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Abstract  

Hair follicles (HFs) are immersed within dermal white adipose tissue (dWAT), yet human 

adipocyte-HF communication remains unexplored. Therefore, we investigated how 

perifollicular adipocytes affect the physiology of organ-cultured human anagen scalp HFs. 

Quantitative (immuno-)histomorphometry, microCT and transmission electron microscopy 

showed that the number and size of perifollicular adipocytes declined during anagen-catagen 

transition, whilst fluorescence lifetime imaging revealed increased lipid oxidation in 

adipocytes surrounding the bulge/sub-bulge region. Ex vivo, dWAT significantly stimulated 

hair matrix keratinocyte proliferation and HF pigmentation. Both dWAT pericytes and 

PREF1/DLK1+ adipocyte progenitors secreted hepatocyte growth factor (HGF) during human 

HF-dWAT co-culture, for which the c-Met receptor is expressed in the hair matrix and 

dermal papilla. These effects were abrogated by an HGF-neutralising antibody, and 

reproduced using recombinant HGF. Laser capture microdissection-based microarray 

analysis of the hair matrix showed that dWAT-derived HGF up-regulated KRT27, KRT73, 

KRT75, KRT84, KRT86 and TCHH. Mechanistically, HGF stimulated Wnt/β-catenin activity 

in the HM by inhibiting SFRP1 in the dermal papilla, up-regulating matrix AXIN2, LEF1, 

WNT6 and WNT10B expression. Our study demonstrates that dWAT regulates human hair 

growth and pigmentation via HGF secretion, and thus identifies important, molecular and 

cellular targets for therapeutic intervention in disorders of human hair growth and 

pigmentation.     

 

Keywords: scatter factor, fat, skin, hirsutism, alopecia 
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Introduction 

Non-metabolic functions of skin adipose tissue are of growing interest (Chen et al. 2019; 

Guerrero-Juarez and Plikus 2018; Kruglikov and Scherer 2016; Shook et al. 2016). Murine 

dermal white adipose tissue (dWAT) undergoes major hair cycle-dependent changes (Chase 

et al. 1953; Donati et al. 2014; Foster et al. 2018; Hansen et al. 1984; Paus et al. 1990; Zhang 

et al. 2019) and secretes BMPs, Pdgfa and leptin that impact upon adjacent HFs (Festa et al. 

2011; Plikus et al. 2008; Sumikawa et al. 2014; Yang et al. 2015). Conversely, murine HFs 

modulate dWAT biology via BMPs and sonic hedgehog (Plikus et al. 2017; Zhang et al. 

2016). 

Human scalp dWAT surrounds the HF and eccrine sweat glands, extending up to the bulge 

region (Poblet et al. 2018). Elucidating whether HF-dWAT crosstalk is also active in human 

scalp skin is crucial to identify novel targets for hair disorders; this is even more pressing, 

since autologous dWAT-derived cell preparations are being advocated as hair growth 

promoters (Kuka et al. 2020; Tak et al. 2020). 

The current study probes whether dWAT-HF communication also exists in human skin, and 

attempts to identify underlying signals for therapeutic modulation. Specifically, we asked: a) 

which perifollicular dWAT changes occur during anagen-catagen transition in vivo; b) does 

perifollicular dWAT alter scalp HF growth and/or pigmentation ex vivo; and c) which role 

does hepatocyte growth factor (HGF) play in HF-dWAT communication? 

We focused upon HGF (Table S1) since preliminary experiments showed high HGF secretion 

during HF-dWAT co-culture, its receptor (c-Met) is prominently expressed in the HF 

epithelium, and HGF impedes catagen entry (Jindo et al. 1994; Lindner et al. 2000). Our 
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experiments reveal that dWAT regulates human hair growth and pigmentation via HGF under 

the current ex vivo assay conditions. However, we expect further investigation to show 

additional mediators underlying human HF-dWAT communication. 
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Results  

Human perifollicular dermal adipocytes undergo hair cycle-dependent changes in vivo 

First, we probed whether hair cycle-associated changes occur in human perifollicular DAs by 

focusing on the anagen VI-early catagen transition, the clinically most relevant time-point 

(Paus and Cotsarelis 1999). HF-associated mature DAs (excluding all other cells within 

dWAT) exhibited significantly smaller surface area in catagen compared to anagen in human 

scalp skin in vivo (Fig. 1a,b). Moreover, the number of both distal (peri-bulge/sub-bulge; 

upper) and proximal (peri-bulbar; lower) perifollicular DAs was highest around anagen HFs 

(Fig. 1c).  

Both transmission electron microscopy (TEM) (Fig. 1d) and X-ray micro-computed 

tomography (microCT) imaging (Fig. 1e) revealed that, compared to anagen HFs, catagen 

HF-associated DAs contained more vacuoles reminiscent of lipophagy, a mechanism of lipid 

droplet and cell size reduction (Singh et al. 2009; Nicu et al. 2019). Thus the anagen-catagen 

transition of human HFs was marked by reduced DA size and number, likely via increased 

acid lipolysis. In correspondence with recently-reported dWAT findings during synchronized 

catagen development in mice (Zhang et al., 2019), an additional mechanism might involve 

mature DA de-differentiation and subsequent re-differentiation. 

Perifollicular dermal adipocytes show anatomical and functional heterogeneity 

MicroCT revealed that DAs in the distal dWAT (bulge and sub-bulge) have significantly 

smaller volume than DAs in the proximal dWAT (bulbar and suprabulbar) during both 

anagen and catagen (Fig. 1f,g). There were also more DAs in the supra- and bulbar regions 

compared to bulge/sub-bulge DAs (Fig. 1c,g,h). Distal DAs surrounding catagen HFs showed 

a selectively reduced volume compared to anagen HFs (Fig. 1g), suggesting that the above 

histomorphometric changes in DA size (Fig. 1b) are driven by this DA subpopulation.  

Jo
urn

al 
Pre-

pro
of



7 

 

Next, fluorescence lifetime imaging (FLIM) detected an increased amount of long lifetime 

species (Fig. 1i,j), products of lipid oxidation driven by reactive oxygen species (red mask 

signal), within upper DAs compared to lower DAs (Fig. 1k). Thus, distal DAs surrounding 

anagen VI HFs are not only smaller (Fig. 1g), but also more oxidative (Fig. 1j,k) suggesting 

higher metabolic and lipolytic activity than proximal perifollicular DAs. Neighbouring 

adipocytes displayed heterogeneous levels of long lifetime species (Fig. 1k), suggesting a 

unique DA-intrinsic metabolic rhythm. 

Scalp dWAT significantly promotes hair matrix keratinocyte proliferation ex vivo 

We next asked whether perifollicular dWAT influences human HF biology in organ-cultured 

HFs in the presence (HF+dWAT) or absence (HF) of adjacent dWAT or after reconstitution 

with microdissected non-dWAT skin adipose tissue (HF+rWAT) as a control (Fig. S1a,b).  

Although dWAT tendentially increased (p=0.053) hair shaft production during 6-day culture 

(Fig. 2a), it did not delay the spontaneous anagen-catagen transition ex vivo (Kloepper et al. 

2010) (Fig. 2b). Furthermore, perifollicular dWAT significantly increased the multiplication 

of hair matrix (HM) keratinocytes (Fig. 2c,d) and HF dermal sheath cells (Fig. S2a,b) during 

48hr cultures, suggesting that dWAT secretes follicular proliferation-promoting factors.  

Human dWAT stimulates HF pigmentation 

When examining how dWAT affects human HF pigmentation, anagen VI HFs co-cultured 

with dWAT showed a significantly higher melanin content than controls (Fig. 2e,f), 

corroborated by increased expression of pre-melanosomal marker gp100 (Fig. 2g,h) 

(Hardman et al. 2015; Samuelov et al. 2013). Perifollicular dWAT also increased the number 

of gp100+ HF melanocytes (Fig. 2i), but did not stimulate their proliferation (Fig. 2j), and 

significantly increased melanocytic dendrites (Fig. 2k), suggesting that dWAT-derived 
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factors enhance melanosome transfer in the HM (Hardman et al. 2015; Samuelov et al. 2013; 

Tobin 2011).  

Human dWAT exhibits proteomic differences to non-dWAT skin adipose tissue, and 

secretes higher levels of hepatocyte growth factor 

Given these distinct effects of dWAT and rWAT (Fig. 2a), we hypothesized that 

perifollicular dWAT secretes paracrine factors that promote HF growth and pigmentation. 

This was investigated by multiplex proteomics assay (Fig. 2l,m, Fig. S3a-d) on conditioned 

media collected from 6-day HF-dWAT co-cultures. HGF was the most highly and 

consistently up-regulated secreted factor in HF+dWAT-conditioned media, and was 

significantly reduced in HF+rWAT and dissected HF-conditioned media (Fig. 2m). The 

levels of adiponectin and other adipokines were only marginally different between 

HF+dWAT and the other conditions (Fig. S3a-d), suggesting that HGF is one of the main 

human dWAT-derived paracrine mediators that impacts upon neighbouring HFs. Since HGF 

is a known promoter of HF keratinocyte proliferation, hair elongation and murine HF 

pigmentation (Table S1), subsequent experiments  interrogated how dWAT-derived HGF 

affects these human HF functions. 

HGF secretion by dWAT is sufficient and necessary for stimulating scalp HF growth 

and pigmentation 

We assessed changes in pigmentation during 24hr cultures (Fig. 3) of the following 

conditions: (a) control HFs; (b) HFs treated with c-Met inhibitor SGX523; (c) HFs cultured 

with recombinant human HGF (HF+HGF); (d) HF+dWAT co-culture and (e) HF+dWAT co-

culture with anti-HGF neutralizing antibody (HF+dWAT+IgG). HF+rWAT was excluded 

from further experiments given the low levels of secreted HGF compared to HF+dWAT (Fig. 

2m), and the lack of proximity to the HF akin to in vivo conditions. 
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Co-culturing human HFs with dWAT increased melanogenesis as shown by Masson Fontana, 

gp100 staining and Tyrosinase activity (Fig. 3a-h), with a partial abrogation when treating 

HF+dWAT with an anti-HGF neutralizing antibody. The number of gp100+ cells (Fig. 3e) 

and melanocytic dendrites (Fig. 3f) were both upregulated in HF+dWAT cultures compared 

to control, and partially downregulated in HF+dWAT+IgG cultures, suggesting that dWAT-

derived HGF stimulates melanocyte numbers. HF+dWAT+IgG culture also displayed 

reduced HM proliferation levels compared to HF+dWAT and similar to control HFs (Fig. 3i). 

These results were confirmed in separately-conducted 24hr cultures of HF+dWAT vs. 

HF+dWAT+IgG (Fig. S4a-d). Blocking endogenous c-Met activity within dissected HFs 

using SGX523 showed no changes in pigmentation or proliferation (Fig 3a-i), further 

suggesting that HGF is primarily derived exogenously from dWAT.  

Recombinant human HGF affected follicular functions both short- and long-term (Fig. 3,4) 

by significantly enhancing hair shaft elongation during the first two days of culture (Fig. 4a) 

(Jindo et al. 1995; Lee et al. 2001; Shimaoka et al. 1995). HGF treatment also up-regulated 

pigmentation (Fig. 3a-d; 4b-d), as well as keratinocyte proliferation (Fig. 3b,i; 4b,e), and hair 

shaft differentiation (Fig. 4b,f). These outcomes are modulated via the c-Met receptor, 

localized within the human HM, connective tissue sheath and some DP cells (Fig. 4g), 

suggesting that, in contrast to mice (Lindner et al. 2000), human follicular epithelium and 

mesenchyme can both respond to HGF. Collectively, these data suggest that dWAT promotes 

follicular melanocyte numbers, proliferation and dendricity ex vivo, partly via HGF 

signalling.  

Adipocyte progenitor cells and pericytes in human dWAT transcribe and secrete HGF  

Next, we investigated the source of HGF within dWAT, recognizing that the follicular dermal 

papilla (DP) has been regarded as the main endogenous HGF source in both murine and 
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human HFs  (Havlickova et al. 2009; Kwack et al. 2019; Lindner et al. 2000). In line with the 

recognized, low-level rate of HGF transcription (Lindner et al. 2000; Woolf et al. 1995) and 

RNA degradation during prolonged HF culture (Purba et al. 2018), ISH showed that only few 

DP cells still transcribed low levels of HGF, which was absent in mature perifollicular DAs 

after 6-day culture (Fig. S5). In striking contrast, substantial HGF transcript levels were seen 

in cell clusters within perifollicular dWAT that morphologically correspond to blood vessels 

(Fig. 3j, black arrows; Fig. S6). This localization corresponded to HGF staining of fibroblast-

like cells within perifollicular dWAT in ex vivo culture (Fig. 3k). 

In vivo, freshly frozen human scalp skin showed faint HGF immunoreactivity in some DP 

cells, but stronger HGF immunostaining within dWAT (Fig. S6), contrasting with the 

predominantly murine DP localization reported (Lindner et al, 2000), and supporting our 

hypothesis that perifollicular dWAT is the main source of HGF in human scalp skin. If the 

low levels of DP-secreted HGF decrease further during HF co-culture with dWAT ex vivo 

(Fig. 2-4), dWAT-derived HGF would be expected to exert the main effects upon 

neighboring HFs. 

To differentiate between adipose progenitors and perivascular cells, we conducted three-

probe ISH for HGF coupled with pre-adipocyte marker PREF1/DLK1 (Mitterberger et al. 

2012; Nicu et al. 2018; Zwierzina et al. 2015) and PDGFRB, a perivascular pericyte marker 

(Tang et al. 2008; Zwierzina et al. 2015) (Fig. 3l; Fig S7). This revealed both 

HGF+/PDGFRB+ and, separately HGF+/DLK1/PREF1+ cells, highlighting both dWAT-

resident adipocyte progenitors and pericytes as sources of HGF. DLK1 also co-localized with 

PDGFRB, confirming that adipocyte progenitors reside in a vascular niche of human skin 

(Lin et al. 2008).  
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HGF increases Wnt activity in the hair matrix via SFRP1 inhibition in the dermal 

papilla  

We then aimed to investigate how HGF affects human HFs via microarray on 6hr cultures of 

dissected HFs vs. HGF-treated HFs. This showed that HGF/c-Met signalling stimulates 

leptin, angiogenesis, clock signalling and pigmentation pathways (Fig. S8a,b). Furthermore, 

multiplex qRT-PCR conducted on the five culture conditions described above (Fig. 3) 

revealed Wnt/β-catenin signalling as a key HGF-regulated intrafollicular pathway (Fig. S8c-

e). 

Previously, we identified the Wnt antagonist secreted frizzled-related protein 1 (SFRP1) as 

the crucial negative regulator of Wnt signalling in human HFs (Hawkshaw et al. 2018). 24hr 

treatment with 500ng/mL HGF downregulated SFRP1 expression in the DP (Fig. 5a-c) and 

reduced SFRP1 protein expression in the DP and lower HM (Fig. 5d,e). This suggests that 

some hair growth- and pigmentation-promoting effects of human dWAT-derived HGF are 

executed by reducing SFRP1 in the DP, thus increasing Wnt activity in the HM through Wnt 

de-repression. Similar long-term effects upon HF proliferation and pigmentation are seen 

after scalp HF treatment with SFRP1 antagonist WAY-316606 (Hawkshaw et al. 2018). 

That HGF treatment prominently targets intrafollicular Wnt activity was supported by a) 

increased HM transcription of Wnt ligands WNT6 (Fig. 5f,g,k), and WNT10B (Fig. 5f,g,j) b)  

up-regulation of canonical Wnt signalling genes AXIN2 (Fig. 5f,g), LEF1 (Fig. 5f,g,i) in the 

DP and HM, c) more β-catenin+ DAPI+ nuclei in the HM and DP of HGF-stimulated HFs 

(Fig. S9a,b), and d) slight downregulation of DP-resident Wnt antagonist DKK1 (Fig. 5f-h). 

These results indicate that HGF modulates human HF growth at least in part by activating 

canonical Wnt signalling within the DP-HM compartment via: (1) SFRP1 downregulation; 

(2) AXIN2 and LEF1 upregulation and (3) canonical Wnt ligand upregulation.  
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dWAT-secreted HGF activates expression of keratins and pigmentation-related genes 

To specifically examine the effects of dWAT-derived HGF upon the HM and pre-cortex, the 

transcriptomes of these two compartments were compared between HF, HF+dWAT and 

HF+dWAT+IgG conditions (Fig. S10) following laser-capture microdissection (LCM). 

Differential gene expression analysis showed similar gene expression profiles clustering 

based on treatment groups and not donors (Fig. S11a,b), and confirmed modulation of HGF 

pathway genes in HF+dWAT vs. control (Fig. S12a). 

Genes from the pigmentation pathway enhanced by dWAT co-culture and downregulated 

following HGF inhibition (Fig. S12b,c) included EDN1 and MC1R (Fig. 5l). Expression of 

melanogenesis genes (DCT, MITF, PAX3, TYR and TYRP1) were modulated by dWAT co-

culture, but insensitive to HGF inhibition (Fig. 5l), an effect due to gender-dependent 

differences (Fig. S12b,c). Moreover, several hair keratin genes were prominently upregulated 

by dWAT co-culture and downregulated following HGF inhibition including KRT27, KRT73, 

KRT75, KRT84, KRT86 as well as TCHH (Fig. 5m; Fig. S13a-c). Considering the role of the 

above keratins in formation of the hair shaft and inner root sheath (Steinert et al. 2003), 

paracrine dWAT-mediated signals could also modulate core HF processes such as epithelial 

cell differentiation.  
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Discussion 

Our study provides evidence that perifollicular adipose tissue modulates human HF growth 

and pigmentation via HGF/c-Met signalling as follows: perifollicular dWAT-resident 

pericytes and adipocyte progenitors (Fig. 6) secrete HGF to promote HF pigmentation and 

proliferation. HGF downregulates SFRP1 in the DP, which then activates Wnt/β-catenin 

signalling (Fig. S9) through up-regulation of AXIN2, LEF1, WNT10B and WNT6; in parallel, 

dWAT-derived HGF turns on keratin genes associated with the hair shaft and inner root 

sheath KRT27,73,75,84,86 and TCHH (Fig. 5,6). 

Our study identifies: a) anatomical/functional heterogeneity in human perifollicular dWAT, 

with differences in size and lipid oxidation across adipocyte populations; b) human dWAT-

mediated promotion of scalp HF pigmentation and proliferation ex vivo; c) HGF as the 

leading dWAT-secreted hair growth/pigmentation-stimulatory factor in human scalp skin; d) 

activation of canonical Wnt signalling following HGF treatment in human HFs and e) 

dWAT-derived HGF as a key regulator of human hair keratin gene expression.  

Current results (Fig. 1) suggest that human perifollicular adipocytes primarily adapt to hair 

cycle changes via hypertrophy and acid lipolysis/lipophagy. We hypothesize that DAs 

surrounding early catagen HFs experience a burst of lipolysis/lipophagy caused by changes in 

the follicular secretome, followed by increased lipolysis/lipophagy during mid/late catagen to 

compensate for the empty space leftover by the regressing HF, since surrounding skin does 
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not undergo changes similar to murine dWAT. However, presently, we cannot dismiss 

adipocyte de-differentiation and re-differentiation (Zhang et al. 2019) across the human hair 

cycle. 

We also show that dWAT stimulates follicular melanogenesis via HGF (Fig. 3), a pro-

melanogenic factor (McGill et al. 2006; Wolnicka-Glubisz et al. 2013), suggesting that 

dWAT promotes terminal differentiation of gp100-/CRH+ progenitor cells in the proximal 

HM. These effects seem HF-specific, since adipose-derived stem cells suppress 

melanogenesis in epidermal melanocytes (Kim et al. 2014; Klar et al. 2017), and adiponectin 

isoforms have mixed effects upon melanin synthesis (Bang et al. 2017; Kim et al. 2018). The 

differences identified in expression, and effects of murine DP-secreted HGF (Lindner et al. 

2000) and human dWAT-derived HGF (Fig. 2-4; Fig. S5-S7) are discussed within Text S2. 

That secreted levels of human HGF differ in HF+dWAT vs. HF+rWAT (Fig. 2m) may be due 

to limited rWAT sample homogeneity, temporal fluctuations in HGF secretion, and the lack 

of proximity and cell-cell contact likely resulting in lower levels of HGF activator (HGFA), a 

protease that forms active HGF (Miyazawa et al. 2010), previously detected within human 

HF outer root sheath cells (Lee et al. 2001). 

That HGF is transcribed by pre-adipocytes and pericytes (Fig. 3l; Fig. S5,S7) underscores the 

potential of adipose progenitors for hair growth modulation (Gentile 2019; Narita et al. 

2019), possibly explaining facial hirsutism induced by autologous fat grafting (Ramot et al. 

2019). The absence of perifollicular dWAT in traditional HF ex vivo organ culture (Langan et 

al. 2015) may explain disparities between ex vivo and in vivo drug responses, for example, 

between clinically-observed hair growth promotion by minoxidil vs. no effects in dissected 

HFs treated with minoxidil (Magerl et al. 2004). Injecting minoxidil-treated adipose 

progenitor cells into murine skin promotes anagen induction by activating HGF signalling 
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within adipocyte progenitors (Choi et al. 2018). Altogether, our results highlight the 

importance of HF-dWAT co-culture to better mimic in vivo conditions.  

Finally, our study raises the question to what extent the HGF-dependent dWAT-HF 

signalling axis is defective in human hair disorders and contributes to HF miniaturization in 

androgenetic alopecia (Pantelireis and Higgins 2018; Wang and Higgins 2020). Human scalp 

dWAT is decreased around miniaturized HFs in androgenetic alopecia and alopecia areata 

(Donati et al. 2014; Hori et al. 1972) and infiltrates the perifollicular dermis in frontal 

fibrosing alopecia (Miteva et al. 2019). From a translational perspective, our discovery of 

HGF as a dWAT-secreted factor underscores a promising strategy for managing 

hirsutism/hypertrichosis, namely by topical application of small-molecule c-Met antagonists 

(Parikh and Ghate 2018; Puccini et al. 2019) using HF-targeting delivery systems (Lademann 

et al. 2015; Patzelt and Lademann 2013). Alternatively, long-range physical therapies 

targeting perifollicular dWAT e.g. cryolipolysis (Abboud and Hachem 2020; Garibyan et al. 

2020) or low-level laser therapy (Avci et al. 2013; Croghan et al. 2019) to reduce dWAT-

derived HGF could become an innovative strategy to counteract excessive hair growth. 

Future studies should investigate the effects of dWAT-derived HGF  upon the human HF via 

distinct pathways including Caveolin-1, since caveolae show co-localization with c-Met, 

promoting re-internalization of the receptor (Viticchie and Muller. 2015), and TGF-β 

signalling, suppressed by HGF via the stabilisation of transcriptional co-repressor TGIF (Dai 

and Liu. 2004). Moreover, the TGF-β1-inhibitory effects of HGF could be a downstream 

mechanism that stimulates Tyrosinase activity within follicular melanocytes (Kim et al. 

2004).  

Changes in human perifollicular DAs (Figure 1) were assessed strictly on Anagen VI vs. 

early catagen HFs given the clinical importance of this hair cycle switch for hair disorders 
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(Paus & Cotsarelis, 1999) and the scarcity of human telogen and early anagen stages (Oh et 

al., 2016). Our data support a drop in dWAT-derived HGF as the main factor influencing 

anagen-catagen transition, and that perifollicular adipocyte precursors and pericytes, possibly 

in addition to DP fibroblasts, transcribe HGF to maintain human HFs in anagen VI. Future 

research should investigate how human adipocyte precursors surrounding scalp HFs oscillate 

in number and HGF secretion, and whether these changes could modulate HF cycling. This 

could be interrogated by assessing dWAT-localized HGF levels in situ across the human hair 

cycle, followed by ex vivo co-culture of human HFs and FACS-isolated adipose progenitors 

treated with HGF or c-Met antagonists. 

Present results underscore the importance of the extra-follicular environment, in this case 

human dWAT, in regulating typically-intrinsic follicular functions including epithelial 

proliferation, pigmentation and hair keratin synthesis. This significant axis within human 

dWAT-HF communication may pave the way to modulating HGF/c-Met signalling in a 

therapeutically-desirable manner to target distinct hair disorders. 
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Materials and Methods   

Ethics Statement 

Tissue samples from hair transplant surgeries were collected with written, informed patient 

consent obtained internally from surgeons within Farjo Clinic (Manchester, UK) following 

approval from the Manchester Skin Health Biobank (19/NW/0082). 

Ex vivo HF Culture  

Male occipital scalp HFs were used across all experiments, unless otherwise stated. Fig. 1 

focuses entirely on the anagen VI-catagen transition as this represents the clinically most 

relevant hair cycle switch (Paus & Cotsarelis, 1999). Experiments in figures 2-5 were started 

using Anagen VI HFs and cultured as previously described (Hardman et al. 2015) with: 

Perifollicular dWAT. HFs were cultured with 3-5 rows perifollicular DAs for 24/48hr/6 days.  

Recombinant human HGF. HFs were treated with 500ng/mL human HGF (294-HG-005, 

R&D Systems) for 6hr (microarray), 24hr (Fluidigm, LCM+microarray), 24/48hr (immuno-

histomorphometry analysis) or 6 days (hair shaft elongation and hair cycle staging).  

c-Met antagonist. Dissected HFs were treated with 1mM SGX523 (Merck) for 24hr. 
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Neutralizing antibody to HGF. HFs+dWAT were treated for 24hr with 1µg/ml neutralizing 

antibody to human HGF (R&D, MAB294). 

6-day cultures and Human Multiplex Assay 

HFs were cultured for 6-days as: a) microdissected HFs b) HFs with surrounding dWAT 

(HF+dWAT) c) dissected HFs with dissected reconstituted dWAT (rWAT). The media was 

collected every 48hr. The concentration of human HGF in the media was measured using 

Luminex xMAP technology (R&D systems, Minneapolis, MN).  

Immunofluorescence and immunohistochemistry on tissue sections 

Immunohistochemical staining was conducted on 7µm cryosections. Tyrosinase and TUNEL 

enzyme activity, and staining of gp100, Ki-67, SFRP1 and β-catenin were conducted as 

previously described (Hardman et al. 2015; Hawkshaw et al. 2018; Purba et al. 2016). 

Additional antibodies include HGF (abcam, ab83760), c-Met (abcam, ab51067), WNT10B 

(ab70816, abcam) and DKK1 (abcam, ab61034). In fluorescent ISH images, the contrast for 

the control vs. treated images was equally altered to aid readers’ interpretation of the data. 

In situ hybridization (ISH) 

ISH was carried out on cryosections of human scalp skin (20µm) and HGF-treated HFs 

(10µm) using the RNAscope 2.5 HD-RED manual assay, the Fluorescent Multiplex Assay 

(ACD Cell Bio) and the following probes: AXIN2 (400241), c-Met (310051), DLK1 (529961-

C3), DKK1 (421411), HGF (310761), LEF1 (412991), PDGFRB (548991-C2), SFRP1 

(429381), WNT6 (429451) and WNT10B (429461). Fluorescent ISH was imaged using 

Snapshot microscopes (Olympus IX83) in the Bioimaging Core Facility (University of 

Manchester). 

Microarray  
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RNA concentration and quality were measured as done previously (Harries et al. 2013). RNA 

samples were processed as per the Agilent One-Colour Microarray-Based Gene Expression 

Analysis Protocol (Version 6.9.1). Pre-amplified cDNA (in the LCM experiment) was 

labelled using the SureTag DNA Labelling kit (Agilent, 5190-3400). Agilent SurePrint G3 

Human Gene Expression 8x60K v2 microarrays were used as per the Agilent One-Color 

Microarray-Based Gene Expression Analysis Protocol (Agilent Technologies UK Ltd).  

Additional materials and methods are described in Text S1. 
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Figure Legends Core Manuscript 

Figure 1. Human dWAT surrounding anagen VI vs. early catagen HFs shows significant 

differences in morphology and size.  H&E assessment (a) of changes in mature DA surface 

area (b) and cell number (c), excluding other dWAT-resident cells, between anagen VI and 

early catagen. Transmission electron microscopy of perifollicular DAs, with a focus on the 

presence of vacuoles within the lipid droplets in catagen vs. anagen (d). microCT imaging of 

perifollicular DAs, with emphasis on vacuoles within perifollicular catagen HFs (e). Changes 

in volume of perifollicular DAs across distinct compartments in anagen vs. catagen HFs (f-g), 

and oscillations in cell number (h). FLIM imaging of perifollicular DAs (i), with changes in 

long lifetime species (LLS) (j) in upper DAs vs. lower DAs (k) highlighted with the use of a 

red mask for LLS signature and pink mask for NADH-LLS signal. White arrows in (d) and 

(e) highlight vacuoles within the lipid droplet. Results in (a)-(d) are based on n=6 donors, 3 

HFs per condition; (e)-(h) are based on 3-4 HFs per condition, n=1 donor; (j) and (k) are 

based on 3 HFs per condition, n=3 donors. Data are shown as +/- SEM. Numerical P values 

were calculated using Mann-Whitney U-test for (b) and all individual tests in (g), and using 
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unpaired Student T-Test for comparing upper DAs, lower DAs and total DAs in (c) and (h). 

DA- dermal adipocyte; dWAT – dermal white adipose tissue, HF- hair follicle, LD – lipid 

droplet, LLS – long lifetime species, NADH – nicotinamide adenine dinucleotide. Scale bars 

in (a) and (d) are 50µm, in (f) is 250µm and in (I) is 1mm. 

Figure 2. Human dWAT maintains proliferation, hair shaft elongation and 

pigmentation within human HFs ex vivo. 6-day co-cultures of HFs with perifollicular 

dWAT or reconstituted dWAT (rWAT) were assessed for hair shaft elongation (a) and hair 

cycle stage (b). 48hr HF cultures with/without dWAT were tested for changes in proliferation 

of matrix keratinocytes (c,d), pigmentation using Masson Fontana (e,f) and gp100 marker 

(g,h). gp100 markers was also used to quantify differences in number of melanocytes (i), 

proliferating melanocytes (j) and dendrite numbers (k). Media collected every 48hr of culture 

(l) from 6-day cultures of dissected HFs, HFs + dWAT and HFs + rWAT were tested for 

secretion of human HGF protein using multiplex proteomics (m). n=6 donors, for (a), (b), (l) 

and (m). n=3 donors for (c-k), 3-5 HFs per donor per condition. Data are shown as +/- SEM. 

Numerical P values were calculated using an ordinary One-Way ANOVA for (a), Two-Way 

ANOVA with multiple comparisons, simple effects within rows for (b) and (m), unpaired 

Student T-test for (d), (f) and (j), and Mann-Whitney U-test for (h) and (i). Melanocyte 

dendricity analysis for 1,2 and 4 dendrites used unpaired Student T-test, whereas the Mann-

Whitney U-test was used for statistics run on 3 dendrites (k). AL- Auber’s line; DP – dermal 

papilla; EC – early catagen; gp100 – premelanosomal marker (PMEL); HM- hair matrix, Ki-

67 – proliferation marker; MC- mid catagen; LA – late anagen; LC – late catagen. Scale bar 

across all images is 50µm. 

Figure 3. HGF promotes melanin content, melanocyte number and dendricity, and 

keratinocyte proliferation within human HFs. Ex vivo 24hr organ culture of dissected HFs 

with/without c-Met inhibitor SGX523, human HGF protein, perifollicular dWAT, and dWAT 
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with a neutralising antibody to HGF was assessed for differences in pigmentation with 

Masson Fontana staining (a,c), gp100staining (b,d,e), number of melanocytic dendrites (f) as 

well as Tyrosinase activity (g,h) and keratinocyte proliferation below Auber’s line (i). Single 

ISH to detect mRNA for human HGF within 6-day cultures (j). Protein localization of HGF 

in fibroblast-like cells resident within perifollicular dWAT (k). Triple ISH (l) using probes to 

detect human HGF, DLK1 and PDGRB mRNA. Arrows of distinct colours in panel (l) 

highlight the following structures: green indicates HGF+DLK1+ cells; red identifies 

HGF+PDGFRB+ cells; white indicates DLK1+ PDGFRB+ cells.  n=3 donors, with 8-11 HFs 

analysed per condition for (a) – (i). Data are shown as +/- SEM. Numerical P values were 

calculated using an ordinary One-Way ANOVA test for (c), (d) and (f), and Kruskal-Wallis 

test for (h) and (i). Melanocyte dendricity was analysed using One-Way ANOVA for 1 and 2 

dendrites, and Kruskal-Wallis test for 3 and 4 dendrites (f). CTS – connective tissue sheath; 

DP – dermal papilla; dWAT – dermal white adipose tissue; HGF – hepatocyte growth factor; 

HM- hair matrix, IgG - immunoglobulin. Scale bar across all images is 50µm. 

Fig. 4. HGF promotes pigmentation, proliferation and differentiation within dissected 

HFs during 6-day ex vivo culture. Dissected HFs cultured 6 days with recombinant human 

HGF protein were assessed for changes in hair shaft elongation (a), pigmentation using 

Masson Fontana (b,c) and gp100 (b,d), proliferation of matrix keratinocytes below Auber’s 

line (b,e) and degree of hair shaft differentiation using K85 (b,f). The HGF receptor c-Met is 

expressed within the HF matrix, pre-cortext, some dermal papilla cells and connective tissue 

sheath (g). (a) is based on n=6 donors, 5 male and 1 female. (b) to (g) are based on n=3 

donors. Data are presented as +/- SEM. Numerical P values are obtained by using an unpaired 

T-test for all tests comparing vehicle vs. HGF in (a) and (c) to (f). CTS – connective tissue 

sheath, DP – dermal papilla, HGF – hepatocyte growth factor, HM- hair matrix, K85 – 

keratin 85. Scale bar across all images is 50µm. 
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Figure 5. HGF activates Wnt/β-catenin signalling within the human hair bulb, whilst 

dWAT-derived HGF upregulates pigmentation and keratin genes associated with inner 

root sheath biology. Negative probe dapB and positive control probe PPIB (a) used in the 

assay. In situ hybridization of key target genes for Wnt signalling including SFRP1 in the DP 

only (b,c), confirmed at the protein level (d) both in the DP and below Auber’s line (e). Panel 

for all distinct genes probed (g) and ISH of Wnt inhibitor DKK1 in the DP only (h). Wnt 

target genes AXIN2 (f) and LEF1 (i) and Wnt ligands WNT10B (j) and WNT6 (k). Gene 

expression analysis of laser-capture microdissected matrix and pre-cortex from HGF-

inhibited HF+dWAT conditions for pigmentation genes (l) and hair shaft and inner root 

sheath genes including KRT27, 73, 75, 84, 86 and TCHH (l). Results in (a) to (k) are based on 

n=4 male donors, and in (l) and (m) on n=4 donors, 2 female and 2 male. Data are shown as 

+/- SEM. Numerical P values were calculated using unpaired Student T-test for (c), (h), DP, 

HM and AL comparisons in (e), (f), (i) and (j). Ordinary One-Way ANOVA test was used for 

DCT, EDN1, MITF, SOX10, TYR and TYRP1 in (l), KRT27, KRT73 and TCHH in (m); 

Kruskal-Wallis test was used for MC1R and PAX3 in (l), and KRT75, KRT84 and KRT86 in 

(m). AL- Auber’s line; AXIN2 – Axin-related protein 2; dapB – 4-hydroxy-

tetrahydrodipicolinate reductase (negative ISH control); DP - dermal papilla; HM - hair 

matrix, ISH – in situ hybridisation, KRT – keratin, LEF1- lymphoid-enhance binding factor 

1; PPIB – peptidylprolyl isomerase B (positive ISH control); TCHH – trichohyalin, WNT6 – 

Wnt family member 6; WNT10B – Wnt family member 10b. Scale bar across all images is 

50µm.  

Figure 6.  Model of the current hypothesis involving the effects of HGF within human 

HF-dWAT communication . Overall, we hypothesize that human dWAT secretes HGF that 

acts: 1) on the DP by downregulating SFRP1, which then results in activation of the Wnt 

pathway and upregulation of Wnt target genes AXIN2 and LEF1 2) on the hair matrix by 
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downregulating SFRP1, activating Wnt target genes AXIN2 and LEF1, followed by 

upregulation of Wnt ligands WNT10B and WNT6, which are candidates for HF growth 

modulation and melanocyte differentiation and/or maintenance; and c) on the inner root 

sheath by positively modulating key genes related to hair shaft and inner root sheath biology 

i.e. KRT27, KRT73, KRT75, KRT84, KRT86 and TCHH. Many questions remain including 

how adipokines such as Adiponectin and Leptin influence dWAT-secreted HGF, and also 

what lies upstream of HGF signalling within human dWAT. Abbreviations: KC- 

keratinocytes. 
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1. Supplementary Materials and Methods 

Transmission Electron Microscopy 

Anagen VI vs. early catagen HFs surrounded by dWAT were fixed in 2.5% Glutaraldehyde in 0.1M 

Cacodylate Buffer pH7.4 for 3 hr, washed 3 times with 0.1M Cacodylate Buffer and stored at 4oC before 

downstream batch processing. Samples were then treated with 1% Osmium Tetroxide (OsO4) for 1 hr, 

washed 3 times with distilled water and incubated in 1% Uranyl Acetate overnight. The following day, 

samples were dehydrated in 70% ethanol (30 min), 90% ethanol (30 min), 3 x 100% ethanol and 2 x acetone 

(30 min each). After dehydration samples were dehydrated in 50:50 Hard Plus Resin (TAAB):Acetone (24 

hr) and changed into pure Hard Plus resin (24 hr), both on a rotary mixer. Finally, samples were embedded 

in Hard Plus resin and polymerised for 48 hr at 65oC. Prior to imaging, blocks were trimmed on a Leica UC6 

microtome using a glass knife, then using a diamond knife and ultra-thin sections (150nm) were cut for EM 

examination (JEOL JEM 2100). Imaging was carried out by Mr. Derek Atkins at Unilever R&D (Colworth 

Park, UK). 

microCT imaging 

HFs were fixed with Karnovsky’s fixative (2.5% Glutaraldehyde, 4% PFA in 0.1M HEPES pH 7.4) for 

24hr, and after washing in double distilled water (ddH2O), were post-fixed for 2hr in 1% aqueous OsO4, 

acting also as a staining step. After another wash, follicles were dehydrated through an ethanol gradient 

(30%, 50%, 70%. 90%, 100%, 100% for 5 min each) and transferred to 100% acetone. The follicles were 

then embedded as for TEM and gradually infiltrated with TAAB 812 HARD Epoxy resin in acetone at 25%, 

50%, 75% and 100% concentrations. Samples were then cured in a fresh change of resin at 60oC (48 hr). 

Excess resin was removed and the resin cuboids were mounted for XRM and scanned using the 4X objective 

on a Zeiss Versa 520 tomograph (Carl Zeiss AG, Oberkochen), at an accelerating voltage of 60 kV with 4.2 

W of power. Averages of 2 frames were taken over 1601 projections, with pixel sizes ranging from 2.97 to 

3.04 µm. After reconstruction of projections by filtered back-projection, data was analysed using AVIZO 

version 9.7 (Suppl. Fig. 19). Raw data was cropped to isolate the hair follicles and surrounding adipocytes, 

followed by filtration using the non-local means filter. Segmentation of adipocytes surrounding the hairs 

was completed using a simple thresholding approach. Segmented adipocytes were then divided into “upper” 
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and lower” HF regions. The segmented data, the upper region and the lower region were processed further, 

and the “separate objects” operation was applied to each data set to measure individual adipocyte volumes. 

FLIM imaging 

Human HFs with surrounding dWAT from normal surgical discard skin samples from male patients 

undergoing hair transplantation procedures at New Hair Institute (Los Angeles, CA, USA) placed in ice-cold 

1xPBS. Individual HFs were excised and dissected accordingly other than the fat tissue around them. 

Samples were placed in a 5mm glass-bottom dish and mounted in 1xPBS. HF+dWAT units were imaged 

using an Olympus LUMPlanFL and a 40x/0.80 objective. The samples were excited at 740nm with a 

Titanium:Sapphire MaiTai laser (Laser Spectra Physics InSight DS+). NADH fluorescence was collected 

with a NADH filter (transmitting emission photons in the 400-500nm range) and used to separate excitation 

from emission signals. A 460/80nm emission filter was employed, and sample fluorescence was detected by 

photomultiplier tubes (H7422P-40, Hamamatsu, Japan). FLIM images of DAs in upper vs. lower regions of 

the HF were collected and processed using the SimFCS4 software developed by Enrico Gratton at the 

Laboratory of Fluorescence Dynamics (LFD, UC Irvine). The following settings were used to acquire 

images: image size (256x256 pixels), dwell time (32us), scan speed (25mW), laser frequency (20000000), 

frequency factor (established before acquiring the images), laser power (50%). All samples were imaged 

using identical settings. The laser was calibrated using Rhodamine, also used as a reference for subsequent 

measurements. For each image, 16 frames per field of view (FOV) were acquired. For each follicular region, 

15 FOVs were captured (each file had a slightly different FOV). 

RNA extraction and qPCR 

RNA was extracted using the RNeasy Micro Kit (Qiagen), and converted to cDNA with the tetro-cDNA kit 

(Bioline); quantitative real-time PCR (qRT-PCR) was performed in the Genomics Core Facility, University 

of Manchester. Housekeeping genes PPIA, GAPDH and ACTB were used to normalize the data based on 

whichever showed the least variation. 

Multiplex qRT-PCR assay 
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100ng cDNA was prepared per sample using the SuperScript VILO Mastermix (Invitrogen, ThermoFisher 

11755-250). Samples were pre-amplified using the Taqman Preamp Master Mix (Applied Biosystems, PN 

4391128, ThermoFisher). Following plate priming (IFC Controller HX (Biomark™), the Dynamic Array 

96.96 GE IFC Fluidigm plates (Biomark™; Plate 1: 1362-254-577 D1616 and Plate 2: BMK-M-96.96 and 

1362-453-520 D1831) were loaded in triplicate with: 1) Taqman probes and 2) cDNA. The plates were 

incubated for 2hrs for qPCR on the IFC Controller HX. Real-Time PCR analysis software 3.0.2 

(Biomark™) was used to assign the probes and samples as loaded per plate and conduct ∆∆CT analysis 

based on the reference gene ACTB. 

Laser-Capture Microdissection 

HF, HF+dWAT and HF+dWAT+IgG conditions were sectioned at 10µm, placed onto pre-UV-irradiated 1.0 

PEN NF membrane slides (Zeiss, 415190-9081-000) and stored at -80C before staining. One slide at a time, 

the sections were placed in a vacuum pump (1min) to eliminate excess water and stained in 95% EtOH, 

DEPC water, Mayer’s Hematoxylin, DEPC water, 70%, 95% and 100% EtOH. The matrix and pre-cortex 

were captured using a Zeiss laser-capture microscope with the PALM Robo Software and collected in RLT 

buffer with 1% β-mercaptoethanol. Time on the microscope was limited to 45min per slide to minimize 

RNA degradation. Samples were vortexed and stored at -80C prior to RNA extraction.  

Bioinformatics Analysis 

Data analysis was carried out using commercially available software, GeneSpring GX12 (Agilent 

Technologies Inc). Raw data were log-2 transformed and normalised using 75 percentile shift, baseline 

transformation to median of all samples was applied. Quality control on samples was performed by Principal 

Component Analysis and by inspecting Agilent Quality Control Metrics. The data then underwent statistical 

analysis in GeneSpring using a) a moderated t-test with West-Young test with P<0.05 for CTRL vs HGF-

treated HFs (6hr experiment) and b) One-Way ANOVA with unequal variance, no post-Hoc test and 

Benjamin Hochberg FDR for the 24-hr experiment: HF vs. HF+dWAT vs. HF+dWAT+IgG. To facilitate 

readers’ understanding, results for HF+dWAT and HF+dWAT+IgG from experiment (b) were anti-logged 

and summarized as fold changes based on values for the HF CTRL group. 
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Other Assays 

Levels of free glycerol, free cholesterol, LDH and the semi-quantitative levels of various adipokines within 

conditioned media from 6-day HF+/-dWAT and HF+rWAT cultures were measured using the following kits 

as per the manufacturers’ instructions: Cholesterol Quantitation Kit (Sigma-Aldrich, MAK043), Glycerol 

Assay Kit (Sigma-Aldrich, MAK117), LDH Assay Kit (abcam, ab102526) and the Proteome Profiler 

Human Adipokine Array Kit (R&D, ARY024).   

Statistics  

All data analysis was carried out in GraphPad Software La Jolla California USA. For experiments carried 

out at the same time-point, the D’Agostino & Pearson and Shapiro-Wilk normality tests were used to 

determine parametric vs. non-parametric distribution of data. Standard t-tests or One-Way ANOVAs were 

conducted for parametric data, and Mann-Whitney U-tests or Kruskal-Wallis tests were used for non-

parametric data. For experiments containing multiple time points a Two-Way ANOVA with multiple 

comparisons was carried out depending on whether simple effects within columns or rows were examined. 

Results from statistical analysis are summarized as either non-significant or ‘ns’ (P<0.05), or by stating the 

P-value above each of the compared data points.  
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2. Supplementary Figures 

Figure S1. Human scalp skin does not show a clear boundary between dermal and subcutaneous fat 

depots. Using Methylene Blue staining we conclude that no fascia can be detected between dermal white 

adipose tissue (dWAT) and subcutaneous white adipose tissue (sWAT) as an equivalent for the panniculus 

carnosus layer in mice (a). Thus, in designing our 6-day culture experiment to inquire whether dWAT acts 

upon the HF in a paracrine manner, we designed an experiment in which we cultured dissected HFs, HF 

with 3-5 layers of perifollicular fat, and dissected HFs cultured with microdissected or reconstituted WAT 

(rWAT) located below the hair bulb (b). dWAT – dermal white adipose tissue; rWAT – reconstituted dermal 

white adipose tissue; sWAT – subcutaneous white adipose tissue. Scale bar = 1mm. 
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Figure S2. HF+dWAT cultures stimulate proliferation within the connective tissue sheath. Culturing 

HFs with surrounding dWAT stimulates proliferation within the CTS (a,b). Data are shown as +/- SEM. 

Numerical P values were calculated using unpaired Student T-Test for (b). Data are presented as +/- SEM. 

CTS – connective tissue sheath; DP – dermal papilla; HM – hair matrix Scale bar = 50µm. 
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Figure S3. Secretory profile of long-term dWAT culture. Multiplex assay reveals that dWAT secretes 

expected adipokines such as Adiponectin (a), FABP4 (b), VEGF (c) and IL-6 (d) when cultured with human 

HFs over 6-days ex vivo. n=6 donors (5 male, 1 female) with 3 HFs per condition. Numerical P values were 

calculated using Two-Way ANOVA tests with multiple comparisons, simple effects within rows for (a) to 

(d). 
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Figure S4. HGF neutralisation within HF-dWAT co-culture leads to a decrease in pigmentation, 

number of melanocytes and proliferating keratinocytes, as well as c-Met levels within the hair matrix. 

Gp100/Ki-67 staining (a) reveals that HFs co-cultured with dWAT in which HGF is neutralised with an 

HGF IgG show a reduction in levels of pigmentation (b), number of GP100+ melanocytes in the HM and 

cortex (c) and Ki-67+ keratinocytes below Auber’s line (AL) (d). HGF neutralisation (e) causes decreased 

expression levels of c-Met within the HM (f) but not the DP (g). n=3 donors, with 8-10 HFs analysed per 

condition. Data are shown as +/- SEM. Numerical P-values are obtained using unpaired Student T-test for 

(b), (c), (d) and (f), and Mann-Whitney U-test for (g). DP – dermal papilla; HM – hair matrix. Scale bars = 

50µm. 
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Figure S5. Examples of HGF expression patterns in 6-day ex vivo HF+dWAT co-culture. During 6-day 

cultures of HF+dWAT (a,d), HGF is produced within structures that appear to be blood vessels within 
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perifollicular dWAT (b,e), as well as the blood vessels adjacent to the connective tissue sheath. (c,f). Some 

cells within the DP lose their ability to synthesize HGF (c), whilst others maintain HGF production ex vivo 

(f). Strikingly, mature DAs do not produce HGF. Negative (g) and positive ISH controls (h) are shown. 

Black arrows highlight the cells producing HGF. BV – blood vessel; CTS – connective tissue sheath; DP – 

dermal papilla; dWAT – dermal white adipose tissue; HM – hair matrix. Scale bar = 50µm  
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Figure S6. HGF staining in freshly isolated human scalp skin. HGF staining (red) appears in both dermal 

papilla cells (white arrows) and surrounding perifollicular adipose tissue (yellow arrows). Overall, staining 

within dermal papilla cells is fainter compared to staining within the fibroblast-like pericytes and adipose 

progenitor cells neighbouring the HFs. Mild donor-to-donor variation in staining pattern is observed. DP – 

dermal papilla; dWAT – dermal white adipose tissue; HM – hair matrix. Scale bar = 50µm. 
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Figure S7. Co-localization of HGF mRNA with PDGFRB+ and DLK1+ cells in 6-day ex vivo 

HF+dWAT co-culture. During 6-day cultures of HF+dWAT, HGF co-localizes with both PDGFRB+ (red 

arrows) and DLK1+ (green arrows). As expected, DLK1+ adipocyte progenitors are localized adjacent to 

PDGFRB+ pericytes within blood vessels (white arrows). ISH probes are stained in the following channels: 

FITC (DLK1), Cy3 (HGF) and Cy5 (PDGFRB). Bottom panel shows positive and negative ISH controls. 

Scale bar = 50µm  
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Figure S8. HGF activates pigmentation and angiogenesis genes, as well as modulating genes 

pertaining to the Wnt pathway. (a) Microarray conducted on dissected HFs treated with human HGF for 

6hr shows up-regulation of HGF-regulated genes including SOX10, PAX3, LEPR and VEGFA; these results 

were technically validated using qPCR (b). Overlaying Fluidigm results (d) over a Wnt/β-catenin pathway in 

Ingenuity Pathway Analysis revealed (c) modulation of Wnt ligands WNT6 and WNT10B (blue squares) and 

Wnt inhibitors DKK1 and SFRP1 (red squares) in HFs treated with HGF or dWAT. Green circles represent 

down-regulation and red circles up-regulation of individual genes. The technical validation of the Fluidigm 

results using qPCR is displayed in (e). n=3 donors, RNA was extracted from 5 HFs per condition per donor. 

Data are shown as +/- SEM in (d) and (e). Numerical P values were calculated using ordinary One-Way 
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ANOVA for DKK1, SFRP1 and WNT10B in (d) and all genes in (e), and Kruskal-Wallis test for WNT6 in 

(d). 

Figure S9. HFs cultured with HGF and perifollicular dWAT display higher levels of nuclear β-catenin 

compared to vehicle. Vehicle HFs and those treated with SGX523 display mostly cytoplasmic-localized β-

catenin staining. HGF treatment causes an increased percentage of nuclear β-catenin+ staining, suggesting 

activation of Wnt/β-catenin signalling. HF-dWAT co-culture displays no change within the DP and a slight 

upregulation of nuclear β-catenin+ nuclei within the hair matrix. Neutralizing HGF restores the pattern of β-

catenin staining back to primarily cytoplasmic (a-b). n=3 donors, 8-12 HFs per condition. Data are shown as 

+/- SEM. Numerical P-values are obtained using One-Way ANOVA for DP measurements, and Kruskal-
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Wallis test for measurements above and below AL. AL- Auber’s line; CTS – connective tissue sheath; DP – 

dermal papilla; HM – hair matrix. Scale bar = 50µm. 

 

 

Figure S10. Laser-capture Microdissection workflow and experimental design..HFs were culture for 

24hr as dissected, with perifollicular dWAT and, lastly, dWAT and neutralizing antibody to HGF (a).  For 

LCM 24hr cultures were sectioned and only the pre-cortex and hair matrix (b) were isolated. Two 

representative photos show the HFs before LCM (c) and after capturing the demarcated tissue (d).  
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Figure S11. Design of GeneSpring analysis for the microarray conducted on laser-capture 

microdissected matrix and pre-cortex. Initial analysis (a) was done by conducting a moderated T-test with 

Westfall Young permutation on microarray data from 1) HF+dWAT vs. HF and 2) HF+dWAT+IgG vs. 

HF+dWAT. The common genes between these two T-tests (P<0.05) were then extracted – overall, there 

were 301 common genes up-regulated when adding dWAT, and down-regulated when neutralizing HGF; on 

the flipside, 292 genes were down-regulated following culture with dWAT and upregulated when HGF was 

neutralized. Genespring analysis reveals that dissected HFs cultured for 24hr show a very distinct gene 

expression profile compared to both HF+dWAT and HF+dWAT+IgG (b). To investigate how gene 

expression levels in both dWAT and dWAT+IgG compared to the control, a One-Way ANOVA with 

unequal variance was then carried out by comparing HFs with HF+dWAT and with HF+dWAT+IgG. n=4 

donors (2 male, 2 female), with LCM and RNA extraction conducted on 3-5 HFs per donor per condition. 
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Figure S12. dWAT-derived HGF upregulates the HGF/cMET pathway as well as pigmentation genes, 

the latter in a gender-dependent manner. HF+dWAT upregulates genes involved in HGF signalling such 

as ELK1, FLG, FLG2, HGFAC and the MET receptor (a). Conversely, the expression of these genes returns 

to the levels of HF control following HGF neutralization. Modulation of pigmentation genes appears to 

differ between male and females (b,c) with surrounding dWAT in male donors upregulating genes such as 

DCT, MC1R, MITF, PAX3, TYR and TYRP1 at a higher level compared to female donors; however, EDN1 is 

upregulated twice as much in female donors by dWAT-derived HGF compared to male donors. Results are 

based on n=2 male and n=2 female donors, with LCM and RNA extraction conducted on 3-5 HFs per donor 

per condition.  
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 Figure S13. dWAT-derived HGF upregulates various keratin genes within the HF matrix and pre-

cortex. Most up-regulated keratin genes in HF+dWAT culture show increased expression and a subsequent 

decrease when neutralizing HGF such as KRT 16, 23, 25, 27, 28, 34, 37, 71 – 75, 80, 81 and 84.  

Interestingly, expression of some keratin genes is clearly modulated in response to dWAT culture, but 

independently of HGF e.g. KRT 1, 5, 6A, 10, 13, 15, 18, 19, 42P and 83. Results are based on n=4 donors (2 

male, 2 female), with LCM and RNA extraction conducted on 3-5 HFs per donor per condition. Numerical 

P-values were obtained using One-Way ANOVA for KRT27 and KRT73, and Kruskal-Wallis test for 

KRT75, KRT84 and KRT86. 
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Figure S14. Parameter setup for DA analysis following microCT. The immediate 3 layers of 

perifollicular DAs (a) around anagen versus catagen HFs were delineated using a cylindrical tool in AVIZO 

software version 9.7.  HFs were longitudinally placed in the centre of the cylindrical shape. Following data 

filtration, individual DAs (b) were separated and colour-coded prior to volume measurement. DA – dermal 

adipocyte; dWAT – dermal white adipose tissue; HF – hair follicle. 

.  
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Table S1. Summary of existing literature surrounding HGF and the HF. 
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Text S2. Differences in murine and human HGF distribution, secretion and effects within hair follicles 

and perifollicular dermal white adipose tissue. 

Reviewer’s comments 

The authors did not present the distribution of human HGF expression across the HF cycle. In their previous 

work (Lindner et al., 2000) they investigated this in rodents and demonstrated the peaks of Met induction in 

early and late (VI) anagen and highest induction during anagen-catagen transition. HGF induction was 

higher in early anagen (day 3), lower in late anagen (day 12) and absent during anagen-catagen transition. 

This difference apparently contradicts the statement provided by the authors that both epithelium and 

mesenchyme respond to human HGF, and a different profile of human HGF expression is described. 

Assuming HGF is indeed a master regulator of HF growth and pigmentation, these new results should mean 

that rodent results cannot be transferred to human HFs. This may not be very likely. Can the authors try to 

explain this difference? 

Authors’ rebuttal 

As stated in the Introduction, the current study aimed to dissect dWAT-HF interactions, not to establish the 

patterns of intrafollicular HGF expression during the human hair cycle. Instead, our Lindner et al (2000) 

study focused on the role of dermal papilla-derived HGF in murine HF cycling. Thus, the major differences 

resulting from species, HF location and methodology (dorsal mouse skin in vivo versus human scalp HFs ex 

vivo), question how meaningful it is to compare these distinct studies. Moreover, in contrast to mice 

(Lindner et al. 2000), after 6-day culture, only few human dermal papilla cells still transcribe HGF ex vivo, 

whereas surrounding perifollicular dWAT still shows unexpectedly high levels of HGF transcription (Fig. 

S5). Together with the low levels of HGF protein detected in dissected HF culture vs. HF-dWAT co-culture 

(Fig. 2m) and the lack of effects upon follicular functions when treating dissected HFs with c-Met inhibitor 

SGX523 (Fig. 3a-I; Fig. S7, Fig. S8), these results suggest that within human HF-dWAT co-culture human 

HFs secrete negligible levels of HGF ex vivo, while perifollicular dWAT is the main source of HGF.  

Furthermore, no c-Met expression was detected within the proximal matrix of murine anagen VI HFs 

(Lindner et al., 2020), whereas human anagen VI HFs homogeneously express the c-Met receptor 
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throughout the proximal hair matrix, connective tissue sheath and some dermal papilla cells (Fig. 4g). 

Moreover, the subsequent results on the effects of recombinant human HGF on SFRP1 transcription (Fig. 

5b-c) strictly within the dermal papilla and SFRP1 protein expression in the dermal papilla and upper hair 

matrix (Fig. 5d-e) further highlight the effects of HGF signalling upon the human HF mesenchymal 

compartment. This may then positively affect the human HF epithelium, both in terms of promoting Wnt/β-

catenin signalling (Fig. 5d-k) and inducing changes in gene expression of pigmentation-related factors and 

key keratins (Fig. 5.l,m). 

Therefore, in the context of human scalp HF-dWAT communication, the effects of DP-derived HGF are 

negligible, while dWAT-derived HGF is the primary agonist for c-Met expressed by human scalp HFs. 

Differences to our Lindner et al (2000) study during anagen VI likely occur owing to species- and location- 

dependent differences (dorsal mouse skin vs. scalp skin) and to the different methodology (in vivo versus ex 

vivo assays) in intrafollicular signalling pathways and/or in the HF microenvironment. Dissecting the 

molecular basis of such species-, location- and methodology-dependent differences clearly lies outside of 

our study focus, and word count restrictions preclude that these items are further discussed. However, we 

have now added a supplementary text to the revised Discussion summarising the reviewers’ comments and 

our rebuttal. 
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Study Species Cell type/tissue Conclusions 

Jindo et al. 

(1994) 

Murine Vibrissa HFs in vitro HGF significantly promoted hair shaft elongation, DNA (
3
H-

Thymidine) and protein synthesis (
35

S Cysteine) in a dose-

dependent manner with maximal effects observed at 10 ng/mL 

within 72hr ex vivo cultures 

Jindo et al. 

(1995) 

Human HFs ex vivo HGF dose-dependently enhanced hair shaft elongation and DNA 

synthesis (
3
H-Thymidine) within 72hr ex vivo cultures  

Shimaoka 

et al. 

(1995) 

Human HFs ex vivo, dermal 

papilla cells in vitro 

HGF stimulated hair growth and DNA synthesis in human HFs, 

particularly within bulb keratinocytes at up to 30ng/mL. 

Treatment of DP cells with IL1α and TNFα promoted HGF secretion 

dose-dependently. 

HGF mRNA was expressed within follicular papilla cells. 

Jindo et al. 

(1998) 

Murine Skin injection of HGF 

in newborn mice as 

well as mice in second 

anagen and second 

telogen in vivo 

HGF administration stimulated HF growth and elongation in 

newborn mice. Injection of HGF also prolonged second anagen, 

delaying anagen-telogen transition, as well as enhancing hair 

length in mice found in the second telogen phase. 

Yamazaki 

et al. 

(1999) 

Rat Dorsal skin of rats 

was collected, and, 

separately, treated 

with 1% Minoxidil 

sulfate 

Anagen skin contained high mRNA levels of HGF, proteinases 

HGFAC, Urokinase and MMP-2, as well as proteinase inhibitors 

Nexin-1, PAI-1 and TIMP-1 compared to telogen skin. Minoxidil 

treatment of telogen skin caused entry into anagen, along with 

increased expression of HGF and MMP-2.  

Lindner et 

al (2000) 

Murine In vivo – normal and 

transgenic mice 

HGF and cMET were found at maximal levels in late anagen in 

depilation-induced hair cycle, with cMET persisting during early 

catagen. 

HGF and cMET expression are localized to the epithelium (ORSKs) 

and mesenchyme (DP). 

Endogenous HGF retards catagen-telogen development.  

Overexpressing HGF accelerates HF morphogenesis and delays 

telogen entry. 

Unpublished results mentioned in the article suggest 

CyclosporineA treatment results in upregulation of HGF levels 

within DP fibroblasts. 

Lee et al. 

(2001) 

Human HFs ex vivo and 

human DP and ORSK 

culture in vitro 

HGF activator mRNA was detected in cultured DP cells and ORS 

keratinocytes. 

Inactive HGFA (96kDa) was found in CM from DP cells and active 

HGFA (32kDa) was detected in CM from human ORS keratinocytes. 

72hr culture of human HFs in the presence of HGF resulted in 

enhanced hair growth. 

Wolnicka-

Glubisz et 

al., (2013) 

Mouse Overexpression of 

HGF in C57BL/6 mice 

Presence of extrafollicular melanosomes within the adjacent 

dermis in HGF/SF mice 

HGF did not impact upon efficiency or mechanisms of melanin 

production within follicular melanocytes, but rather by influencing 

the number and localization of melanin-producing cells within HFs 

Overexpressing HGF did not affect the type of follicular pigment or 

production of eumelanin but increased the number of HFs 

Qi et al. 

(2016) 

Murine Recombinant vector 

pTARGET containing 

human HGF gene was 

injected into mice 

post-depilation 

At Day8 treated mice displayed increased levels of HGF receptor 

cMET and β-catenin as well as higher numbers of HFs 

Human HGF administration enables β-catenin to enter the nucleus 

in follicular HF stem cells in vitro 
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Supplementary Figure Legends 

Figure S1. Human scalp skin does not show a clear boundary between dermal and 

subcutaneous fat depots. Using Methylene Blue staining we conclude that no fascia can be 

detected between dermal white adipose tissue (dWAT) and subcutaneous white adipose tissue 

(sWAT) as an equivalent for the panniculus carnosus layer in mice (a). Thus, in designing 

our 6-day culture experiment to inquire whether dWAT acts upon the HF in a paracrine 

manner, we designed an experiment in which we cultured dissected HFs, HF with 3-5 layers 

of perifollicular fat, and dissected HFs cultured with microdissected or reconstituted WAT 

(rWAT) located below the hair bulb (b). dWAT – dermal white adipose tissue; rWAT – 

reconstituted dermal white adipose tissue; sWAT – subcutaneous white adipose tissue. Scale 

bar = 1mm. 

Figure S2. HF+dWAT cultures stimulate proliferation within the connective tissue 

sheath. Culturing HFs with surrounding dWAT stimulates proliferation within the CTS (a,b). 

Data are shown as +/- SEM. Numerical P values were calculated using unpaired Student T-

Test for (b). Data are presented as +/- SEM. CTS – connective tissue sheath; DP – dermal 

papilla; HM – hair matrix Scale bar = 50µm. 

Figure S3. Secretory profile of long-term dWAT culture. Multiplex assay reveals that 

dWAT secretes expected adipokines such as Adiponectin (a), FABP4 (b), VEGF (c) and IL-6 

(d) when cultured with human HFs over 6-days ex vivo. n=6 donors (5 male, 1 female) with 3 

HFs per condition. Numerical P values were calculated using Two-Way ANOVA tests with 

multiple comparisons, simple effects within rows for (a) to (d). 

Figure S4. HGF neutralisation within HF-dWAT co-culture leads to a decrease in 

pigmentation, number of melanocytes and proliferating keratinocytes, as well as c-Met 

levels within the hair matrix. Gp100/Ki-67 staining (a) reveals that HFs co-cultured with 
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dWAT in which HGF is neutralised with an HGF IgG show a reduction in levels of 

pigmentation (b), number of GP100+ melanocytes in the HM and cortex (c) and Ki-67+ 

keratinocytes below Auber’s line (AL) (d). HGF neutralisation (e) causes decreased 

expression levels of c-Met within the HM (f) but not the DP (g). n=3 donors, with 8-10 HFs 

analysed per condition. Data are shown as +/- SEM. Numerical P-values are obtained using 

unpaired Student T-test for (b), (c), (d) and (f), and Mann-Whitney U-test for (g). DP – 

dermal papilla; HM – hair matrix. Scale bars = 50µm. 

Figure S5. Examples of HGF expression patterns in 6-day ex vivo HF+dWAT co-

culture. During 6-day cultures of HF+dWAT (a,d), HGF is produced within structures that 

appear to be blood vessels within perifollicular dWAT (b,e), as well as the blood vessels 

adjacent to the connective tissue sheath. (c,f). Some cells within the DP lose their ability to 

synthesize HGF (c), whilst others maintain HGF production ex vivo (f). Strikingly, mature 

DAs do not produce HGF. Black arrows highlight the cells producing HGF. BV – blood 

vessel; CTS – connective tissue sheath; DP – dermal papilla; dWAT – dermal white adipose 

tissue; HM – hair matrix. Scale bar = 50µm  

Figure S6. HGF staining in freshly isolated human scalp skin. HGF staining (red) appears 

in both the dermal papilla cells (white arrows) and surrounding perifollicular adipose tissue 

(yellow arrows). Overall, staining within dermal papilla cells is fainter compared to staining 

within the fibroblast-like pericytes and adipose progenitor cells neighbouring the HFs. Mild 

donor-to-donor variation is observed. DP – dermal papilla; dWAT – dermal white adipose 

tissue; HM – hair matrix. Scale bar = 50µm. 

Figure S7. Co-localization of HGF mRNA with PDGFRB+ and DLK1+ cells in 6-day ex 

vivo HF+dWAT co-culture. During 6-day cultures of HF+dWAT, HGF co-localizes with 

both PDGFRB+ (red arrows) and DLK1+ (green arrows). As expected, DLK1+ adipocyte 
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progenitors are localized adjacent to PDGFRB+ pericytes within blood vessels (white 

arrows). ISH probes are stained in the following channels: FITC (DLK1), Cy3 (HGF) and 

Cy5 (PDGFRB). Bottom panel shows positive and negative ISH controls. Scale bar = 50µm  

Figure S8. HGF activates pigmentation and angiogenesis genes, as well as modulating 

genes pertaining to the Wnt pathway. (a) Microarray conducted on dissected HFs treated 

with human HGF for 6hr shows early up-regulation of well-known HGF-regulated genes 

including SOX10, PAX3, LEPR and VEGFA; these results were technically validated using 

qPCR (b). Overlaying Fluidigm results over a Wnt/β-catenin pathway in Ingenuity Pathway 

Analysis revealed (c) modulation of Wnt ligands WNT6 and WNT10B (blue squares) and Wnt 

inhibitors DKK1 and SFRP1 (red squares) in HFs treated with HGF or dWAT. Green circles 

represent down-regulation and red circles up-regulation of individual genes. The graphs for 

these results are displayed in (d), and the technical validation of the Fluidigm results using 

qPCR is displayed in (e). n=3 donors, RNA was extracted from 5 HFs per condition per 

donor. Data are shown as +/- SEM in (d) and (e). Numerical P values were calculated using 

ordinary One-Way ANOVA for DKK1, SFRP1 and WNT10B in (d) and all genes in (e), and 

Kruskal-Wallis test for WNT6 in (d). 

Figure S9. HFs cultured with HGF and perifollicular dWAT display higher levels of 

nuclear β-catenin compared to vehicle. Vehicle HFs following 24hr cultures display mostly 

cytoplasmic-localized β-catenin staining. HFs treated with SGX523 display similar levels of 

β-catenin levels. Conversely, HFs cultured with HGF display an increased percentage of 

nuclear β-catenin staining, suggesting activation of Wnt/ β-catenin signalling. HF-dWAT co-

culture displays no change within the DP and a slight upregulation of nuclear β-catenin+ 

nuclei within the hair matrix. Interestingly, neutralizing HGF restores the pattern of β-catenin 

staining back to primarily cytoplasmic (a,b). n=3 donors, 8-12 HFs per condition. Data are 

shown as +/- SEM. Numerical P-values are obtained using ordinary One-Way ANOVA for 
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DP measurements, and Kruskal-Wallis test for measurements above and below AL. AL- 

Auber’s line; CTS – connective tissue sheath; DP – dermal papilla; HM – hair matrix. Scale 

bar = 50µm. 

Fig. S10. Laser-capture Microdissection workflow and experimental design..HFs were 

culture for 24hr as dissected, with perifollicular dWAT and, lastly, dWAT and neutralizing 

antibody to HGF (a).  For LCM 24hr cultures were sectioned and only the pre-cortex and hair 

matrix (b) were isolated. Two representative photos show the HFs before LCM (c) and after 

capturing the demarcated tissue (d).  

Figure S11. Design of GeneSpring analysis for the microarray conducted on laser-

capture microdissected matrix and pre-cortex. Initial analysis (a) was done by conducting 

a moderated T-test with Westfall Young permutation on microarray data from 1) HF+dWAT 

vs. HF and 2) HF+dWAT+IgG vs. HF+dWAT. The common genes between these two T-tests 

(P<0.05) were then extracted – overall, there were 301 common genes up-regulated when 

adding dWAT, and down-regulated when neutralizing HGF; on the flipside, 292 genes were 

down-regulated following culture with dWAT and upregulated when HGF was neutralized. 

Genespring analysis reveals that dissected HFs cultured for 24hr show a very distinct gene 

expression profile compared to both HF+dWAT and HF+dWAT+IgG (b). To investigate how 

gene expression levels in both dWAT and dWAT+IgG compared to the control, a One-Way 

ANOVA with unequal variance was then carried out by comparing HFs with HF+dWAT and 

with HF+dWAT+IgG. n=4 donors (2 male, 2 female), with LCM and RNA extraction 

conducted on 3-5 HFs per donor per condition. 

Figure S12. dWAT-derived HGF upregulates the HGF/cMET pathway as well as 

pigmentation genes, the latter in a gender-dependent manner. As expected, HF+dWAT 

upregulates genes involved in HGF signalling such as ELK1, FLG, FLG2, HGFAC and the 
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MET receptor (a). Conversely, the expression of these genes returns to the levels of HF 

control. Modulation of pigmentation genes appears to differ between male and females (b,c) 

with surrounding dWAT in male donors upregulating genes such as DCT, MC1R, MITF, 

PAX3, TYR and TYRP1 at a higher level compared to female donors; however, EDN1 is 

upregulated twice as much in female donors by dWAT-derived HGF compared to male 

donors. Results are based on n=2 male and n=2 female donors, with LCM and RNA 

extraction conducted on 3-5 HFs per donor per condition.  

Figure S13. dWAT-derived HGF upregulates various keratin genes within the HF 

matrix and pre-cortex. Keratin genes were grouped based on number i.e. 1-20 (a), 21- 70 

(b) and 71- 86 (c) to help readers’ observation of the data. Most up-regulated keratin genes in 

HF+dWAT culture show increased expression and a subsequent decrease when neutralizing 

HGF such as KRT 16, 23, 25, 27, 28, 34, 37, 71 – 75, 80, 81 and 84.  Interestingly, expression 

of some keratin genes is clearly modulated in response to dWAT culture, but independently 

of HGF e.g. KRT 1, 5, 6A, 10, 13, 15, 18, 19, 42P and 83, whilst the remaining keratins are 

not responsive to perifollicular dWAT. Results are based on n=4 donors (2 male, 2 female), 

with LCM and RNA extraction conducted on 3-5 HFs per donor per condition. Numerical P-

values were obtained using One-Way ANOVA for KRT27 and KRT73, and Kruskal-Wallis 

test for KRT75, KRT84 and KRT86. 

Figure. S14. Parameter setup for DA analysis following microCT. The immediate 3 layers 

of perifollicular DAs (a) around anagen versus catagen HFs were delineated using a 

cylindrical tool in AVIZO software version 9.7.  HFs were longitudinally placed in the centre 

of the cylindrical shape. Following data filtration, individual DAs (b) were separated and 

colour-coded prior to volume measurement. DA – dermal adipocyte; dWAT – dermal white 

adipose tissue; HF – hair follicle. 
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Table S1. Summary of existing literature surrounding HGF and the HF. 
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