate whether Bcl-2 genetic deletion from the epidermis
affects BSCs, we generated Bcl-2 epidermal knockout mice (Bcl-
2EKO) by crossing K14Cre (Hafner et al, 2004) with Bcl-2/" animals
(Thorp et al, 2009). Similar to the ABT-199 experiments, apoptotic
cells were increased in the HF bulge and the number of HFs show-
ing aCas3" BSCs rose from 10 to 60% in tail skin, while no change
in the number of tail skin HFs with aCas3" HG cells was detected
(Appendix Fig S3A and B). However, no depletion of sbhBSCs was
detected in Bcl-25%° mice (Appendix Fig S3C). This suggested that
the acute inhibition of Bcl-2 by ABT-199 treatment induces a more
severe shBSC response than genetically and developmentally remov-
ing Bcl-2, which most likely allowed adaption and rewiring of the
network to compensate for its absence. Alternatively, although
established as highly selective Bcl-2 inhibitor (Souers et al, 2013),
ABT-199 treatment may have interfered with other Bcl-2-family
members or other anti-apoptotic proteins expressed by sbBSCs.
Collectively, our data showed an anti-apoptotic Bcl-2 dependency of
sbBSCs and identified an important function for Bcl-2 in HF home-
ostasis and regeneration.
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Suprabasal bulge SCs may be prone to
detachment-induced apoptosis

To investigate sbBSCs Bcl-2 dependency compared to their neigh-
bouring bBSCs and to dissect the cell-intrinsic properties of the
heterogeneous BSCs, we performed RNAseq on FACS sorted CD34"/
Itga6'®™ and CD34"/Itga6™s" BSCs. We focused on the differential
regulation of cell death response mechanisms, where gene ontology
(GO) and functional classification revealed two biological clusters of
interest. The first cluster “positive regulation of apoptosis process”
included upregulated pro-apoptotic genes, while the second cluster
‘cell adhesion mediated by integrin’ included downregulated genes
for cell adhesion in sbBSCs (Fig 3A and B). An important cellular
process that bridges both functional GO clusters is detachment-
induced apoptosis, also known as anoikis (Taddei et al, 2012). In
particular, expression of Bmf and Bim, two pro-apoptotic and
anoikis-associated BH3-only members of the Bcl-2 protein family
(Puthalakath et al, 2001; Taddei et al, 2012), was significantly upreg-
ulated in sbBSCs compared to bBSCs by both RNAseq data and qRT-
PCR (Fig 3B and C). Our data suggested that the lack of integrin-
mediated basal lamina attachment (Fig 3B) in sbBSCs and their
expression of pro-apoptotic and anoikis-associated molecules,
including Bim and Bmf (Fig 3B and C), may be counter-acted by an
upregulation of Bel-2 (Fig 2A), which protects these cells from under-
going apoptosis to ensure efficient cyclic HF regeneration (Fig EV1F).

Bcl-2 activity controls the size and architecture of the bulge
SC compartment

Next, we wanted to know whether Bcl-2 and apoptosis regulation
play an instructive role for the composition of the BSC compartment
and whether increased Bcl-2 expression affects SC function and
cyclic hair regeneration. Therefore, we overexpressed Bcl-2 in the
epidermis (Bcl-2E9F mice) by crossing K14Cre (Hafner et al, 2004)
with Rosa26MSL-BI2IRES.GFP 1ioa (Knittel et al, 2016) (Appendix Fig
S4A). Bcl-2E°F mice displayed a robust overexpression of Bcl-2 as
shown by mRNA levels (~ 17-fold increase in expression;
Appendix Fig S4B) and BCL-2 and GFP levels as seen in epidermal
keratinocytes, including the HF and IFE (Appendix Fig S4C-E).

Next, we analysed whether Bcl-2 overexpression affected HF
architecture and homeostasis in adult mice. Strikingly, the bulge
area was enlarged and filled with densely packed keratinocytes in
Bcl-2F°F HFs (Fig 4A and B; Appendix Fig S6A). Based on our
results showing particular high Bcl-2 expression in sbBSCs (Fig 2A),
we wondered whether Bcl-2 plays an instructive role by regulating
the composition of the BSC compartment. However, no changes in
the CD34"/Itga6™®" and CD34'/Itga6®" BSC populations were
detected in 8-week-old Bcl-25°F mice, indicating that Bcl-2 expres-
sion does not affect the composition of the BSC pool, including the
number of bBSCs and sbBSCs (Fig 4C).

More detailed analysis of known BSC marker, including Keratin
15, Sox 9 and Nfatcl (Liu et al, 2003; Vidal et al, 2005; Horsley
et al, 2008; Nowak et al, 2008), revealed that these SC markers were
all expressed similar to controls within the enlarged HF bulge
(Fig EV2A-C). In addition, we did not observe cyst formation or
abnormal expression of hair keratins in HFs of Bcl-2°F mice
(Appendix Fig S5A-D), indicating that differentiated hair keratino-
cytes did not contribute to the enlarged bulge. In order to check

© 2021 The Authors
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A GO classification of differentially regulated genes in P50 suprabasal BSCs (CD34"/Itgu6'°") compared with basal BSCs (CD34*/Itga6"") clustered for biological process
(clustering and statistical analysis done with Metascape, according to Zhou et al, 2019). Columns of interest in red.

B Functional classification of selected differentially expressed genes in sorted suprabasal BSC vs basal BSC after RNAseq analysis (red: upregulated genes, green:
downregulated genes; fold change > 2, P < 0.05; statistical analysis done according to Wagle et al, 2015).

C gRT-PCR for mRNA expression of the anoikis-related markers Bim and Bmf in sorted n-B (non-bulge), bBSC (basal BSCs) and sbBSC (suprabasal BSCs; n = 3 biological
replicates; mean + standard error of mean [SEM]; *P < 0.05, ns, not significant, two-way ANOVA test).

whether these cells belonged to the HG, immunostaining for P-
cadherin was performed (Mtller-Rover et al, 1999). The localization
of the HG below the HF bulge was not altered; however, the
increased BSC compartment affected the shape and architecture of
the HG highlighting the cellular crosstalk between the two HF
compartments (Fig EV2D). Further analysis of RNA expression of P-
cadherin, Keratinl4 and Lgr6 revealed that these cell populations
were rather decreased in Bcl-2E°F mice and most likely did not
contribute to the enlarged HF bulge area (Fig EV2E). Next, we
investigated whether abnormal SC proliferation may be contributing
to the enlarged HF bulge area in Bcl-25°F mice. Importantly, no
change in BrdU incorporation (one pulse BrdU and 1 h chase) was
observed between Bcl-25°F mice and control littermates at P60
(Fig 4D and E), indicating that increased proliferation might not
contribute to the enlarged HF bulge area in Bcl-25°F mice.

Bcl-2 overexpression blocks physiological apoptosis that is
required for cyclic hair follicle regeneration

Given that apoptosis is a physiological process during the regression

phase (catagen) (Lindner et al, 1997; Mesa et al, 2015a), we hypoth-
esized that the Bcl-2E°F phenotype was linked to impaired apoptosis

© 2021 The Authors

during catagen. Therefore, we first focused on the process of HF
transition through catagen (Fig EV1A). Strikingly, the column of
keratinocytes forming the retracting epithelial strand was wider in
Bcl-2F°F mice, suggesting that apoptosis was indeed impaired as
expected (Fig 5A and B). Consistently, aCas3™ cells were not detect-
able in Bcl-2E°F mijce compared to controls (Fig 5C and D and
Appendix Fig S6B and C). Remarkably, HFs eventually retract in
Bcl-25F mice despite an efficient block in apoptosis, where the
length of the retracting strand was not affected in these mice
(Fig 5B). Thus, our data showed that Bcl-2 overexpression through-
out the epidermis interfered with HF regression by promoting cell
survival in the retracting epithelial strand, thereby increasing the HF
bulge area and altering HG architecture.

The abnormal architecture of HF bulge area in Bcl-
prompted us to test whether this abnormality affected SC activation
at the beginning of a new hair growth phase. Assessing cyclic HF
regeneration revealed that the entry into the anagen phase was
significantly delayed in Bcl-2E°F mice (Fig SE). This correlated with
increased expression of Bmp6, FGF 18, NFATC1 and FOXPI,
proteins that are associated with the quiescent state of BSC (Blan-
pain et al, 2004; Kimura-Ueki et al, 2012; Leishman et al, 2013) in
Bcl-25°F mice (Figs SF and G, and EV3A). In addition, Lefl and

25O mice
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Figure 4. Bcl-2 expression regulates size and architecture of SC compartment and delays hair-coat recovery.

A Histology of telogen back skin HF of Ctr and Bcl-25°F mice (P60). B, bulge. Scale bar, 50 um.
B Quantification of the bulge area in back skin at P60 (n = 4; multiple measurements/biological replicate; mean + standard deviation [SD]; ****P < 0.0001, two-tailed

unpaired Student’s t-test).

C FACS plot and quantification of keratinocytes stained for CD34 and Itga6 in 8-week-old control (Ctr) and Bcl-2%°F mice (n = 3 biological replicates; mean = standard
deviation [SDJ; ns, not significant, two-tailed unpaired Student’s t-test). suprabasal (sbBSC, CD34"/Itga6'"), basal (bBSC, CD34/Itga6"") BSCs.
D Immunofluorescence staining of telogen back skin HF for BrdU incorporation (1-h pulse, green) and DAPI (blue) in 8-week-old control (Ctr) and Bcl-25°F mice. Scale

bar, 50 pm.

E Quantification of BrdU™ bulge cells of Ctr and Bcl-25°F mice. (n = 4 biological replicates; mean + standard deviation [SD]; ns, not significant, two-tailed unpaired

Student’s t-test).

Runx2 expression was reduced in Bcl-2ECE epidermis (Fig EV3B),
and proliferation of HG cells, as examined by 1 h BrdU pulse, was
not initiated in Bcl-2P°F mice when compared to control mice
(Fig EV3C). Taken together, our data suggested that the proper
regulation of cell death during catagen is required for physiological

6 of 14  EMBO reports 22: €52301 | 2021

HF regeneration and SC niche identity during telogen. Our findings
also revealed that although a Bcl-2-mediated block of apoptosis
allows upwards movement of the retracting strand during catagen,
the execution of a normal hair cycle, including anagen phase induc-
tion, is defective (Fig EV3D).

© 2021 The Authors



Anna Geueke et al

EMBO reports

A B 100 ek

80 I Length
e m Width
=60 -
()]
e
a

20 -

0 EOE
catagen b wn Ctr Bcl-2

wkkk

<
Prid = <10 aCas3+ cells
T = <3 aCas3+cells
S W no aCas3+ cells
=
©
=
S
[0
o
Ctr Bcl-2FOE
Bmp6 G Fgf18
0.000004 - ik 0.0010 - *
5 | ol
2 T s ]
% 0.000003- 7 0.0008 T
e o
2 S 0.0006 -
® 0.000002- =
2 £ 0.0004
K | E
3 0.000001 R
0.000000- 0.0000-
Ctr Bcl-2EOE Ctr Bol-2EOE

weeks of age

Figure 5. Bcl-2 blocks apoptosis during catagen of the hair follicle cycle.

Analysis of length and width of retracting strands of control (Ctr) and Bcl-25°% mice (n = 4; multiple measurements/biological replicate; whiskers: min and max;

Quantification of aCas3™ cells in the RS of P19 Ctr and Bcl-25°% mice (n = 4 biological replicates; mean + standard deviation [SD]; ****P < 0.0001, two-tailed

A Histology of P19 catagen back skin HF of control (Ctr) and Bcl-25°F mice. RS: retracting strand, Scale bar, 50 pm.
B
boxes: median =+ first and third quartile; ****P < 0.0001, two-tailed unpaired Student’s t-test).
C Itga6 and aCas3 immunofluorescence staining of catagen tail skin HF of control (Ctr) and Bcl-25°F mice (n = 4 biological replicates). Dashed lines: retracting
strands. Scale bar, 100 pm.
D
unpaired Student’s t-test). HF, hair follicle.
Hair-coat recovery in Ctr and Bcl-25°F mice following depilation (n = 3 biological replicates).
F,G

Bcl-2 promotes SC-driven tumour initiation

qRT-PCR for mRNA expression of the quiescence-related markers Bmp6 (F) and Fgf18 (G) in epidermis of control (Ctr) and Bcl-25°F mice (P27), (n = 4 biological
replicates; mean + standard error of mean [SEM]; *P < 0.05, ***P < 0.001, two-tailed unpaired Student’s t-test).

addressed the impact of Bcl-2 overexpression on epidermal tumour
formation using the K15ANLefl mice, which express a dominant-

Based on our data that Bcl-2 overexpression blocks apoptosis
during HF regression leading to an enlarged bulge area, we next
investigated the pathophysiological consequences of increased Bcl-
2 activity in the epidermis including HF SCs. More precisely, we

© 2021 The Authors

negative mutated form of the transcription factor Lefl (lacking N-
terminal P-catenin binding site) specifically in BSCs leading to
cancer formation (Petersson et al, 2015). Of note and in contrast
to wild-type animals, treatment of K15ANLefl mice with a single
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sub-threshold dose of the carcinogen DMBA induced skin tumours
in high frequency (Petersson et al, 2015). Interestingly, BSCs
frequently undergo p53-independent apoptosis and Bcl-2 mRNA
and BCL-2 protein expression was reduced in K15ANLefl mice
compared to controls (Petersson et al, 2015) (Figs 6A, and EV4A).
To investigate how Bcl-2 regulation affected BSC-driven tumour
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formation, we generated I(lSANLefl/Bcl—ZEOE mice (Figs 6A, and
EV4A and B). In line with previous data (Petersson et al, 2015),
we detected increased apoptosis in K15ANLefl mice (Fig 6B and
C), which was efficiently blocked in KlSANLefl/Bcl—ZEOE mice
(Fig 6B and C). In addition, we observed reduced proliferation
of the BSCs in K15ANLefl/Bcl-2E°E mice when compared to

K15ANLef1

_K15ANLef1;Bcl-2EOE

Figure 6. Bcl-2 overexpression blocks BSC apoptosis and proliferation in K15ANLefl mice.

A gRT-PCR for Bcl-2 mRNA expression in sorted (CD34") BSCs of control (Ctr), KISANLefl and K15ANLef1;Bcl-25°F mice (n = 2 biological replicates).
B Immunofluorescence staining of epidermal tail whole mounts of control (Ctr), KISANLefl and K15ANLef1;Bcl-259F mice, stained for keratin 15 (Krt15, green), activated
caspase-3 (aCas3, red) and DAPI (blue). Note increased number of aCas" cells in the bulge of K1I5ANLefl mice (arrows). B: bulge, HG: secondary hair germ, SG:

sebaceous gland. Scale bar, 100 pm.

C Quantification of hair follicles (HF) with activated caspase-3 (aCas3"), apoptotic cells in control (Ctr), KISANLefl and K15ANLef1;Bcl-25°F mice (n = 6 biological

replicates; mean + standard deviation [SD]; ***P < 0.001, two-way ANOVA test).

D Immunofluorescence staining of epidermal tail whole mounts of control (Ctr), KISANLefl and K15ANLef1;Bcl-25°F mice, stained for keratin 15 (Krt15, green), BrdU
(1-h pulse, red) and DAPI (blue). Note increased number of BrdU™ cells in the bulge of KISANLefl mice (arrows). B, bulge; HG, secondary hair germ; SG, sebaceous

gland. Scale bar, 100 pum.

E Quantification of hair follicles (HF) with BrdU*, proliferating cells in bulge of control (Ctr), Bcl-25F, KISANLefl and K15ANLef1;Bcl-25°F mice (n = 6 biological
replicates; mean + standard deviation [SD]; ****P < 0.0001, multiple t-test comparisons). nd, not detected.
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K15ANLefl mice, suggesting that apoptosis-induced proliferation
may contribute to propagation of mutated BSCs in K15ANLefl
mice (Fig 6D and E).

To investigate tumour initiation, K1SANLefl and K15ANLefl/
Bcl-2E°F mice were treated with DMBA (Niemann et al, 2007;
Frances et al, 2015; Petersson et al, 2015) (Fig 7A). Importantly,
Bcl-2 overexpression significantly facilitated tumour formation in
K15ANLef1/Bcl-2E°F mice (3 weeks post-treatment) compared with
K15ANLefl mice (5-7 weeks post-treatment; Fig 7B). Moreover, all
of the K15ANLef1/Bcl-25°F mice possessed tumours 5 weeks after
DMBA treatment, while in contrast, K15ANLefl mice were just
beginning to show signs of lesions (Fig 7B and C). As expected,
control mice, including Bcl-25°F and wild-type mice, did not develop
epidermal tumours (Fig 7B and C). Further analysis revealed that
the epidermal tumour type and sebaceous differentiation of the
tumours was not altered following Bcl-2 expression (Petersson et al,
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2015) (Figs 7D and EV4C and D). The number of tumours per
mouse was slightly increased in K15ANLef1/Bcl-25°F animals, likely
because the K15ANLef1/Bcl-25°F mice formed tumours much earlier
compared with their K1SANLefl littermates (Fig 7C). In addition,
proliferation and apoptosis of keratinocytes within the tumour mass
was not altered in K15ANLefl/Bcl-25°F mice when compared to
K15ANLefl littermates (Fig EV4AE and F). The data support our
hypothesis that the BSCs expressing higher levels of Bcl-2 possess a
growth advantage due to their enhanced survival and therefore
contribute to increased tumour formation.

To directly test for the contribution of BSC-specific Bcl-2 overex-
pression to the accelerated tumour growth detected in K15ANLefl/
Bcl-259F mice, we generated Bcl-2¥'°°F mice targeting Bcl-2 specifi-
cally to keratin 19-expressing HF bulge cells in the mouse epidermis
(Means et al, 2008). Therefore, the Bcl-2X'"°F and K15ANLefl
mouse lines were crossed to generate K15ANLefl/Bcl-2X'°9F mice

(9]

Frequenc
10 - q Y
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oe]

fagh)

tumors
[\%]

o
L

Figure 7. Bcl-2 promotes SC-driven tumour initiation.

A Schematic of tumour experiment timeline in K15ANLefl genetic background.

B, C Tumour incidence (B) and frequency (C) in Ctr, Bcl-25°F, KISANLef1 and K15ANLef1;Bcl-25°F mice (n = 10 biological replicates; mean + standard error of mean [SEM]).
D  Histology of sebaceous tumours of KISANLefl and K15ANLef1;Bcl-25°% mice. Scale bar, 100um.
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(Fig EVSA). Tumour studies, involving initiation of Bcl-2 expression
and DMBA treatment (Fig EV5B), revealed an increase in tumour
initiation and tumour frequency (Fig EV5C and D) similar to the
tumour-promoting effect seen in K15ANLef1/Bcl-25°F mice (Fig 7B
and C), demonstrating that Bcl-2 overexpression specifically in HF
BSCs is sufficient to promote skin tumour formation.

Together, the tumour studies suggested that BSCs overexpressing
Bcl-2 possess an advantage to survive and are potentially selected to
give rise to tumours (Fig EVSE).

Discussion

Regenerating tissues, including the mammalian skin, require a tight
control of cell death mechanisms to prevent the tissue from over-
growth or degeneration. This applies particularly to tissue SCs, the
main cellular source driving regeneration and repair following
injury (Rognoni & Watt, 2018). Here, we show that blocking Bcl-2
function, either by a systemic treatment with a highly selective Bcl-2
inhibitor (ABT-199) or by conditional ablation of Bcl-2 from the
mouse epidermis, results in BSC-specific apoptosis. Moreover, the
cell death following ABT-199 treatment is specific to a BSC subpopu-
lation, sbBSCs, highlighting a functional heterogeneity within the
BSC compartment. Our results demonstrate that HF SC pools differ
in their apoptotic response and that only sbBSCs are more depen-
dent on Bcl-2 (Fig EV1F). Differential regulation of anti-apoptotic
proteins and distinct cell survival requirements have also been
observed in subsets of dendritic cells (Carrington et al, 2015) and
thus might constitute an important molecular mechanism of func-
tional specification in heterogeneous cell compartments.

Our study also reveals the physiological relevance for Bcl-2-
mediated protection of sbBSCs by showing that sbBSC depletion
significantly impairs cyclic HF regeneration and delays anagen
entry. This finding is in line with previous data showing that the
first postnatal hair regeneration cycle is retarded in Bcl-2 null mice
(Veis et al, 1993; Kamada et al, 1995; Yamamura et al, 1996). It also
raises the question how Bcl-2-regulated cell death affects HF BSC
function and HF regeneration? Abrupt loss of sbBSC following ABT-
199 treatment might result in the disruption of the normal architec-
ture of the BSC compartment and thus impact on the physiological
function of BSC during telogen to anagen transition. The hypothesis
that sbBSCs directly affect bBSCs via intra-bulge cellular crosstalk is
also appealing, and the direct contribution of sbBSCs to hair follicle
growth during anagen may also be an interesting possibility that
could be tested in the future.

In addition, our data show that epidermal Bcl-2 overexpression
blocks apoptosis during catagen, when mature anagen HFs retract
to transit to the telogen phase. Based on previous elegant live-
imaging studies capturing cell death in the basal epithelial layer of
HFs (Mesa et al, 2015b), our experiments suggested that the
enlarged HF bulge compartment in Bcl-25°F mice was generated by
basal and outer root sheath HF keratinocytes that are normally lost
during catagen. Remarkably, despite the Bcl-2-induced block in the
apoptosis of keratinocytes, HFs are still capable to retract in catagen.
This observation supports recent findings that dermal sheath
contraction is the main driver of epithelial column regression and
refutes the prevailing hypothesis of an apoptotic force inducing folli-
cle regression (Heitman et al, 2020).
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One immediate consequence of the block of apoptosis during
catagen in the epidermis of Bcl-2P°F mice is the formation of an
enlarged BSC compartment and an abnormal HG shape that are
associated with a delay in anagen entry. Several potential mecha-
nisms could cause the transient inhibition in hair regrowth. One
explanation is that an abnormal HG impairs its intrinsic response to
activating signals produced by the underlying DP (Greco et al,
2009). Another possibility is that the abnormal BSC and HG niche
impacts on the molecular DP-HG crosstalk that is essential for
anagen initiation (Mesa et al, 2015a). Finally, Bcl-2 overexpression
and apoptosis defects may lead to an enhanced quiescence in BSCs,
a hypothesis that is supported by the elevated expression of quies-
cent SC markers, including Nfatcl and FoxCl. In this case, the
molecular signals activating hair growth may need to overcome a
threshold that is higher in Bcl-25°F mice than under normal physio-
logical conditions (Blanpain & Fuchs, 2006; Greco et al, 2009).
Collectively, our in vivo studies of the gain and loss of function of
Bcl-2 revealed that although cyclic HF renewal is disturbed by
significantly delaying anagen in both experimental settings, the
underlying cellular mechanisms are different. We identify Bcl-2 as a
key molecule controlling BSC homeostasis and activity during HF
regeneration, as well as regulating the architecture, size and compo-
sition of the SC pool.

Acquired resistance towards apoptosis is one of the hallmarks of
cancer stem cells and often leads to the failure of anticancer treat-
ment strategies (Hanahan & Weinberg, 2011). Given that Bcl-2 is
intimately linked to diverse haematologic malignancies and is
frequently abnormally regulated in many types of cancer (Brink-
mann & Kashkar, 2014), we investigated the roles of Bcl-2 in BSC-
driven tumour formation. Previous studies suggested that Bcl-2
overexpression leads to an increase in resistance of BSCs towards
DNA damage-induced cell death following ionizing radiation of
mouse skin, thereby safeguarding BSCs (Sotiropoulou et al, 2010).
Our findings show that the epidermal tumours exhibit high levels of
BCL-2 protein and that different levels of Bcl-2 influence tumour
development in mice. Thus, we propose a model where SCs that
have higher amounts of Bcl-2 protein are selected to give rise to
tumours perhaps due to the accumulation of DNA damage (Sotiro-
poulou et al, 2010; Petersson et al, 2015) (Fig EV5E). Furthermore,
our results suggest that treating skin tumours with the Bcl-2 inhi-
bitor ABT-199 can potentially induce apoptosis of tumour cells, with
promising clinical implications in the future. In agreement with this,
a treatment regimen targeting Bcl-2 proteins led to a remarkable
therapeutic success in haematologic malignancies (Thijssen &
Roberts, 2019). However, alternative relapse mechanisms and
patients suffering from secondary malignancies, including skin
lesions (Solomon et al, 2016), highlight the necessity to better
understand the potential role of Bcl-2 and apoptosis modalities in
other tissues and cancers, such as skin cancer.

Materials and Methods

Experimental mice
K14Cre, K19CreER, Lgr5CreER-eGFP, LriglCreER-eGFP, K15ANLef1,

Bcl-2M°% and Rosa26"S-BCL2IRES.GFP 1hice have been described
before (Hafner et al, 2004; Thorp et al, 2009; Petersson et al, 2011;
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Knittel et al, 2016). K14Cre mice were crossed with Bel-21°% mice to
generate Bcl-2 epidermal knockout mice (Bcl-2E%9). To generate
epidermal Bcl-2 overexpressing mice (Bcl-25°%), K14Cre mice were
crossed with Rosa26MSL-BCL2IRES.GFP B0 HEOE mice were further
crossed with K15ANLefl mice. All mouse strains were maintained
on a C57BIl/6 background. For all experiments, mice of the same sex
were used. Mice were group-housed on a 12:12-h day (light) and
night (dark) cycle in specific pathogen-free (SPF) cages. All in vivo
experiments were carried out according to ethical guidelines and the
animal licence given by the State Office North-Rhine Westphalia.

Inhibitor and tamoxifen treatment

ABT-199 (50 mg/kg) or the control solution was injected i.p. for one
or six consecutive days into 7-week-old wild-type mice (Vaillant
et al, 2013). For a stock solution, ABT-199 was dissolved in DMSO
(50 mg/ml). 5% glucose, propylene glycol and Tween 20 (13:6:1)
were added to generate working solution. For some experiments,
mouse back skin was shaved following inhibitor treatment for 6 days
using an electric shaver (Wella Contura) when mice were in the telo-
gen phase. Hair-coat recovery was monitored once per day for up to
6 weeks. 7-week-old Bcl-2X'°CF mice, K15ANLef1; Bcl-2X°F mice
and control littermates were i.p. injected with 2 mg tamoxifen for
four consecutive days prior DMBA tumour experiments.

Tumour experiments

To initiate tumorigenesis, 7-week-old wild-type (n = 10), K15ANLef1
(n =10), Bcl-2E°% (n =10), KI5ANLefl; Bcl-2%°% (n =10), Bcl-
2K190E 1hice (n > 5) and K15ANLefl; Bcl-2X"9CE mice (n > 5) were
treated once with 650 uM 7,12-dimethylbenz(a)anthracene (DMBA;
Sigma-Aldrich). 3-5 weeks later, tumour formation was observed.
Tumours were monitored and scored once per week.

Isolation of epidermal whole mounts

Epidermal whole mounts of tail skin were isolated as described
before (Braun et al, 2003). In brief, tail skin was incubated in 5 mM
EDTA/PBS for 3 h at 37°C. Epidermis was gently peeled off using
forceps and fixed in 3.4% formaldehyde for 1 h at RT and after-
wards stored in PBS at 4°C.

Immunofluorescence and microscopy

Epidermal whole mounts and skin tissue sections were analysed by
immunofluorescence according to established protocols. In brief,
skin or tumour tissue was either directly embedded in OCT (Tissue
Tek) and frozen or fixed in 4% formaldehyde and embedded in
paraffin. Antibodies were diluted in blocking solution. The following
primary antibodies were used: K15 (mouse, Neomarkers, 1:1,500),
K14 (rabbit, Covance, 1:3,000), K10 (rabbit, Covance, 1:500), K6
(rabbit, Covance, 1:3,000), active Caspase 3 (rabbit, R&D Systems,
1:500), BrdU (mouse, BD Bioscience, 1:50), P-Cadherin (rat, Invitro-
gen, 1:400), Nfatcl (7A6, mouse, DSHB), Sox9 (rabbit, Millipore,
1:1,000), Scdl (rat, R&D, 1:100), BrdU (rat, Oxford Biotechnology,
1:500), K15 (rabbit, Progen, 1:1,500), Integrin a6 (rat, BD, 1:1,000),
YH2AX (rabbit, Cell Signaling, 1:200), K71, K72, K75, K85 (guinea
pig, Progen, ready-to-use kit), Bcl-2 (mouse, BD Bioscience, 1:200),
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Trp2 (goat, Santa Cruz, 1:200) and GFP-AlexaFITC (goat, Rockland,
1:500). All secondary antibodies coupled to Alexa488 and Alexa594
were obtained from Molecular Probes. Individual immunostainings
were performed at least twice. Whole mount stainings were anal-
ysed using Olympus Fluoview FV1000 confocal microscope, and
tissue sections were analysed using Olympus fluorescence micro-
scope 1X83 and IX81. Retracting epithelial strands were measured
with Olympus cellSens Dimension software.

Flow cytometry

Skin was harvested, the fat tissue removed and then floated on
0.25 mg/ml thermolysin (Sigma) in PBS with the dermal side down
for 45 min at 37°C. Epidermis and dermis were separated, and the
epidermal tissue was minced, filtered and washed with 4% FCS,
2 mM EDTA/PBS. For SC quantification and sorting, cell suspen-
sions were incubated in 4% FCS, 2 mM EDTA/PBS for 45 min at 4°C
with the following antibodies: phycoerythrin (PE)-conjugated o6-
integrin (CD49f, BD PharMingen; 1:25) and eFlour660-coupled
CD34 (Ram34, eBioscience; 1:100). Cell viability was assessed by
7AAD (BD Bioscience) labelling. Subsequent analysis was carried
out using a FACSCanto™II Cytometer (BD Bioscience) equipped
with BD FACSDiva Software. Cell sorting for analysis and RNA
sequencing of BSC subpopulations were performed on a FACSAria™
IITu and FACSAria™Fusion cell sorters (BD Bioscience).

RNA sequencing

For RNA sequencing of the sorted BSC subpopulations, RNA from
four mice per FACS sorted cell population (CD34~, CD34"/Itga6™8",
CD34"/Itga6"°") was pooled. Due to low amount of input material,
pre-amplification using the Ovation RNASeq System V2 was
performed. Total RNA was used for first-stranded cDNA synthesis
using both poly(T) and random primers, followed by second-
stranded synthesis and isothermal strand-displacement amplifi-
cation. For library preparation, the Illumina NextEra XT DNA
sample preparation protocol was used with 1 ng cDNA input. After
validation (Agilent 2200 TapeStation) and quantification (Invitrogen
Qubit System), all transcriptome libraries were pooled. The pool
was quantified using the Peqlab KAPA Library Quantification Kit
and the Applied Biosystems 7900HT Sequence Detection and
sequenced on an Illumina HiSeq4000 sequencing instrument with a
2 x 75 bp paired-end read length.

RNA-Seq data were processed through the QuickNGS pipeline
according to Wagle et al, 2015 (Wagle et al, 2015) using Ensembl
version 87(mm10). Reads were mapped to the Mouse genome using
Tophat (version 2.0.12) and abundance estimation with Cufflinks
(Version 2.1.1). DESeq2 was used for differential gene expression
analysis. The results were uploaded into the QuickNGS database.

GO-term enrichment analysis was performed using the Metas-
cape software using differentially expressed genes in sbBSCs
compared to bBSCs as input (> 2-fold change, P-value > 0.05).

qRT-PCR analysis
Total RNA was isolated from epidermis, FAC-sorted bulge SCs and

skin tumours, and qRT-PCR experiments were performed using
primers (eurofins; Appendix Table S1).
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The following TagMan probes were used: Bcl-2, MmO00477631,
NfatCl, MmO01265944 and 18S, Mm03928990 (Thermo Scientific).

The expression levels were calculated relative to 18S RNA using
the AACT method (AACT = ACT 18S RNA — ACT gen of interest)
(Schmittgen & Livak, 2008). The cycle threshold (CT) value is
defined as the number of cycles required to overcome a threshold,
which exceeds the background level.

Western blot analysis

Back skin epidermis or tumour samples were homogenized in crude
lysis buffer (1% w/v SDS, 10 mM EDTA) with metal beads through
the Minilys homogenizer (Bertin technologies). Total protein
(25 pg) was loaded in Bolt™ 4-12%, Bis-Tris, 1.0 mm, Mini Protein
Gel (Invitrogen). Proteins were then transferred to PVDF
membranes. Primary and secondary antibodies were diluted in 5%
milk in TBS-0.01% Tween buffer. The following primary antibodies
were used: Bcl-2 (mouse, BD Bioscience, 1:500), K14 (rabbit,
Covance, 1:3,000), Scdl (rat, R&D, 1:500), GAPDH (rabbit, Cell
Signaling, 1:2,000) and o-actinin (rabbit, Cell Signaling, 1:1,000).
All secondary antibodies coupled to HRP were obtained from GE
Healthcare. WESTAR ECL Substrate for Western blotting (Cyana-
gen) was used to visualize the bands.

Statistical analysis

Statistical significance was calculated using Student’s t-test, except
for analysing differences in tumour frequency. Statistical analysis of
differences in tumour frequency was carried out using two-way
ANOVA with repeated measures. Quantification methods are indi-
cated in the respective Figure legends. All P-values below 0.05 were
considered significant. Statistical analyses were performed using
Microsoft Excel and GraphPad Prism.

Data availability

The data sets produced in this study are available in the following
database: Gene Expression Omnibus GSE166921 (https://www.ncb
i.nlm.nih.gov/geo/query/acc.cgi?acc = GSE166921).

Expanded View for this article is available online.
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