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Blood endothelial ALK1-BMP4 signaling axis
regulates adult hair follicle stem cell activation

Kefei Nina Li, Gopal Chovatiya

Abstract

Blood vessels can play dual roles in tissue growth by transporting
gases and nutrients and by regulating tissue stem cell activity via
signaling. Correlative evidence implicates skin endothelial cells
(ECs) as signaling niches of hair follicle stem cells (HFSCs), but
functional demonstration from gene depletion of signaling mole-
cules in ECs is missing to date. Here, we show that depletion of the
vasculature-factor Alkl increases BMP4 secretion from ECs, which
delays HFSC activation. Furthermore, while previous evidence sug-
gests a lymphatic vessel role in adult HFSC activation possibly
through tissue drainage, a blood vessel role has not yet been
addressed. Genetic perturbation of the ALK1-BMP4 axis in all ECs
or the lymphatic ECs specifically unveils inhibition of HFSC activa-
tion by blood vessels. Our work suggests a broader relevance of
blood vessels, adding adult HFSCs to the EC functional repertoire
as signaling niches for the adult stem cells.
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Introduction

The molecular cross-talking between adult stem cells (SCs) and their
niches is important for proper tissue homeostasis, SC activation,
and SC maintenance. Endothelial cells (ECs) composing the vascula-
ture have been reported as signaling niches in several adult SC sys-
tems, including blood, bone, and neural (Ramasamy et al, 2015;
Comazzetto et al, 2021). Highly regenerative tissues such as the skin
might be especially dependent upon a dual coordinated role of blood
vessels in both cargo transport (e.g. gases, nutrients, waste prod-
ucts, and cells) and in signaling to the resident epithelial SCs to reg-
ulate their activity. While hair follicle stem cells (HFSCs) signal
outward to organize the neighboring microenvironment including
vasculature, (Li & Tumbar, 2021) aside from some correlative evi-
dence from us (Li et al, 2019) and others (Yoon & Detmar, 2022), no
EC signal to date has been directly demonstrated to act on HFSCs by
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direct genetic targeting in ECs. Moreover, while recent evidence
demonstrates that killing ECs from the skin lymphatic vasculature
affects hair follicle stem cell (HFSC) activation from quiescence dur-
ing the hair homeostatic cycle, possibly due to perturbed tissue
drainage (Skobe & Detmar, 2000; Gur-Cohen et al, 2019; Pena-
Jimenez et al, 2019; Li & Tumbar, 2021), the role of blood vessels in
HFSC activation has not yet been unequivocally identified.

The hair follicle (HF) undergoes synchronous phases of remo-
deling known as telogen (rest), anagen (growth), and catagen
(destruction). Quiescent HFSCs located in the hair bulge and primed
HFSCs located in the hair germ at telogen become activated from
quiescence and produce the hair bulb and hair shaft at anagen; then
HFSCs return to quiescence, and the HF bulbs regress back during
catagen (Fuchs et al, 2004; Tumbar, 2012; Li & Tumbar, 2021;
Fig EV1). The hair bulge is located permanently in the skin dermis,
while the hair germ found at the junction with hypodermis grows in
size at anagen turning into the hair bulb and driving more than tri-
ple hypodermis expansion that fills up with engorging fat cells and
with blood vessels tightly wrapped around the new hair bulbs
(Chase et al, 1953; Durward & Rudall, 1958; Mecklenburg et al,
2000; Cotsarelis, 2006; Zwick et al, 2018; Houschyar et al, 2020; Li
& Tumbar, 2021; Fig EV1). During catagen, as the HF bulbs and the
hypodermis regresses, the skin vasculature is reoriented forming a
horizontal plexus underneath the hair germ (HPuHG; Li et al, 2019;
Fig EV1). This vascular plexus disperses and remodels at anagen,
moving vertically and around the growing HFs into the hypodermis
(Li et al, 2019; Li & Tumbar, 2021; Fig EV1). Previously, we geneti-
cally depleted the Activin receptor like type 1 (AlkI) in ECs of both
blood and lymphatic vessels in Cdh5-CreERT2 driven Alkl knockout
mice and described three correlative effects: an unusually dense
HPuHG, a delay in HFSCs activation, and a simultaneous increase in
skin BMP4 protein levels (Li et al, 2019; Fig 1A). While BMP signal-
ing plays a prominent role in HFSC activation via the BMPR1la
receptor expression in the skin epithelium (Plikus et al, 2008;
Yi, 2017), a BMP role in skin vasculature cross talk with hair folli-
cles has not been directly explored until now.

Here we use the Alk1-BMP axis as a testing paradigm in mice
and demonstrate for the first time by direct genetic depletion in ECs
that inductive signals secreted from blood vessel ECs can inhibit
HFSC activation, impacting their gene expression and delaying the
hair homeostatic cycle. This uncovers the blood vessels” EC capabil-
ity as bona fide endocrine niches promoting quiescence of HFSCs,
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thus expanding their known repertoire as signaling niches for adult
stem cell activity.

Results

Alk1 loss perturbs all skin endothelial cell populations and
affects cell migration genes

Previously we showed that pan-EC Alkl KO mice (Cdhs-
CreERT2xAIk17°¥1°% from here on Alk1E"%X9) showed perturbed
CD31+ skin vasculature morphology, with a dense HPuHG, and a
delay in HFSC activation and hair cycle progression into anagen (Li
et al, 2019; Fig 1A). To understand which EC compartments are
affected by AlkI loss and to examine the mechanisms by which Alkl
works in ECs, we first performed single-cell RNA-seq (scRNA-seq) of
sorted skin ECs. For this, we crossed the Rosa26R-lox-STOP-lox-
tdTomato reporter mice with the Alk1E"%°X° mice and induced Cre
recombination with Tamoxifen (TM) at postnatal day (PD)17 to label
the ECs (Fig 1A and B). We then FACS-purified tdTomato-positive ECs
from PD25 Alk1E4°KO mice dorsal skin (Fig EV2A) and performed
single-cell RNA-seq (scRNA-seq) using the 10x Genomics platform.
Wild type (WT) and CT (Cre negative/TM-injected) mice at PD25 are
at anagen with an activated hair germ (HG) and sometimes lower
bulge that proliferates; in contrast, in the PD25 Alk1E"%°KC skin HFs
are at telogen with no proliferation in HFs (Li et al, 2019), while the
vasculature may have a mixed telogen/anagen phenotype. Therefore,
to account for possible hair cycle stage effects on EC transcriptomes,
we used Harmony integration methods (Korsunsky et al, 2019) of
scRNA-seq data to compare the Alk1%9°KO ECs with CT samples from
Cdh5-CreERT2;tdTomato+ mice injected with TM at PD17 and sacri-
ficed at both telogen (PD20) and anagen (PD32; preprint: Chovatiya
et al, 2023). All Alk1%9°X© and CT samples were of high quality,
with 13 major clusters detected in both CT and Alk1%4°° ysing Uni-
form Manifold Approximation and Projection (UMAP) analysis
(Fig EV2B-E). A small (~ 1%) EC proliferative cluster was found in CT
but not detected in the Alk1%9°KC samples, likely due to low cell reso-
lution limits. Based on known marker expression, we identified and
eliminated the contaminating non-EC clusters and reclustered five EC
populations through the Seurat pipeline (Hao et al, 2021). These clus-
ters were: artery, vein, two BV capillary populations, lymphatic capil-
lary, and lymphatic collecting vessel (Figs 1C and EV2F and G). The
total EC number for telogen CT, anagen CT, and Alk1°XC sample is
2,543, 7,498, and 3,103, respectively. The expression of Alkl mRNAs
was detectable in all CT EC populations at telogen and anagen,
suggesting that Alkl may play a role both in skin BVs and LVs during
the hair cycle (Fig EV2H). A detailed comparative analysis of telogen
vs. anagen samples will be published elsewhere (preprint: Chovatiya
et al, 2023), while here we focus on Alk1 role in BV and LV ECs.

To understand the effect of AlkI loss in BV and LV EC popula-
tions, we examined differentially expressed genes (DEGs) cluster by
cluster in Alk1¥"9°XC relative to both telogen and anagen CT sam-
ples. While EC clusters showed relatively modest DEG in CT anagen
vs. CT telogen samples, all Alk1E"4°X° ECs had unique and substan-
tial changes in transcriptomic profiles relative to both stages (Fig 1D
and E). Categorization of these DEG into biological processes using
the Panther database (Mi et al, 2019, 2021) revealed genes related
to metabolism (16%), signaling (7%), cellular localization (6.7%),
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locomotion (1.7%), and cell adhesion (1.2%), among others
(Fig EV3A). Interestingly, ribosomal markers such as Rpl9 and Rps2
have much higher expression in Alk1¥"4°X° compared with both CT
groups, suggesting potentially elevated biosynthesis (Fig EV3B).
Gene Ontology (GO) analysis of DEGs revealed many pathways
changed in the Alk1%"°XO samples, which included metabolism,
extracellular matrix organization, and cell adhesion, suggesting that
Alk1 loss globally perturbs EC homeostasis (Fig EV3C). Finally,
heatmap of the relative expression of the combined list of 1,722
DEGs showed the Alk1E24°KO ECs clusters together, standing out
from the two CT groups at both telogen and anagen (Fig 1E; Source
Data). The BVs and particularly the BV capillaries were the most
changed among all the EC populations (Fig 1D and E; Source Data).
DEG heat map shows complex patterns of association, with some
genes changed in a similar fashion in all Alkl EC clusters relative to
at least one CT group, and other genes changing specifically in dis-
tinct EC population (Fig 1E; Source Data). These results constitute a
rich database for future mining of the Alkl-induced mechanisms in
different skin EC populations.

To examine the common effects in BVs and LVs, we intersected
the DEG list across all EC population, which revealed that 20 core
genes significantly changed in all the Alk1E"4°KC clusters relative to
both telogen and anagen control groups (Fig 1F). Among the upre-
gulated genes, Ahnak (Haase et al, 2017) has implication in vascular
healing; Txnip (Meszaros et al, 2021) contributes to unorganized
and tortuous vessels in tumors; and Ppfibpl (Norrmén et al, 2010)
maintains the integrity of LVs. Furthermore, Anxa2 (Luo et al,
2017) was shown to support microvascular integrity in the lung and
was downregulated in our Alk1E"9°KO skin ECs (Fig 1F). The
remaining genes (Tnsl (Shih et al, 2015), Map3ké (Eto et al, 2009),
Timp3 (Qi & Anand-Apte, 2015), Selenop (Marciel & Hoffmann,
2017), Lcn2 (Wu et al, 2015), Ctsz (Biihler et al, 2013), Anxa5 (Sun
et al, 2018), and Vim (Ostrowska-Podhorodecka et al, 2022)) were
associated with angiogenesis and EC migration, in line with previ-
ous reports that demonstrated the Alk1’s role in these processes (Oh
et al, 2000; Larrivée et al, 2012; Rochon et al, 2016). Furthermore,
collective enrichment analysis for GO term of ECs migration (GO:
0043542) showed significant (P < 0.003) changes in all clusters with
significant decreases in Alk1%"°K° BVs, especially in artery and cap-
illaries, and a small but significant increase in the lymphatic capil-
lary (Fig 1G). This result suggests that Alkl may affect migration of
skin ECs, as they become remodeled during the hair cycle from
telogen to anagen (Durward & Rudall, 1958; Mecklenburg et al,
2000; Li & Tumbar, 2021).

In conclusion, our single-cell RNA-seq data revealed that Alkl
loss in pan-ECs induced significant gene expression changes in both
the LV and BV populations and their respective subpopulations. The
DEG genes show complex patterns of regulation in the different
clusters and point to many cellular responses including metabolism,
angiogenesis, cell adhesion, and especially EC migration.

Alk1 modulates EC localization/mobilization during hair cycle but
not their proliferation

Next, we asked if EC migration, proliferation, or both contributed to
Alk15M9K0 yascular phenotype during hair cycle, as suggested by our
scRNA-seq data here and by reports of AlkI role in EC migrations in
other tissues or in injured skin (Oh et al, 2000; Larrivée et al, 2012;

© 2023 The Authors
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Figure 1. Alk1 loss perturbs gene expression in all skin endothelial cell types and affects migration-related pathway.

A
and dense HPuHG (right).

B 12 pm skin section of mouse used for FACS showing tdTomato labeling of the vasculature.

and Alk1E"9°%C sample is 2,543, 7,498, and 3,103 respectively.
Venn diagram showing differentially regulated genes in Alk1E"4°KC
FindMarker function in Seurat.

E Heat map of 1,722 differentially expressed genes (DEG) shows clustering of Al

UMAP of clustered skin endothelial cell types in telogen WT, anagen WT, and Alk

1EndDKO

kEndoKO

Induction scheme of mice used for FACS (left) and a cartoon summary of previous work (Li et al, 2019) showing PD25 Alk1E"9°KO

mice have delayed HFSC activation

mice. N = 2 for each group, and total EC number for telogen CT, anagen CT,
relative to both telogen and anagen CT samples and between the CT samples at the two stages by

endothelial cell population away from both telogen and anagen samples.

o m

Heatmap showing relative expressions of 20 core genes in all clusters at all stages in CT and Alk1E"9°%° mice.

Migration score in different EC clusters in telogen, anagen CT, and AIk1E"¥°K° based on expression levels of genes in GO terms GO_Migration (GO: 0043542).
Nonparametric comparisons for each pair done cluster by cluster using Wilcoxon Method rendered P values that were less than 0.003 for AIKLEM99KO samples when
compared with both WT telogen and anagen samples. The central bands represent medians. The boxes define the first to the third quartiles, and the whiskers show
the largest/smallest value that’s within 1.5 inter-quartile range within the hinge of the box. N = 2 for each group.

Source data are available online for this figure.
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Rochon et al, 2016). We previously reported a significant increase in
the Alk1P"%°KO CD31+ area in the HPuHG, a defined hypodermis
region below the hair germ, which we previously quantified in skin
sections (Li et al, 2019). Here we qualitatively illustrate this dense
HPuHG phenotype with our first whole mount cleared skin tissue and
3D confocal microscopy and image surface rendering (Fig 2A; raw
images shown in Fig EV4A). We found HFs arrested at telogen in the
Alk1E9oKO gkin by PD25 when CT skin was at early anagen, as
expected from our previous analysis (Li et al, 2019; Fig EV4B). Fur-
thermore, inspection of the Z-optical stacks of the whole mount
images revealed for the first time the presence of tortuous vasculature
structures within the HPuHG area of the Alk1%%°X° (Fig 2B), not pre-
viously reported in the absence of skin injury (Park et al, 2009).

To examine the possible changes in ECs numbers and/or prolifer-
ation in Alk1E"9°KO gkin, we performed co-immunofluorescence (IF)
staining and confocal microscopy for CdhS5, Erg (a nuclear EC
marker; Nikolova-Krstevski et al, 2009), and Ki67. We used 8-pm
skin sections from CT skin at PD20 (telogen), PD25 (early anagen),
and in some cases PD32 (anagen) and Alk1®"4°XC at PD25 (Figs 2C
and EV4C). We found that the number of Cdh5+ cells increased in
the HPUuHG area of the PD25 Alk1%9°X© skin when compared with
both telogen and early anagen CT skin (Fig 2D). The increased num-
ber of Cdh5+ cells in the HPuHG of the Alk1"%°XC skin was not
accompanied by increased in Ki67+ proliferative ECs in the HPuHG
(Fig 2E) nor in the total skin area (Fig 2F) of the Alk1E"4°KO mice.
Furthermore, prolonged BrdU pulse (PD17-24; Fig EV4D) followed
by quantification of the fraction of BrdU+/CdhS+ cells (Fig 2G)
showed statistically insignificant differences in the fraction of prolif-
erative cells. EC numbers increase from telogen to full anagen by
~30% in CT mice, as previously reported (Mecklenburg et al, 2000;
Yano et al, 2001; Li et al, 2019), and EC numbers in Alk1E"9°KO gkin
at PD25 were also somewhat increased (Fig EV4F). Importantly, the
ratio of EC located in the HPuHG area vs. total skin area decreased
at the telogen—early anagen transition, as expected from dispersal of
vasculature at this stage (Li et al, 2019), but it nearly doubled in the
Alk1F"99K0 relative to PD25 early anagen controls (Fig 2H). This
result together with the absolute increase in EC number in the
Alk1E9°KO HpyHG (Fig 2D) suggests defects in EC mobilization out
of the HPuHG areas at the telogen-to-anagen transition, with
impaired vascular remodeling of the HPuHG. These defects may

Kefei Nina Li et al

result in accumulation of ECs in the HPuHG, which can explain the
increased density of the HPuHG in the Alk1®"°KO skin in the
absence of increased proliferation. In fact, AlkI is a well-known reg-
ulator of EC migration in cultured skin ECs and in other tissue sys-
tems (Rochon et al, 2016; Park et al, 2021). Together, these findings
indicate that AlkI regulates skin vasculature remodeling in hair
cycle, at least in part by promoting EC mobilization or migration
from the HPuHG area out into the hypodermis and dermis areas at
the transition from telogen to anagen (Fig 2I).

AlR1 loss affects the remodeling of blood vessels and lymphatic
capillaries in hair cycle

Our scRNA-seq data suggest that Alk1E29°KO affects both blood ves-
sels (BVs) and lymphatic vessels (LVs), while the hair cycle-related
morphology evaluation demonstrates overall impairment in EC rear-
rangement/mobilization out of the HPuHG area (Figs 1 and 2). To
understand what morphological changes occur specifically in BVs
vs. LVs, we first stained 12 pm skin sections of PD25 Alk1EndoKo
and CT skin at both telogen and early anagen for a BV marker,
EMCN (Gur-Cohen et al, 2019) that does not overlap with VEGFR3,
an LV marker (Fig EV4G). Quantification of percentage of EMCN+/
CD31+ area showed that the HPuHG is predominately composed of
BVs (Fig 3A-D). Moreover, the EMCN+ BV area was significantly
increased in the Alk1%"%°® HPUHG on a level similar to the increase
we reported for the CD31+ vasculature (Li et al, 2019; Fig 3E). The
LVs, as defined by the EMCN-/CD31+ vasculature, were not
changed in the HPuHG area of the Alk1¥"9°XC skin (Fig 3F). These
data demonstrate that it was the BVs’ impaired remodeling and
mobilization that primarily contributed to the observed dense
HPuHG phenotype in the Alk1E24°KO gkin

Next, we examined how LVs were affected by the Alkl loss in
skin ECs. To capture the entirety of LVs, we performed IF staining
and confocal microscopy on 60 um thick skin sections for LYVEL
(lymphatic capillary) and VEGFR3 (lymphatics capillaries +
collecting vessels) markers (Fig 3G-J). In CT skin, the lymphatic
capillaries caliber (total capillary area/side length adjacent to HF) at
telogen (PD20) and early anagen (PD25) was small, but increased
noticeably by full anagen (PD32), adopting a more fenestrated
appearance (Fig 3G-I, quantified in 3K and see Fig EV4H for

Figure 2. Alkl modulates vascular spatial rearrangement but not EC proliferation in adult skin.

A 3D reconstruction of skin whole mount samples of wild-type mice at telogen (PD20) and early anagen (PD25) and Alk1E"4°% and stained for CD31 (surface render-
ing, red) and KRT14 marking hair follicles (green). White dotted line highlights the HPuHG area.
B Single optical plane in the HPUHG of wild-type mice and Alk15"%°*° mice showing dramatic vascular defect in Alk1"“°“C mice. Severely tangled and tortuous vas-

culatures were outlined in white dotted rectangles.

C 8 um skin section of Cre- control (CT) and Alk1E"°%C mice stained for Cdh5 (red), Ki67 (green), Erg (white), and Dapi (blue). Examples of Cdh5/Ki67 double positive

cells were enlarged in the white dotted inset for visualization purposes.

D-G Error bars represent standard deviation. Each bar represents one individual mouse, and each dot represents measurement from one image. N = 3 mice per group,
and n = 9-16 images per mouse. Restricted maximum likelihood (REML) analysis with unbounded variance components was used as statistical test, and individual
mouse was treated as random effect to take into the account of mouse-to-mouse variability. (D) Quantification of number of ECs in HPUHG area from (C). (E) Per-
centage of proliferative ECs (percentage of Ki67+ Cdh5+ cells in total Cdh5+ cells) in HPUHG from (C). (F) Percentage of proliferative ECs (percentage of Ki67+/Cdh5+
cells in total skin Cdh5+ cells) from C and Fig EV4B. (G) Percentage of proliferative ECs (percentage of BrdU+ Cdh5+ cells in total Cdh5+ cells) in total skin from

PD17-24 BrdU-pulsed CT and Alk1E"9°%° mice; images shown in Fig EV4C and D.

H Percentage of ECs in the HPUHG in total skin ECs. Error bar represents standard deviation. Each dot represents measurement from one image. N = 3 mice per
group, n = 36/31/48/27 images total for each group respectively. Unpaired student’s t-test was used to calculate P-values.

| Schematic showing control mice, when hair follicle transitions from telogen to anagen; ECs proliferate and are mobilized out of the HPUHG, causing its dispersal.
In Alk1E"9°C mice, ECs have decreased mobilization and similar level of proliferation as CT mice. This leads to a dense HPUHG with increased number of ECs.
HPuUHG region was outlined by blue dotted lines, vasculature was shown in red, and Ki67 positive HFSCs were shown in green.
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Figure 3. Alk1 loss in endothelial cells induced morphological changes in both blood and lymphatic skin vasculature.

A-C

for Endomucin (EMCN, red), CD31 (green), and Dapi (blue). HPUHG region was outlined in yellow dotted lines.

D-F

Immunofluorescence staining images of 12 um skin section from PD17 induced PD20 telogen CT, PD25 early anagen CT, and PD25 telogen Alk

lEndoKO

mice stained

Error bars represent standard deviation. Each bar represents one individual mouse, and each dot represents measurement from one image. N = 3 mice per group,

and n = 8-9 images per mouse. Restricted maximum likelihood (REML) analysis with unbounded variance components was used to calculate P-values and individ-
ual mouse was treated as random effect to take into the account of mouse-to-mouse variability. (D) Quantification of EMCN+/CD31+ area from images like those

in (A-C), shown as percentage of BV in the HPuHG. (E) Quantification of absolute EMCN+ area (e.g. BV area) in HPuHG in images like those in (A-C). (F) Quantifica-
tion of EMCN-/CD31+ area from images like those in (A-C) as LV area in the HPuHG.

G

Maximum projection through optical Z-stacks of 60 um skin sections from mice TM-induced at PD17 and sacrificed at PD20 telogen CT, PD25 early anagen CT, PD32

Anagen CT, and PD25 telogen Alk1E"¥K° mice stained for VEGFR3 (red), LYVEL (green), and Dapi (blue). Lymphatic capillaries were outlined in white dotted lines.

K Quantification of lymphatic capillary caliber from images like those in G-J in PD20 telogen CT, PD25 early anagen CT, and PD25 telogen Alk

1EndoKO

mice (see

Fig EV4H for methods). Error bars represent standard deviation. Each bar represents one individual mouse, and each dot represents measurement from one lym-
phatic capillary. N =3 mice per group, and n = 9-25 measurements per mouse. Restricted maximum likelihood (REML) analysis with unbounded variance compo-
nents was used to calculate P-values, and individual mouse was treated as random effect to take into the account of mouse-to-mouse variability.
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method), in line with previous reports (Gur-Cohen et al, 2019; Pena-
Jimenez et al, 2019). Interestingly, although the hair follicles in the
Alk1F"9°K0 skin were still in telogen by PD25, the lymphatic capil-
laries had already adopted a full anagen morphology, not seen in CT
mice until later in the hair cycle, by PD32 (Fig 3G-K). This suggests
that Alk1 loss in ECs accelerates the opening of the lymphatic capil-
laries, which advance prematurely into an anagen-like morphology
by PD25. Since in Alk1Endo KO ppos gkin, the hair follicles them-
selves are arrested at telogen while the lymphatic capillaries
progressed to anagen, these data demonstrate a decoupling of the
hair cycle-related lymphatic capillary remodeling from the remo-
deling of the hair follicle itself.

To summarize, Alkl loss in BV and LV ECs affects the morphol-
ogy and remodeling of both BVs and LVs during the hair cycle. Spe-
cifically, BVs, which we show are the predominant HPuHG
component, appeared denser in the HPUHG area of the Alk]1®ndoKO
skin accounting for the known skin vasculature phenotype in these
mice. When taken together with our scRNA-seq that shows
migration-related gene changes and with our EC counts (Figs 1 and
2), these data suggest that in the absence of Alkl, BV ECs are not
mobilized properly out of the HPuHG area during the telogen-to-
anagen transition. Furthermore, the lymphatic capillary morphology
was also changed in the Alk1¥"9°X® mice resulting in a premature
anagen-like morphology, with fenestrated appearance and widening
of the caliber, while the HFs remained behind in telogen. This data
indicates that Alkl loss caused a decoupling between the remo-
deling of the hair follicle and the lymphatic capillary remodeling
related to hair cycle. This result prompted us to investigate in more
detail the potential contribution of Alkl loss in the LVs to HFSC
activation.

AlRT’s role in lymphatic vessels affects their morphology but does
not control HFSC activation

Lymphatic capillaries are remodeled during HFSC activation, but
how this remodeling affects hair cycle is still unclear, as LV cell
ablation both inhibited and promoted HFSC activation in two com-
peting studies (Gur-Cohen et al, 2019; Pena-Jimenez et al, 2019; Li
& Tumbar, 2021). To understand whether the abnormal anagen-like
morphology of lymphatic capillaries in Alk1E"%°K°C mice may affect
HFSC activation, we knocked out Alkl using the ProxI-CreERTZ2
lymphatic specific driver. This ProxI-CreERTZ2 driver (Srinivasan
et al, 2007) had reportedly high induction efficiency in the skin
(Gur-Cohen et al, 2019), and this was also confirmed in our
tamoxifen-injected Prox1-CreERT2 x Rosa26R-lox-STOP-lox-tdTomato
mice and VEGFR3 staining (Fig 4A-C). The Prox1-CreERT2 x
Alk1™%/1o% mice were then induced with TM at PD17 to produce a
lymphatic specific AlkI knockout line (Alk1-™PEXO; Fig 4D). LYVE1
and VEGFR3 IF staining of 60 pum skin sections at PD25 and confo-
cal microscopy revealed an accelerated anagen-like lymphatic capil-
lary morphology in the Alk1%™P"KO when compared with CT mice,
similar to the one induced in the pan-endothelial Alk154°KO (Fig 4E
and F). This indicated both that the AlkI KO in lymphatic capillaries
is efficient and that the morphological changes are directly caused
by Alkl loss in lymphatic ECs and not by secondary effects from
BVs. The lymphatic collecting vessel area did not differ between
Alkl CT and Alk1M™PPKO a5 also seen in the pan-endothelial
Alk1E"oKO skin (Figs EV4I and EVSA). Importantly, unlike the

© 2023 The Authors
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pan-EC Alk1E"9KO (L et al, 2019), in the Alk1"Y™P"O skin, the hair
follicles were not telogen-arrested, and instead most hair follicles
had already progressed into Anagen I and II (Fig 4G and H, and
Table 1, n = 6/4 mice analyzed for CT/KO group). Furthermore, the
HPuHG area remained undisturbed in the Alk1¥™P"X0 and CT skin
(Fig EV5B and C), as expected since Alkl was not depleted in BVs.
In conclusion, the data show that Alkl loss in LVs alone induces
strong morphological changes in the lymphatic capillaries, but these
changes did not delay HFSC activation. Therefore, it follows that the
delay in HFSC activation observed in the pan-EC Alk1%°4°KO muyst
originate from AlkI loss in the skin BVs and not in the LVs.

Bulk RNA-seq of HFSCs showed elevated BMP
signaling signatures

Having characterized in depth the role of AlkI in various skin vas-
culature compartments during hair cycle, we next asked how AlkI
loss in the ECs perturbs the HFSCs leading to their delayed activa-
tion. For this we performed bulk RNA-seq of HFSCs, FACS sorted
from skin as previously described (Osorio et al, 2008) using PD17-
induced CT and Alk1%"9°KO mice and sacrificed at PD20, when all
mice were still at telogen and all HFSCs are prepared for activation
but are still quiescent (Figs SA and B, and EV5D). At this early
telogen stage, a hair germ has already formed from the bulge; the
lower bulge will continue to contribute quiescent HFSCs to the hair
germ until early anagen, when hair germ/lower bulge and next all
bulge cells are sequentially activated (Zhang et al, 2009, 2010; Hsu
et al, 2014).

Raw sequencing data of the sorted HFSCs were processed
through the DESeq2 pipeline (Love et al, 2014) to generate a HFSC
differential expressed gene (DEG) list. We then filtered the gene list
according to the following criteria: (i) minimum read count of 50 in
at least one sample, (ii) average twofold change between CT and
Alk1EP9oKO HESCs, and (i) consistent DEG changes in each pair of
CT versus Alk1E9°KO mice. This generated a stringent list of 161
HFSC DEGs, including 60 upregulated and 101 downregulated genes
in Alk1E"4°KC compared with CT (Fig 5C; Source Data) on which we
performed Gene Set Enrichment Analysis (GSEA) to extract the GO
pathways induced in HFSCs by Alk1 loss in the ECs. Pathway analy-
sis showed that among the most prominent downregulated path-
ways and DEG, many were cell cycle related (Fig 5D, top; Source
Data). Given the early onset of these gene expression changes in the
HFSCs of Alk1E%9°KO mice, at PD20, the stage when CT HFSCs are
still quiescent, these changes are likely a cause (not a consequence)
of the subsequent HFSCs activation delay. Additionally, biosynthesis
and several metabolic processes were upregulated in the Alk1En4°KO
HFSCs relative to CT (Fig 5D; Source Data). Responses to different
metabolic compounds were also changed, as follows: responses to
oxygen- and nitrogen-containing compounds were upregulated,
while responses to organic cyclic compound and lipids were down-
regulated (Fig 5D; Source Data). This reflects an overall abnormal
transcriptomic state inflicted on the quiescent HFSCs within just
4 days upon AlKk1 loss from ECs.

Although not tested directly in skin vasculature, BMP signaling is
a well-known potent quiescence factor of HFSC in the skin (Botch-
karev & Sharov, 2004; Lee & Tumbar, 2012). We previously found
BMP4 upregulated at the protein level in the Alk1®"9°XC skin (Li
et al, 2019). Therefore, to see if transcriptomic changes in our
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Figure 4. Alk1 loss specifically in lymphatic vessels promotes premature anagen-like lymphatic capillary morphology while hair follicles remain behind in the
hair cycle.

A
B
C

Schematic showing the induction of Prox1-CreERT2; Rosa26R-lox-STOP-lox-tdTomato mice with TM at PD17 and sacrificed at PD20 for efficiency test.
Immunofluorescence image of 12 um skin section from mice treated as shown in A, stained for VEGFR3 (green) and Dapi (blue).

Quantification of tdTomato+/VEGFR3+ area from images like those in B, shows high induction efficiency. Error bars represent standard deviation. Each bar represents
one individual mouse, and each dot represents measurement from one image. N = 3 mice, and n = 7-8 images per mouse.

Schematic showing the induction of Alk1¥™P" ¥ mice at PD17 and sacrificed at PD25.

Maximum projection image of 60 um skin section of PD17 induced PD25 CT and Alk1Y™P"K® mice stained for VEGFR3 (red), LYVEL (green) and Dapi (blue). Lymphatic
capillaries were outlined in white dotted lines.

Quantification of lymphatic capillary caliber from images like those in D in CT and Alkl mice (see Fig EV4H for methods). Error bars represent standard
deviation. Each bar represents one individual mouse, and each dot represents measurement of one lymphatic capillary. N = 3 mice per group, and n = 13-16
measurements per mouse. Restricted maximum likelihood (REML) analysis with unbounded variance components was used as statistical test, and individual mouse
was treated as random effect to take into the account of mouse-to-mouse variability.

Immunofluorescence images of 12 um skin section of PD17 induced PD25 CT and Alk1¥™"K° mice stained for Ki67 (red), Itga6 (green) and Dapi (blue) showing
representative hair follicle. Hair follicles were outlined with yellow dotted lines. Note Ki67+ cells in the hair germ (HG) area indicative of HFSC activation. Telogen hair
follicle is defined as no Ki67 in the hair germ. Anagen | is defined as < 7 Ki67+ cells in the unenlarged hair germ. Anagen Il is defined as > 7 Ki67+ cells in the hair
germ or enlarged hair germ with changed shape that starts to enclose the DP. Experiments were repeated at least 2 times with at least 3 skin sections/each mouse
analyzed with N = 6/4 mice/group. See Table 1 for quantification detail.

Quantification of hair follicle percentage of PD17-induced PD25 CT and Alk1¥™P"™° mice at telogen, anagen |, and anagen Il stages. P-value was generated from Stu-
dent’s t-test.

LymphKO

HFSCs may be consistent with elevated BMP signaling, we com-
pared our HFSCs DEGs with lists of HFSC-induced BMP target genes
previously identified (Genander et al, 2014) either by RNA-seq from
the Bmprla KO mice (black text in Fig 5E) or by pSMAD1/5 CHIP-
seq (gray text in Fig SE). We found that ~ 30% (49/161) of our
DEGs were previously reported HFSC BMP target genes, and they
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changed here in a direction largely consistent with increased BMP
signaling. Among those 33% (16/49 genes) are BMP target genes
that are cell cycle related. In addition, we also identified 9% (14/
161) genes that are cell-cycle regulators not previously associated
with BMP signaling, and in total there were 19% (30/161) out of all
DEGs cell cycle related (Fig SF). As we further divided our DEGs
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Table 1. Quantification of mouse hair cycle stages.

The EMBO Journal

Mouse ID Sex Genotype Age Region Image analyzed Total HF analyzed Ki67+ HF Tel Ana | Ana Il
G410.01 F Alkl BMP4 dKO PD25 Upper 25 84 13 71 10 3
G410.02 F Alkl BMP4 dKO PD25 Upper 26 84 9 75 3 6
G410.06 F Alkl BMP4 dKO PD25 Upper 22 75 18 57 16 2
G961.03 F Alkl BMP4 dKO PD25 Upper 22 72 26 46 10 16
G303.04 M Alkl BMP4 dKO PD25 Upper 21 83 33 50 26 7
G303.09 M Alkl BMP4 dKO PD25 Upper 33 101 33 68 20 13
G79.03 F Alk1 KO PD25 Upper 20 80 1 79 1 0
G430.08 F Alk1 KO PD25 Upper 19 74 2 72 2 0
G633.03 F Alk1 KO PD25 Upper 28 106 1 105 0 1
G430.04 M Alk1 KO PD25 Upper 23 101 1 100 1 0
F430.03 M Alk1 KO PD25 Upper 17 73 0 73 0 0
G230.02 M Alk1 KO PD25 Upper 22 75 0 75 0 0
G79.02 F cT PD25  Upper 29 79 64 15 60 4
G430.07 F CcT PD25 Upper 25 101 86 15 59 27
G410.04 F CcT PD25 Upper 23 105 97 9 35 61
G79.05 M CcT PD25 Upper 38 105 100 5 74 26
G410.03 M CcT PD25 Upper 20 102 100 2 81 19
G410.05 M CcT PD25 Upper 32 110 103 8 49 53
G665.05 F BMP4 KO PD25 Upper 28 101 92 9 33 59
G570.07 F BMP4 KO PD25 Upper 20 96 72 24 27 46
(G665.02 M BMP4 KO PD25 Upper 25 104 82 22 12 70
G648.05 F BMP2;4 dKO PD25 Upper 24 100 92 8 9 83
H306.01 F BMP2;4 dKO PD25 Upper 28 100 99 1 14 85
H306.04 F BMP2;4 dKO PD25 Upper 28 98 92 6 22 70
F923.03 M BMP2;4 dKO PD25 Upper 25 102 91 11 46 45
F923.04 M BMP2;4 dKO PD25 Upper 28 105 99 6 36 63
G648.03 M BMP2;4 dKO PD25 Upper 29 77 59 18 12 47
F1020.02 F Prox1 Alkl KO PD25 Upper 19 102 85 12 24 66
F1020.01 M Prox1 Alkl KO PD25 Upper 18 101 99 2 24 75
F1020.03 M Prox1 Alkl KO PD25 Upper 22 103 94 6 10 87
F1020.07 M Prox1 Alk1 KO PD25 Upper 23 104 93 11 30 63

into gene function categories, both the BMP signaling target genes
and cell cycle genes constituted a significant large fraction when
compared with any other category changed in HFSC by loss of Alkl

in ECs (Fig S5E and F). These findings pointed us to examine in more
depth BMP signaling as a potential pathway regulated by AlkI in
ECs that may affect HFSC activation in hair cycle.

Figure 5. Alk1 loss in the skin endothelial cells altered HFSC pathways including metabolism, cell cycle genes, and BMP signaling.

A Schematic showing the workflow to generate HFSC differentially expressed genes (DEGs). PD17 induced CT and Alk1E"9°%° mice were sacrificed and their sorted

HFSCs were processed for bulk RNA-seq.

B Immunofluorescence image of 12 um skin section from CT and AIk15"9°*° mice used for RNA-seq stained for Ki67 (red) and Dapi (blue) shows that HFSCs are in

quiescence.

C Raw RNA-seq data processing and filtering, rendered 161 DEGs with a cutoff of fold change > 2, which were used for subsequent analysis. Heatmap showing the
expression of the 161 DEGs across all samples, in which 60 genes were upregulated (UP) in AIk1E"¥°*° and 101 genes were downregulated (DN).

D Selected GSEA pathways showing cell cycle and metabolism gene changes in HFSCs.

E Table of BMP downstream genes and cell cycle related genes. In BMP signaling genes, BMP downstream genes identified by RNA-seq from the BPMRIa KO mice were written

in black, and those identified by pSMAD1/5 CHIP-seq are written in gray. Underscored genes were identified by both RNA-seq and CHIP-seq (Genander et al, 2014).

F Gene function categories of the 161 DEGs, and percentage of BMP signaling and cell cycle related genes.

Source data are available online for this figure.
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Figure 5.

AlR1 represses BMP4 expression in skin ECs to promote HFSC
activation and anagen onset

To test the possibility that BMP signals released from ECs may indeed
contribute to the prolonged quiescence of HFSCs, we first confirmed
elevated BMP4 expression in the Alk1E%°KC ECs and then performed
a rescue experiment by genetic depletion of both BMP4 and Alk1 in
the ECs. We tested BMP4 as our main ligand candidate of the BMP
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pathway because ECs in other tissues (e.g., lung; Frank David et al,
2005) express it, and Alk1E"9°KO skin showed elevated BMP4 protein
levels (Li et al, 2019). We first investigated BMP4 and highly homolo-

gous BMP2 mRNA levels in scRNA-seq clusters and observed an
increase of BMP4 in the Alk1E"4°KO yein cluster and BMP2 in the
Alk1EM9KO Capillary 2 cluster (Fig 6A). Immunofluorescence staining
with BMP4 antibodies was not reliable when we verified in the Cdh5-
CreERT2 x BMP4M¥/1°X KO mice (BMP4F"9KO) We therefore tested
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Figure 6. Alkl represses BMP4 expression in ECs to promote HFSC activation and anagen onset.

A BMP2/4 mRNA signal extracted from scRNA-seq data presented in Fig 1. Note specific upregulation of BMP2 in capillary 2 and BMP4 in veins.

B Schematic showing mouse crosses and the induction timeline.

C  Images of 20 um skin section of PD20 and PD25 BMP4-LacZ; Alk1f/f; Cdh5-CreERT2 negative, injected with tamoxifen TM at PD17 (labeled as CT), and PD20/PD25
Cdh5CreERT2; Alk1f/f; BMP4-LacZ mice (labeled as AlkLEndoKO) TM injected at PD17, all stained for CD31 (IHC method, brown) and X-gal (blue). Hair follicles (HF)
were outlined with black dotted lines. Arrows point to X-Gal+ vascular structure in HPUHG area.

D  Image of 20 um skin section of PD25 Prox1-CreERT2; AIk1f/f; BMP4-LacZ mice (labeled as Alk1LymphKO) TM injected at PD17, stained for LYVE1 (IHC method,
brown) and X-gal (blue). Hair follicles (HF) were outlined with black dotted lines. Arrows point to X-Gal+ vascular structure.

E  Immunofluorescence images 12 um skin section of PD20 CT and Alk1EndoKO induced at PD17 and stained with p-SMAD1/5/9 (red), CD31 (green), and Dapi (blue).

F Quantification of HPUHG CD31+ vasculature area in 12 pum skin sections from PD17 induced PD25 CT, Alk1EndoKO, and Alkl BMP4dKO mice stained for CD31 and
Dapi. Error bars represent standard deviation. Each bar represents one individual mouse, and each dot represents measurement from one image. N = 3 mice per
group, and n = 7-10 images per mouse. Restricted maximum likelihood (REML) analysis with unbounded variance components was used as statistical test and
individual mouse was treated as random effect to take into the account of mouse-to-mouse variability.

G-J Immunofluorescence images of 12 um skin section of PD17 induced stained for (Top panel) Ki67 (red), Itga6 (green), and Dapi (blue) and (Bottom panel) CD31 (red)
and Dapi (blue). HPUHG region was outlined with white dotted lines.

K Quantification of hair follicle percentage of PD17-induced PD25 CT, AlkLEndoKO, Alkl BMP4dKO, and BMP4EndoKO at telogen, anagen |, and anagen Il stages.
Telogen hair follicle is defined as no Ki67 in the hair germ. Anagen | is defined as < 7 Ki67+ cells in the unenlarged hair germ. Anagen Il is defined as > 7 Ki67+ cells
in the hair germ or enlarged hair germ with changed shape that starts to enclose the DP. P-value was generated from Chi-square test. See Table 1 for quantification
detail.

L Model showing Alk1’s role in skin vasculature and HFSC activation. In lymphatic vessels (LV), Alkl works at telogen to repress the widening and fenestration of the

lymphatic capillary, a morphology associated with anagen lymphatic capillary, but this is not sufficient to promote normal hair cycle progression. In blood vessels
(BV), Alk1 promotes EC migration and BV dispersal from the HPuHG at the transition from telogen to anagen. It also represses BMP4 thus promoting timely HFSC

activation in hair cycle.

BMP4 expression in the skin via the BMP4-LacZ knock-in reporter
mice previously generated (Lawson et al, 1999; Fig 6B). We crossed
the Alk1EndCT/KO mijce with the BMP4-LacZ knock-in reporter mice
and found that CT mice (Cre negative, TM injected) littermates
showed little if any X-Gal signal in the skin at both stages examined
(PD20 and 25, telogen and early anagen, respectively), while PD25
Alk1En9KO mijce showed strong X-gal signal co-localizing with a frac-
tion of the CD31+ skin vascular structures; this signal increase was in
fact already apparent at PD20 in the Alk1¥"4°XC skin (Fig 6C) and
was never detected to this extent in any CT samples. Interestingly,
our CT mice did not show LacZ expression in the dermal papillae as
we observed in the original BMP4-LacZ strain and was also reported
by (Plikus et al, 2008). We also crossed the BMP4-LacZ mice with
our Alk1®™"KO and found co-localization between X-gal signal with
lymphatic vessels when co-stained with LYVE1 antibody (Fig 6D).
These data suggest that Alkl loss in ECs promotes BMP4 expression
in CT skin ECs, corroborating our transcriptomic data that indicate
some BMP signaling target genes were elevated in HFSCs (Fig SE and
F). To test the strength of BMP signaling in HFSCs, we stained PD20
skin with P-Smad1/5/9 antibodies. Interestingly, the CD31-stained
vasculature in the Alk1%P9°KO gkin shows P-Smadl/5/9-associated
signal, consistent with increased BMP4 production from the vascula-
ture, while CT HFSCs showed P-Smad signal only in the bulge and
sometimes in hair germ, as previously reported (Genander et al,
2014; Fig 6E). Despite multiple experiments and several mice ana-
lyzed per group, an obvious increase in SMAD1/5/9 activation in the
HFs of the Alk1E"°X© skin was not apparent in this approach
(Fig 6E), and hence, the data are presented qualitatively here. This
may not be surprising given negative feedbacks were reported in the
BMP pathway upon transient overactivation that carries on transcrip-
tion of downstream target genes (Economou & Hill, 2020). Interest-
ingly, Inhbb, a BMP antagonist (Wiater & Vale, 2003), was already
upregulated along with other BMP target genes in the HFSCs of the
Alk1E™9KO skin by PD20, suggesting possible initiation of a negative
feedback loop that may dampen a transient overactivation of the
pathway. Moreover, it has been proposed that sustained (rather than
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net increase in) BMP signaling strength as measured by P-Smad levels
may promote robust gene expression changes of BMP downstream
target genes (Economou & Hill, 2020).

To definitively test if high BMP4 expression from the Alk1ErdoKO
ECs contributes to the HFSC activation delay in these mice, we
designed a genetic rescue experiment. We crossed the Cdh5-CreERT2;
Alk119%/1°% mijce with BMP41°*/1°X mice (Liu et al, 2004) to generate
pan-EC specific Alk1/BMP4 double KO mice (Alkl/BMP49EndoKO) Tq
prolong their lifespan after knockout, instead of TM injections, we
induced the mice with topical application of 4-Hydroxytamoxifen
(40HT) at PD17. We first verified the high efficiency of this induction
scheme with Rosa26R-lox-STOP-lox-tdTomato reporter mice
(Fig EVSE-G). Then we showed that Alk1®M°KO mice topically
induced with 40HT displayed both the dense HPuHG and the delayed
HFSC activation relative to Cre-negative CT mice (Fig 6F-H), as
expected from our previous experiments with TM injection. The
Alkl/BMP4%End°KO mice displayed a dense HPuHG when compared
with CT mice, which was indistinguishable from the Alk1%"%°X© mijce
(Fig 6G-I bottom panels and quantified in 6F). This suggests that
BMP4 depletion in ECs does not rescue the vasculature remodeling
defect induced by the Alk1®°XC, maintaining the abnormally dense
HPuHG. In contrast, HFSC activation in the Alkl/BMP4°K0 yag
intermediate between CT and Alk1%"°K° mice, as judged by Ki67
staining of skin sections (Fig 6G-I top panels and mice summarized
in 6K and Table 1). This demonstrates that BMP4 loss in ECs
partially rescues the HFSC activation defect induced by Alkl loss in
ECs. Finally, mice with EC deletion of BMP4 alone (CdhS-
CreERT2xBMP410%/10x = BMp4EndokO) and with BMP2/4 double dele-
tion (BMP2/45"9°K0) showed mild acceleration in HFSC activation or
hair cycle progression, notable at the early time point of analysis
(PD25; Figs 6J and K, and EV5H-J). The HPuHG area also appeared
normal in the BMP4E24°KC mice upon inspection in microscopy analy-
sis (Fig 6J) and was not further quantitatively analyzed here. Given
the sporadic frequency and low expression of BMP4 in normal WT
skin ECs as indicated by the BMP-LacZ data (Fig 6C, left), the lack of
apparent phenotype in vasculature upon BMP ligand loss may not be
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surprising although this loss was sufficient to mildly accelerate the
hair cycle.

In conclusion, our genetic rescue experiments here show that
Alk1 loss perturbs the BV spatial organization around the lower hair
follicle in the HPuHG and elevates BMP4 expression in the ECs; this
vascular perturbation is maintained in the context of simultaneous
Alk1/BMP4 loss in ECs, while the HFSC activation delay is partially
alleviated in this context. Furthermore, BMP4 and BMP2/4 genetic
depletion from the ECs mildly accelerates HFSC activation. These
results demonstrate that in regulating the hair follicle homeostatic
cycle, Alkl represses BMP4 in ECs, thus ensuring timely activation
of HFSCs from quiescence during hair cycle in a non-cell-
autonomous manner (Fig 6L).

Discussion

Skin endothelial cells (ECs) have recently emerged as putative tissue
niches for the activation of HFSCs (Fuchs et al, 2004; Tumbar, 2012;
Li & Tumbar, 2021), but to date molecular signals flowing from ECs
have not been directly demonstrated to regulate HFSCs. Further-
more, whereas lymphatic vessels (LVs) ablation indicates that this
skin EC compartment influences HFSC activation (Gur-Cohen et al,
2019; Pena-Jimenez et al, 2019), the role for blood vessels (BVs)
ECs in the molecular cross-talking with HFSCs was unclear until
now. BV ECs are especially interesting to study in highly regenera-
tive tissues such as the skin as they can, in theory, coordinate two
essential needs: (i) supply O2 and nutrients to provide energy and
(ii) stimulate SCs to produce more tissue building blocks. Overall,
our work here implicates a novel Alkl1-BMP4 signaling axis in BV
ECs that regulates adult HFSC activation and hair cycle progression
(Fig 6L). This adds another tissue system to the list of SCs to which
EC signal during adult homoeostasis (Ramasamy et al, 2015;
Comazzetto et al, 2021). We suggest that skin blood vessels act on
hair follicle stem cell quiescence via paracrine signaling, a function
that is modulated by Alkl, which suppresses quiescence signals
from the vasculature, thus promoting HFSC activation.

Importantly, we show here that genetic depletion of AlkI, a well-
known vasculature regulator, in both BV and LV ECs but not in LVs
alone, inhibits HFSC activation. This demonstrates an important
role of blood vessels in hair cycle and HFSC regulation. AlkI deple-
tion in LVs alone accelerates the hair cycle-associated remodeling of
skin lymphatic capillary promoting a premature anagen-like mor-
phology, while the hair follicle itself remains behind in the hair
cycle. Taken together with previous LV ablation experiment (Gur-
Cohen et al, 2019; Pena-Jimenez et al, 2019), this result suggests
that the LV remodeling itself may be insufficient for driving normal
progression of the hair cycle. One possibility is that molecular sig-
nals from LVs together with changes in LV capillary morphology
(Gur-Cohen et al, 2019; Pena-Jimenez et al, 2019) may drive hair
cycle. Intriguingly, recent work suggested that Sostdcl, a BMP
antagonist, is secreted by the LVs (Yoon & Detmar, 2022), although
the relevance of this molecule to HFSCs has not yet been tested.

Importantly, we find that AlkI normally acts in ECs to inhibit
BMP4, a ligand of the BMP-signaling pathway, well-known to pro-
mote HFSC (Botchkarev & Sharov, 2004; Plikus et al, 2008; Lee &
Tumbar, 2012). Our work utilizing BMP4-LacZ reporter mice dem-
onstrates that BMP4 is expressed weakly and sporadically in ECs in
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the HPuHG area, but is strongly upregulated in skin vasculature
upon AlkI loss, confirming our previous analysis (Li et al, 2019).
This, together with the crowding of BVs near the hair germ upon
AlkI loss in ECs (Li et al, 2019 and this work), likely creates a prolif-
erative inhibitory environment for the HFSCs (Fig 6L). Importantly,
our genetic depletion of BMP4 in ECs rescues in part the HFSC acti-
vation defect induced by AlkI loss, while leaving the dense vascula-
ture defect intact. Furthermore, BMP4 and BMP2/4 genetic
depletion from the ECs that are WT for Alkl also promotes HFSC
activation, albeit mildly. The caveat of a potential systemic effect of
Alkl loss notwithstanding, these results collectively place BMP
ligands as the first identified EC secreted signals, capable to inhibit
HFSC activation and to regulate hair cycle progression in a non-cell-
autonomous manner. In the future, it would be worth investigating
the long-term rescue effect of BMP4 in the Alkl knockout, poten-
tially through mosaic knockout induction to avoid the lethality issue
and any potential systemic effects. Overall, this work uncovers the
Alk1-BMP signaling axis in skin ECs acting in HF homeostasis to
create a proper environment for normal HFSC activity, coordinating
the HFSC timely activation with proper skin vascular remodeling
during hair cycle (Fig 6L).

Our results suggest that the increased BMP signals from ECs may
act directly on HFSCs, which are known to express the BMPRI
receptor and respond to BMP signals by maintaining quiescence
(Botchkarev & Sharov, 2004; Plikus et al, 2008; Lee & Tumbar,
2012). With that said, we cannot formally exclude that other signal-
ing pathways and other skin compartments may also play an inter-
mediary role in the communication of vasculature with HFSCs. In
fact, Alkl may directly or indirectly regulate expression of many
genes important for EC metabolism, cell adhesion, and various other
cellular functions in ECs, as suggested by our transcriptomic data.
Considering the function of the skin vasculature to bring various
metabolites to HFSCs and the fact that other non-endothelial cell
types also secrete BMPs in the skin (Botchkarev & Sharov, 2004;
Plikus et al, 2008; Lee & Tumbar, 2012), it is very possible that the
Alkl-null ECs are not able to fully support vascular function,
explaining why the HFSC activation delay is only partially rescued
in the Alk1/BMP4 double KO.

BV ECs seem to have a broad angiocrine function in tissue mor-
phogenesis and adult stem cell regulation, where they employ
tissue-specific signals resulting from plasticity in response to local
microenvironments (Ramasamy et al, 2015). With that said, BMP
signaling to neighboring stem/progenitor cells is not restricted to
skin ECs downstream of Alk1 (this work) but was also found in the
dorsal aorta where it controls segregation of neuro-progenitors and
in lung stem cell differentiation during pulmonary regeneration from
injury (Ramasamy et al, 2015). Thus, BMP may work more ubiqui-
tously in BV ECs than previously recognized.

Finally, while the role of Alkl in vascular remodeling during
development and in response to injury or pathological conditions
has been well described (Oh et al, 2000; Seki et al, 2003; Park et al,
2009; Roman & Hinck, 2017), we just began to uncover AlkI’s role
in vasculature remodeling during adult homeostasis, specifically in
the hair cycle (Li et al, 2019 and this work). While all skin EC com-
partments are affected by Alkl loss, EC proliferation previously
observed upon AlkI loss in the retina and in ECs in vitro (Scharpfe-
necker et al, 2007; Tual-Chalot et al, 2014; Alsina-Sanchis et al,
2018), was not affected in the skin. In fact, our results point strongly
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to Alk1 possible role in EC mobilization/migration from the HPuHG
area at the telogen-anagen transition, as Alk1%"9°XC mijce aban-
doned the well-documented spatial remodeling of vasculature that
occurs in WT mice at this stage. Our interpretation is in line with
AlkI’s well-known role in skin EC migration in cell culture and in
other tissue systems (Rochon et al, 2016; Park et al, 2021). Simi-
larly, in Zebrafish, Alk1 loss does not alter ECs proliferation but pro-
motes EC migration with the direction of blood flow (Rochon et al,
2016). This abnormal flow—migration coupling is thought to drive
arteriovenous malformations (AVM; Park et al, 2021), the fusions of
arteries and veins, which is a major symptom of a human disease
known as hereditary hemorrhagic telangiectasia (HHT; Tual-Chalot
et al, 2014; Ruiz-Llorente et al, 2017). Interestingly, we find that tor-
tuous vasculature, which may precede AVM, form upon AlkI loss in
the absence of skin injury, as part of the perturbed remodeling of
skin vasculature in the HPuHG during hair cycle. It is also worth
noting that BMP4’s established role in ECs includes promoting
sprouting angiogenesis and increasing vascular permeability
(Heinke et al, 2008; Dyer et al, 2014; Helbing et al, 2017), which
corroborate with the phenotype we observed in Alk1%9°%°_ There-
fore, the Alk1-BMP signaling axis may have both a cell non-
autonomous role in HFSC and a cell-autonomous role in ECs to reg-
ulate skin homeostasis.

In closing, our work uncovers the first instance of blood endothe-
lial cells acting as skin signaling niches in adult homeostasis, where
these cells employ an Alk1-BMP axis to ensure proper timing of hair
follicle stem cell activation during hair cycle in a cell non-
autonomous manner.

Materials and Methods

Mice and treatments

All mouse work was compliant with the Cornell University Institu-
tional Animal Care and Use Committee (IACUC) guidelines (proto-
col number no. 2007-0125). Cdh5CreERT2 (Sorensen et al, 2009) x
Alk11¥/10x (Mixed background of C57BL/6, 129, and 129/SvJae;
Park et al, 2008) mice were imported from Dr. Anne Eichmann at
Yale University. BMP21°%/1°% (Ma & Martin, 2005) and BMP4 flox/flex
(Liu et al, 2004) mice were imported from Dr. Jian Q. Feng at Texas
A&M University. BMP4-LacZ (C57BL/6; Lawson et al, 1999) mice
were imported from Dr. Jan L. Christian at University of Utah.
Prox1-CreERT2 (Prox1"™3(cre/ERT2)Geoy e (Srinivasan et al, 2007),
Rosa26R-10x-STOP-lox-tdTomato (Madisen et al, 2010) mice were
purchased from Jackson Laboratory. We crossed Prox1-CreERT2
mice with Alk17°1°% mice to generate the Alk1Y™PPKO mice.
Primers used for genotyping are in Appendix Table S1.

To induce Prox1-CreERT2 activity, Alk1WY™PPRO  mice  were
injected with 200 pg/g of body weight of tamoxifen (Sigma) in oil
through intraperitoneal (IP) injection. To induce Cdh5-CreERT2
activity, 100 ng/g of body weight of tamoxifen in oil was injected
through IP. For BrdU-pulse experiments, mice were fed with
0.8 mg/ml BrdU in daily water supply. For 40HT treatment, we
dissolved 4-hydroxy-tamoxifen (Sigma, H-7904) in a 1:1 solution of
Ethanol and Cremphor (Sigma, C5135) to make the 20 mg/ml stock.
Then dilute the stock with PBS to make a 2 ug/pl working solution.
Mice were anesthetized with isoflurane. Their back skin was shaved
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but not close to the skin to avoid triggering unwanted hair growth.
80 ul of the 40HT working solution was applied to the back skin
per mouse.

Cre-negative littermates injected with tamoxifen were used as
control in all studies involving control and knockout except our
single-cell RNA-seq experiment where non-littermates were used.
Samples without tdTomato were collected by directly embedding in
Optimal Cutting Temperature (OCT) compound (Tissue Tek,
Sakura) on dry ice. Samples with tdTomato were prefixed in 4%
Paraformaldehyde solution for 4 h in 4°C and incubated in 15%
sucrose and 30% sucrose solution overnight. Then samples were
washed in PBS and embedded in OCT compound.

Immunofluorescent staining

Immunofluorescent staining was performed following a standard
protocol, as described previously (Scheitz et al, 2012; Lee et al,
2014; Li et al, 2019). In brief, OCT-embedded samples were cryosec-
tioned and collected on slides. Then they were fixed in 4% parafor-
maldehyde solution (PFA) for 10 min at room temperature. After
washing with PBS, tissue sections were blocked in 5% normal
serum solution and incubated with primary antibodies overnight at
4°C. After washing, tissue sections were incubated with corre-
sponding Alexa488/568/594-, FITC-, and Cy5-conjugated secondary
antibodies against IgG of animals where primary antibodies were
raised, and Dapi for 1 h at room temperature. Slides were mounted
with antifade and stored in —20°C before imaging.

For BrdU staining, tissue sections were first stained for other
non-BrdU primary antibodies following the standard protocol
described above. Then slides were fixed in 4% PFA and incubated
in 1 M HCI solution for 55 min at 37°C plus 5 min in ice bath. After
washing with PBS, slides were blocked in 0.5% Tween-20 and 1%
BSA and incubated with anti-BrdU antibody overnight at 4°C. Then
slides were washed in PBS and incubated with FITC-conjugated
anti-Rat antibody and Dapi for 1 h at room temperature. Slides were
mounted with antifade and stored in —20°C before imaging.

Primary antibodies used in this study include CD31 (1:100, BD
Biosciences, 5502741); Cdh5 (1:500, R&D Systems, AF1002);
VEGFR3 (1:400, R&D Systems, AF743); LYVE1 (1:400, Thermo Sci-
entific, 14-0443-82); Erg (1:300, Abcam, ab92513); Prox1 (1:300,
Abcam, ab199359); Ki67 (1:1,000, Abcam, 15580); BrdU (1:300,
Abcam ab6326); Keratinl4 (1:2,000, Covance, PRB-155P); Integrin
alpha6 (1:1,000, R&D Systems, MAB13501); P-SMAD1/5/8 (1:300,
Cell Signaling Technology, 13820S); Endomucin (1:300, Santa Cruz
Biotechnology, sc-65495); CD34 (1:100, BD Biosciences, 550274).

Whole mount staining

Mice were sacrificed and hair was removed using hair removal
cream (Nair). Skin was then washed in PBS to remove excess cream
and trimmed into 2-5 mm? pieces. After fixing in 4% PFA at 4C for
4 h, skin pieces were permeabilized in blocking buffer (0.1% Triton,
2% serum, and 0.2% sodium azide in PBS) overnight and incubated
with primary antibody diluted in blocking buffer for 2 days at 4°C.
Then skin pieces were washed in PBS overnight at 4°C. Then they
were incubated with secondary antibody and Dapi diluted in PBST
(0.1% Triton and 0.2% sodium azide in PBS) for 2 days at 4°C,
followed by another overnight incubation in PBS at 4°C. Skin pieces

© 2023 The Authors



Kefei Nina Li et al

were then washed for 1 h incubation each through an ethanol gradi-
ent from 50, 70, 100%, and another 100% to dehydrate at room
temperature. They were then incubated with ethyl cinnamate
(Sigma-Aldrich, 112372-100G) for 1 h at room temperature for clear-
ing. All incubations were performed on a rocker. Antibody dilutions
are the same for whole mount staining and standard immunofluo-
rescence staining.

Microscopy and image quantification

Immunofluorescent staining images from 8 and 12 um sections and
sorted cells were captured with Leica DMI6000B microscope and
Leica K5 camera. Images were processed and enhanced for bright-
ness and contrast using FIJI (Schindelin et al, 2012). All quantifica-
tions were performed using FIJI. For image quantifications, HPuHG
region was defined as a 30 pm region below the hair germ (Li et al,
2019). HPuHG vasculature was defined as vasculatures within the
30 pum region as well as those extending below the region. Vascula-
ture area was measured using the Freehand Selections tool in FIJI
by manually outlining the immunoreactive area. For hair cycle
quantification, upper back skin is used in all mice for consistency.
Telogen hair follicle is defined as no Ki67 in the hair germ. Anagen I
is defined as < 7 Ki67+ cells in the unenlarged hair germ. Anagen II
is defined as > 7 Ki67+ cells in the hair germ or enlarged hair germ
with changed shape that starts to enclose the DP. For quantification
of induction efficiency of Prox1-CreERT2; Rosa26R-lox-STOP-lox-
tdTomato, tdTomato+ area and VEGFR3+ area were manually
outlined, and areas were measured. The induction efficiency is cal-
culated as the ratio of tdTomato+ area to VEGFR3+ area. For quanti-
fication of induction efficiency of Cdh5-CreERT2; Rosa26R-lox-
STOP-lox-tdTomato, tdTomato+ area and VEGFR3+ area were man-
ually outlined, and areas were measured. The induction efficiency is
calculated as the ratio of tdTomatot+ area to CD31+ area. For the
quantification of lymphatic capillary width, the Lyvel+ area of each
lymphatic capillary was first measured by manually circling the
Lyvet area using the Freehand Selections tool. Then the side length
(hair follicle side) of the lymphatic capillary was measured using
the Freehand Line tool. Lymphatic capillary width was calculated as
the lymphatic capillary area divided by the side length of the lym-
phatic capillary (Fig EV4H). Figure were generated using GraphPad
Prism 8.

Immunofluorescent staining images from 60 pm thick sections
(used for lymphatic capillary width quantification) were captured
using the Zeiss LSM upright or inverted 880 confocal microscope
and 40x LD or non-LD C-Apochromat lens. Pinhole was set to 1 Airy
Unit, and z-step was 1 um between each single optical plane.
Images were processed using Zen software (Zeiss) for stitching and
maximum intensity projections and quantified using FIJI.

Whole mount samples were imaged using the Zeiss LSM upright
880 confocal microscope and the 40x LD C-Apochromat lens. Pin-
hole was set to 1 Airy Unit, and z-step was 2 pm between each sin-
gle optical plane. Images were processed using Imaris (Bitplane) for
volume rendering and movie generation.

Fluorescence activated cell sorting

FACS isolation of endothelial cells was performed as described pre-
viously (Chovatiya et al, 2021). For sorting of tdTomato+ ECs,
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CdhS5-CreERT2 (Sorensen et al, 2009) and Rosa26R-lox-STOP-lox-
tdTomato (Jax Stock #007905) with and without Alk]fiexed/floxed
allele (CT and Alk1E"9°KO respectively) were used for EC isolation.
The mice are injected with 100 pg/g of Tamoxifen at PD17, and dor-
sal skin was collected at PD20 and PD32 for CT mice, and at PD25
for Alk1E999KO mice. The dorsal skin was digested in collagenase
and dispase as described (Chovatiya et al, 2021). Dead cells were
excluded using LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit
(ThermoFisher). tdTomato+ cells were sorted as ECs.

Bulge HFSCs were sorted as described previously (Waghmare
et al, 2008). Briefly, dorsal skin of PD20 CT mice and Alk1EndoKO
mice induced on PD17 were collected. The epidermis was scrapped
and digested in trypsin. Single cells were labeled with CD34-Biotin
(eBioscience, 13-0341-85), PE-Cd49f (Itga6; BD Biosciences,
555736) as primary antibodies, and APC-Streptavidin (BD Biosci-
ences, 554067) as secondary antibody. Dead cells were excluded
using Dapi, and HFSCs were purified based on PE and APC intensity
(CD34+ Itga6+), which gives > 95% enrichment in HFSCs (Wagh-
mare et al, 2008). BD Aria (BD Biosciences) and MA900 (SONY)
were used for sorting.

Single-cell library preparation and data analysis

Single-cell 3’ cDNA libraries were prepared from Chromium Single
Cell 3’ gel bead and library Kit v3 (10x Genomics) and sequenced
using an Illumina NextSeq-500. The raw data were aligned to the
mouse reference genome (mm10-2020-A) using the 10x Genomics
Cell Ranger pipeline (v6.0.1). The filtered_feature_bc_matrix files
were then analyzed in R using Seurat 4.0 (Hao et al, 2021). As
described in Chovatiya et al (2021), cells detected to express 200—
5,000 genes and have less than 10% of the UMIs mapped to mito-
chondrial genes were retained. All samples were then merged, and
read counts were normalized. Data integration was done through
Principal Component Analysis (PCA) embeddings using Harmony
(Korsunsky et al, 2019). Non-endothelial cells were removed based
on marker expressions (Fig EV2E). Retained endothelial cells were
re-clustered and assigned with corresponding identity. A list of
1,722 differentially expressed genes for each endothelial cluster in
CT and Alk1E24°KO samples was generated using the FindMarkers in
Seurat with log2 fold change cutoff of > 0.5. These 1,722 DEGs were
categorized into different biological processes using the Panther
database (Mi et al, 2019, 2021). Gene Ontology analysis was
performed on GSEA software with the list of differentially expressed
genes using software default setting and classic enrichment statistics
(Mootha et al, 2003; Subramanian et al, 2005). Enriched gene sets
were then loaded into Rstudio for plotting. Pathway scoring analysis
was performed by loading the gene list of the GO term and using the
AddModule function in Seurat to calculate the pathway score.

RNA-seq library preparation and data analysis

Total RNAs were isolated from sorted skin cells prepared by TriZol
method provided by Cornell TREx facility (version 1.8). Briefly, cells
were directly sorted to TriZol. Then 0.2 ml of chloroform was added
to 1 ml of TriZol lysate followed by centrifuge. GlycoBlue coprecipi-
tant (Invitrogen, AM9515) was added to the aqueous phase, which
was then transferred to a new tube with isopropanol and incubated
for 30 min at room temperature, followed by centrifugation. Then
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the RNA pellet was washed with 75% ethanol twice and redissolved
in nuclease free water.

Isolated RNA was then sent to a Fragment Analyzer (Advanced
Analytical) to determine the RNA integrity. RNA with RQN > 7 was
submitted for RNA-seq libraries preparation at the Cornell TREx
facility.

RNA-seq library was prepared using NEBNext Ultra II Direc-
tional RNA Library Prep Kit (New England Biolabs) with PolyA
enrichment as per NEB protocol and sequenced on a NovaSeq
(Illumina), S4 flowcell at Novogene. Initial data processing and
analysis were done as in Cornell TREx RNA-seq methods V2
(Ghuwalewala et al, 2022). Briefly, reads were trimmed to remove
low quality and adaptor sequences with TrimGalore v0.6.0
(Krueger et al, 2021), a wrapper for cutadapt (Martin, 2011) and
fastQC (Andrews et al, 2012). The unwanted reads were
substracted, and the remaining reads were mapped to the GRCm38
genome using STAR v 2.7.0e (Dobin et al, 2013). Gene expression
analysis was down using SARTools and DESeq2 v1.26.0 to gener-
ate normalized counts and statistical analysis of differential gene
expression (Love et al, 2014).

The gene list generated from the above analysis was then filtered
for criteria mentioned in the main text, including (i) minimum read
count of 50 in at least one sample, (ii) average twofold change
between CT and Alk1P"9°KC HFSCs, and (iii) consistent DEG
changes in each pair of CT versus Alk1E"4°KC mice. This stringent
list of 161 DEGs was used for subsequent analysis. Gene Ontology
analysis was performed using GSEA software (Mootha et al, 2003;
Subramanian et al, 2005). Pathways with NES > 1 were plotted.
Classification of gene category was based on Panther Database (Mi
et al, 2019, 2021), GeneCards (RRID:SCR_002773), and literature.

Statistical analysis and data reproducibility

All experiments were performed at least twice. For staining, at least
three mice were used for each group with at least three technical
replicates per mouse. For image data used for quantifications, at
least eight images were analyzed for each mouse. Statistical tests
were performed using JMP Pro 15 and graphed as mean with stan-
dard deviation. Restricted maximum likelihood (REML) analysis
with unbounded variance components was used as statistical test
for most quantifications comparing control and knockout mice. Indi-
vidual mouse was treated as random effect to take into the account
of mouse-to-mouse variability. For Fig 2H, we used unpaired two-
tailed student t-test. For Fig 6K, we performed Chi-square test.
Significant difference was defined as P-value < 0.05.

Data availability

The scRNA-seq data have been deposited in the Gene Expression
Omnibus (GEO) database with accession code: GSE211381 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE211381). Bulk
RNA data have been deposited in the GEO database with accession
codes: GSE223723 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE223723). All other data are available on request from
the corresponding author.

Expanded View for this article is available online.
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