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Abstract

More than 300 genetic risk loci have been identified for male pattern baldness (MPB) but lit-

tle is known about the exact molecular mechanisms through which the associated variants

exert their effects on MPB pathophysiology. Here, we aimed at further elucidating the regu-

latory architecture of the MPB risk locus on chromosome (chr.) 2q35, where we have previ-

ously reported a regulatory effect of the MPB lead variant on the expression of WNT10A. A

HaploReg database research for regulatory annotations revealed that the association signal

at 2q35 maps to a binding site for the transcription factor EBF1, whose gene is located at a

second MPB risk locus on chr. 5q33.3. To investigate a potential interaction between EBF1

and WNT10A during MPB development, we performed in vitro luciferase reporter assays as

well as expression analyses and immunofluorescence co-stainings in microdissected

human hair follicles. Our experiments confirm that EBF1 activates the WNT10A promoter

and that the WNT10A/EBF1 interaction is impacted by the allelic expression of the MPB risk

allele at 2q35. Expression analyses across different hair cycle phases and immunhisto-

chemical (co)stainings against WNT10A and EBF1 suggest a predominant relevance of

EBF1/WNT10A interaction for hair shaft formation during anagen. Based on these findings

we suggest a functional mechanism at the 2q35 risk locus for MPB, where an MPB-risk

allele associated reduction in WNT10A promoter activation via EBF1 results in a decrease

in WNT10A expression that eventually results in anagen shortening, that is frequently

observed in MPB affected hair follicles. To our knowledge, this study is the first follow-up

study on MPB that proves functional interaction between two MPB risk loci and sheds light

on the underlying pathophysiological mechanism at these loci.

Introduction

Male-pattern baldness (MPB) is the most common form of heritable hair loss in men. The phe-

notype is characterized by an androgen-dependent progressive hair loss in distinct areas of the

scalp. While the pathophysiological signs have been well described (reviewed elsewhere [1]),

the molecular mechanisms that underlie the patterned hair loss remain elusive. Over the past
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decade genome-wide association studies (GWAS) have proven to be a powerful tool in the

identification of contributing genetic risk factors [2, 3]. So far, 375 risk loci with over 650 inde-

pendent association signals have been identified [3–12]. Despite this considerable progress in

the identification of the underlying genetic factors, there is still limited functional evidence

that links the identified risk variants to biological mechanisms. A deeper understanding of the

molecular mechanisms at the level of individual risk loci and across risk loci is however neces-

sary to understand the precise pathomechanisms that drive the hair loss. While several of the

MPB associated loci map in the vicinity of, or even span plausible candidate genes, the major-

ity of MPB lead variants are located in non-coding regions of the genome. Research suggests

that these variants exert a regulatory effect on the expression of pathobiologically relevant

genes, e.g. through modification of enhancer/promoter function or modification of transcrip-

tion factor binding sites [13–15].

In 2013, our follow-up analysis of candidate single-nucleotide polymorphisms (SNPs) from

a European meta-analysis on MPB identified four novel genetic risk loci. Among them an

MPB risk locus on chromosome (chr.) 2q35 that was tagged by rs7349332 (Pcombined =

3.55×10−15, effect allele (EA) = T, odds ratio (OR) = 1.34, 95% confidence interval (CI) =

[1.27–1.42]) [8]. The association peak a this locus mapped to WNT10A (Wingless-Type

MMTV Integration Site Family, Member 10A, ENSG00000135925, OMIM: 606268) [8] and

the signal has since been consistently replicated in larger GWAS in the European population

[3, 9–12]. Moreover, the 2q35 locus was the first genetic risk locus for MPB, where an allele-

specific regulatory effect of the lead variant on the expression of a plausible candidate gene

could be proven. An mRNA expression analysis revealed a significantly decreased expression

of WNT10A in hair follicles of MPB risk allele carriers (rs7349332-T) that is likely to contribute

to the delayed telogen to anagen transition and anagen shortening that are characteristic for

MPB affected hair follicles [8, 16, 17]. However, the underlying molecular mechanism and the

relevant hair follicle compartment have remained elusive.

Therefore, we aimed at further elucidating the underlying biological mechanism at the

2q35 risk locus and its role in MPB by means of in silico and in vitro experiments (S1 Fig). To

this end we performed comprehensive database research, followed by cell culture-based lucif-

erase reporter gene assays and immunofluorescence analyses. Our present study resulted in

the identification of an MPB-associated variant (rs3856551-C/T, minor allele frequency

(MAF) Europeans = 0.12) that is in strong linkage disequilibrium (LD) with the initially identi-

fied lead variant rs7349332 in the European population and that is located within a binding

site for the transcription factor EBF1 (early B-cell factor). The latter being encoded by the

EBF1 gene, which is located at a second MPB risk locus on chr. 5q33.3. Our luciferase reporter

assays show that the WNT10A promoter is activated upon EBF1 stimulation and that this acti-

vation is MPB risk allele dependent. To investigate the cellular (co)localization of EBF1 and

WNT10A across hair follicle compartments we performed immunofluorescence stainings in

microdissected human scalp hair follicles. We demonstrate that WNT10A and EBF1 are

expressed in the same human hair follicle compartments suggesting a co-expression in vivo.

Together, our data provide not only novel insights into the regulatory architecture of the 2q35

risk locus but also yield the first functional evidence for a regulatory interaction between can-

didate genes at different MPB risk loci.

Results

Database research maps 2q35 risk variant to an EBF1 binding site

To gain deeper insights into the regulatory architecture of the 2q35 risk locus, we queried the

HaploReg database (v4.1) to explore known regulatory annotations in LD with rs7349332 (r2

PLOS ONE Functional interaction of EBF1 and WNT10A in male-pattern baldness

PLOS ONE | https://doi.org/10.1371/journal.pone.0256846 September 10, 2021 2 / 14

Competing interests: M.B. is Principal Scientist, D.

B. is now Staff Scientist and N.V.B. was Senior

Consultant for Monasterium Laboratory, Skin &

Hair Research Solutions GmbH. Monasterium

Laboratory, Skin & Hair Research Solutions GmbH

provided support in form of salaries for these

authors. This does not alter our adherence to PLOS

ONE policies on sharing data and materials. There

are no patents, products in development or

marketed products associated with this research to

declare.

http://omim.org/entry/606268
https://doi.org/10.1371/journal.pone.0256846


>0.6). The database research identified rs3856551-C/T, a second MPB associated variant

located 10.2 kb upstream of and in strong LD with rs7349332 (r2 = 0.96; D´ = 0.99). According

to HaploReg annotations, rs3856551 is located intronically in WNT10A and within a transcrip-

tion factor binding site for EBF1 (ENSG00000164330, OMIM: 164343, Fig 1A). Remarkably,

the gene encoding for EBF1 is spanned by another MPB risk locus on chr. 5q33.3 (Pcombined =

2.12×10−11, EA = G, OR = 0.84, 95% CI = [0.79–0.89]) [8]. This led us to hypothesize (i) that

EBF1 is a regulator of WNT10A in MPB development and (ii) that allele-specific differences in

the binding affinity of EBF1 to its target site at 2q35 explain the difference in WNT10A expres-

sion in hair follicles of MPB risk allele carriers for rs7349332/rs3856551.

Our subsequent in silico prediction using position-specific-scoring matrices for putative

EBF1 binding sites for the HaploReg annotated EBF1 binding site revealed that the rs3856551

MPB risk allele (T) exhibits a slightly higher binding affinity (motif similarity score [MSS] =

71%) compared to the non-risk allele (C, MSS = 66%) (Fig 1B). Based on these in silico data,

we assumed that rs3856551 is the functionally relevant SNP at the WNT10A locus. Thus,

rs3856551 was chosen for further functional follow-up via luciferase reporter gene assays. A

HaploReg query for the MPB associated variants at the 5q33.3 locus did not identify any func-

tional annotations.

Luciferase reporter gene assays confirm allele-specific activation of

WNT10A via EBF1

To investigate whether (i) EBF1 acts as a regulator of WNT10A expression and whether (ii)

this interaction is influenced by the 2q35 MPB risk allele, we performed luciferase reporter

assays. To this end, we transiently co-transfected HEK-293T cells with (i) luciferase vectors

that contained a predicted WNT10A promoter sequence as well as the 2q35-EBF1 binding site,

harboring either the MPB risk (rs3856551-T) or the alternate allele (rs3856551-C); or the

empty reporter vector pGL-3-basic as a control and (ii) an EBF1 expression vector. Here, the

sequence of the functional elements within the luciferase vectors (pWNT10A-FL-EBF1) was

specifically designed to reflect the genomic architecture at the 2q35 risk locus (Figs 1 and 2).

Five individual experiments for each construct were performed and WNT10A promoter activ-

ity was measured in triplicates for each construct and experiment. Overexpression of EBF1 did

not affect the basal Firefly luminescence (pGL-3-basic, see S1 Table and S2 Fig). Compared to

Fig 1. Results of the HaploReg query and genomic architecture of the 2q35 risk locus. (A) Part of the HaploReg

result for rs7349332. (B) The putative WNT10A promoter element (1,641 bp) is located 434 bp upstream of the

WNT10A start codon. Rs7349332, located in the third intron of WNT10A, is in high linkage disequilibrium (LD, r2 =

0.96) with rs3856551 located in the first intron of WNT10A and within an annotated EBF1 binding site (BS).

Computational in silico analyses predicted a motif similarity score (MSS) of 66% for the MPB non-risk allele

(rs3856551-C) and 71% for the risk allele rs3856551-T, suggesting higher binding affinity of EBF1 with the risk allele.

https://doi.org/10.1371/journal.pone.0256846.g001
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unstimulated controls (Ø EBF1), the WNT10A-promoter activity increased proportionally

(0.9–7.2 fold) with increasing amounts of transfected EBF1 vector (5–20 ng) across all experi-

ments. Without high EBF1 stimulation (<20 ng), no significant differences in promoter activity

were observed, however stimulation at the highest EBF1 concentration (20 ng) consistently

resulted in a significant (P<0.05) preferential promoter activation with the WNT10A promoter

carrying the MPB non-risk allele (pWNT10A-FL-EBF1[C], Fig 2 and S2 Fig, 20 ng EBF1).

WNT10A and EBF1 are co-expressed across hair cycle stages and within

hair follicle compartments

In addition to the analysis of a possible regulatory interaction in the in vitro model, the detec-

tion of co-expression of genes or their protein products in phenotypically relevant tissue can

provide additional evidence for a functional interaction. Therefore, the expression of the can-

didate genes WNT10A and EBF1 and their resulting protein products were investigated in

microdissected human temporal scalp hair follicle specimen [18] using qRT-PCR and immu-

nofluorescence analysis, respectively. Our analyses revealed co-expression of WNT10A and

EBF1 and their protein products in human anagen hair follicles (Figs 3 and 4). WNT10A and

EBF1 mRNA co-expression was also detected in human (early) catagen hair follicles. Here, the

expression of both genes was slightly (~10%), but not significantly, reduced (Fig 3). No immu-

nofluorescence data were available for catagen stage.

Fig 2. WNT10A promoter activity with respect to EBF1 and rs3856551. HEK-293T cells were co-transfected with

the experimental reporters pWNT10A-FL-EBF1[C] (coral bars, non-risk allele-C) and pWNT10A-FL-EBF1[T] (blue

bars, risk allele-T), respectively, and different concentrations of the EBF1 expression vector (pCMV-EBF1, EBF1). Five

biological replicates for each construct were performed and WNT10A promoter activity was measured. This figure is

representative for one of the five experiments in HEK-293T cells. The results for the remaining four independent

experiments are shown in S2 Fig. The data represent the mean values ± SEM measured in the triplicate for each

construct and experiment. P value was calculated with ANOVA and Tukey test. BS—binding site, FL—Firefly, LU—

luminescence units.

https://doi.org/10.1371/journal.pone.0256846.g002
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Cytosolic WNT10A expression was predominant in keratinocytes from the (proximal)

outer and inner root sheath of the bulb area and the hair shaft, while no expression was

observed in the dermal papilla (Fig 4A). EBF1 expression was detected in the nuclei of inner

and outer root sheath, hair matrix, hair shaft and at a low level in the dermal papilla (Fig 4B

and S3 Fig). In the bulge area of the hair shaft, WNT10A was expressed in the inner and outer

root sheath, while no EBF1 expression was observed (Fig 4C). Co-localization of EBF1 and

WNT10A expression is limited to the inner and outer root sheath and the hair shaft of the

human hair follicle bulb area (Fig 4D) suggesting that the in silico and in vitro detected interac-

tion of WNT10A and EBF1 occurs in these cells. Fluorescence images taken from two addi-

tional independent donors confirmed these observations (S3 Fig).

Discussion

An improved understanding of the underlying molecular mechanisms at the level of individual

and across risk loci is desirable in order to understand the exact pathomechanisms involved in

the development of complex genetic diseases such as MPB. In this study, we aimed at elucidat-

ing the underlying molecular mechanism at the WNT10A locus on chr. 2q35. Our HaploReg

database query mapped the 2q35 association signal to a binding site for EBF1, a transcription

factor that has been highlighted as the likely candidate gene at a second MPB risk locus on chr.

5q33.3 [11]. Subsequent in silico analyses predicted an MPB risk allele dependent change in

EBF1 binding affinity to its target site within WNT10A. These findings led us to hypothesize

that the MPB risk loci on 2q35 and 5q33.3 are functionally connected through EBF1, which

acts as a regulator of WNT10A expression in the control of hair growth cycling. Indeed, our

experimental analyses using in vitro cell culture models and luciferase assays revealed that

EBF1 is able to induce gene expression via the WNT10A promoter, where WNT10A promoter

activation is positively correlated with EBF1 stimulation. These data suggest that EBF1 acts as a

transcriptional activator of WNT10A, which is in accordance with previous studies, that

Fig 3. Results of the expression analysis for WNT10A and EBF1 in microdissected human scalp hair follicles. The

bar chart shows the expression values for WNT10A and EBF1 in anagen and catagen hair follicles from four

independent donors (12 hair follicles each). Normalization of the WNT10A and EBF1 expression values were obtained

using the measured expression levels for the housekeeping genes ACTB and GAPDH. The normalized expression

values are shown relative to the gene expression in anagen hair follicles. The data show the mean values of three

measurements ± SEM.

https://doi.org/10.1371/journal.pone.0256846.g003
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showed that EBF1 acts mainly as a transcriptional activator in human and mouse B-cells [19].

Moreover, our data from HEK-293T cells lend experimental support for the HaploReg depos-

ited protein-DNA interaction data retrieved from ChIP-seq analysis of lymphoblastoid cells

(GM12878) [20], suggesting that EBF1 may be a regulator of WNT10A expression across dif-

ferent cell-types and tissues. Furthermore, we demonstrate that WNT10A promoter activation

via EBF1 is dependent on the MPB risk variant rs3856551, where the risk allele (rs3856551-T)

led to a significantly lower WNT10A promoter activation upon stimulation with EBF1 com-

pared to the non-risk allele (rs3856551-C). These experimental data contradict the results of

the in silico prediction of EBF1 binding affinity at 2q35 that suggested a slight increase in EBF1

binding affinity for the MPB risk allele (MSS [rs3856551-T] = 71% vs MSS [rs3856551-C] =

66%). However, the experimental data are in line with the assumption that EBF1 acts as a tran-

scriptional activator of WNT10A expression and the previous mRNA expression data that

revealed a reduced expression of WNT10A in hair follicles of 2q35 risk allele carriers [8]. The

Fig 4. WNT10A and EBF1 expression in human scalp hair follicles. Representative images of WNT10A and EBF1 protein

expression in microdissected human scalp hair follicles from three different donors (independent experiments). (A) Cytosolic

expression of WNT10A (green, Alexa Fluor 488) in outer and inner root sheath and hair shaft keratinocytes. (B) Nucleic

expression of EBF1 (green, Alexa FLuor 488) in the dermal papilla, hair matrix, hair shaft as well as outer and inner root sheath

keratinocytes. (C) Expression of WNT10A and EBF1 in the hair follicle bulge area. Nuclear counterstaining for all images was

performed with DAPI (blue). (D) Illustration of EBF1 (yellow) and WNT10A (pink) expression and co-localization (orange) in

microdissected human anagen hair follicles. S3 Fig additionally provides a higher magnification. CTS—connective tissue

sheath, DAPI—40,6-diamidino-2-phenylindole, DP—dermal papilla, HM—hair matrix, HS—hair shaft, IRS—inner root

sheath, ORS—outer root sheath. Original magnification ×200.

https://doi.org/10.1371/journal.pone.0256846.g004
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discrepancy between the in silico predicted and the experimental data once more highlights

the value of experimental verification of in silico data in phenotypically relevant tissue.

The fact that expression of WNT10A and EBF1 was confirmed in microdissected human

scalp hair follicles both on mRNA and protein level lends further support to our hypothesis

that the observed regulatory interaction between EBF1 and WNT10A is of relevance to

(healthy) hair biology. The slight reduction of WNT10A/EBF1 expression that was observed

between anagen and early catagen hair follicles, may point to a predominant relevance of

WNT10A/EBF1 interaction during anagen. Immunohistochemical staining and subsequent

immunofluorescence microscopy point to a co-localization of WNT10A/EBF1 expression in

inner and outer root sheath and hair shaft within the hair follicle bulb area. The nucleolar

localization of EBF1 and the cytoplasmic localization of WNT10A are in line with their func-

tion as a transcription factor and a signaling molecule, respectively. While this is the first study

to perform a detailed investigation of the expression of EBF1 in human hair follicles, our

immunohistochemical stainings for WNT10A support recent in situ hybridization data, that

suggest a role for WNT10A in the regeneration of the outer root sheath during early anagen

[21]. Intact cycling of the hair follicle is a complex procedure that requires constant reciprocal

cross-talk between epithelial and mesenchymal compartments. Research suggests that epithe-

lial outer root sheath cells are in steady exchange with mesenchymal dermal papilla cells to reg-

ulate hair growth [22]. Miscommunication among these hair follicle substructures is likely to

result in changes in hair growth cycle dynamics, which are one of the characteristic pathophys-

iological signs in MPB [1].

Our present data suggest that EBF1 and WNT10A are involved in this epithelial/mesenchy-

mal crosstalk in the bulb area and that the MPB risk allele dependent decrease in EBF1 medi-

ated WNT10A-promoter activation and WNT10A expression contributes to the MPB typical

changes in hair cycle dynamics. Since we did not detect a co-localization of both proteins in

the bulge area, which harbors the hair follicle stem cell population [23], we conclude that the

observed regulatory interaction between EBF1 and WNT10A is more likely to contribute to

the characteristic anagen shortening rather than to the delayed induction of a new hair growth

cycle. Based on these findings, we propose the following extended model for the underlying

functional mechanism at the 2q35 MPB risk locus: Upon binding to its recognition site at

2q35, the transcription factor EBF1 contributes to healthy hair cycling via transcriptional acti-

vation of WNT10A, which plays a role in anagen initiation and maintenance. Binding affinity

of EBF1 to its 2q35 target sequence is impacted by the MPB risk variant rs3856551, where risk

allele carriers (rs3856551-T) show a reduced binding affinity. This MPB associated reduction

of EBF1 binding affinity in turn leads to a decrease in EBF1-mediated activation of WNT10A
expression and contributes to a premature catagen entry and a prolongation of the latency

phase before the re-entry into a new anagen phase (Fig 5). The shortening of the anagen phase

and the prolongation of the latency period will eventually result in a reduced hair growth and a

shift in the ratio of anagen to catagen hair follicles which is typical for MPB affected scalp.

In conclusion, this is the first functional follow-up study on MPB to show a regulatory

interaction between candidate genes at two independent GWAS loci. Our data yield unprece-

dented insights into the underlying biological mechanism at the WNT10A locus on chr. 2q35

and suggest a role for EBF1-mediated WNT10A expression in the regulation and maintenance

of the hair cycle growth phase.

Future in depth characterization of the regulatory interaction between WNT10A/EBF1 and

identification of possible co-activators or repressors in the living hair follicle is warranted to

broaden our understanding of their regulatory network in the human hair follicle. Moreover,

systematic analyses of the relevance of transcriptional regulation through EBF1 in the develop-

ment of MPB is desirable and may be addressed by systematic ChIP-Seq experiments in
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human hair follicles. In addition, investigation of the regulatory architecture of the 5q33.3

locus is warranted to enhance our understanding of the WNT10A/EBF1 regulatory network in

MPB.

Eventually, these data will aid to bridge the gap between association finding and underlying

biological mechanism and will lead to a deeper understanding of hair (loss) biology.

Materials and methods

In silico analyses

The HaploReg v4.1 database (https://pubs.broadinstitute.org/mammals/haploreg/haploreg.

php, accessed 27 September 2019) was queried for functional annotation of rs7349332 and

SNPs in LD (r2>0.8; 1000G Phase 1 European population [EUR]). Prediction of a potential

WNT10A promoter region was performed by analyzing a five kb region upstream of the

WNT10A start codon (chr2: 219,745,255, hg19) using the web-based tools Eponine [24], Pro-

moter2.0 [25], CpGPlot [26], EVOPRINTER [27], phyloP [28, 29], MPromDb [30] and PoS-

SuMsearch [31]. PoSSuMsearch was also used to identify position and conservation of

potential EBF1 binding sites based on the TRANSFAC database [32, 33] within the annotated

EBF1 peak from the ENCODE ChIP-seq data set on chr2: 21,9745,845–219,746,160 (hg19)

[34]. To assess a differential binding capacity of EBF1 due to rs3856551 the ‘motif similarity

score’ was computed for both alleles (C, T).

Construction of luciferase reporter vectors

The luciferase reporter plasmids (pWNT10A-EBF1[C/T]-FL) containing the putative

WNT10A promoter and the EBF1 binding site including the MPB associated variant

rs3856551, with either the C- or the T-allele, were constructed in two steps. First, a 1,641-bp

region (chr2: 219,744,472–219,746,112 bp, hg19), predicted as potential core promoter

Fig 5. Illustration of the likely functional mechanism at the MPB 2q35 risk locus. Based on previous research that confirmed a role of

WNT signaling in the initiation and maintenance of the hair growth phase (anagen) we suggest the following functional mechanism: EBF1

binds to its recognition sequence within the WNT10A gene (2q35) and activates WNT10A expression, thereby contributing to healthy hair

cycling. The binding affinity of EBF1 to its target site at 2q35 is influenced by the allelic expression of the MPB associated variant

rs3856551. In the presence of the MPB risk allele (rs3856551-T), there is a decreased binding affinity of EBF1 to its target sequence. This

results in a reduced expression of WNT10A as compared to carriers of the non-risk allele (rs3856551-C) that eventually leads to the MPB

typical changes in the initiation and maintenance of the anagen phase.

https://doi.org/10.1371/journal.pone.0256846.g005
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upstream of the transcription start site of WNT10A, was amplified by PCR from human geno-

mic DNA, digested with XhoI and HindIII, and cloned into the luciferase reporter vector pGL-

3-basic (#E1751, Promega, Madison, WI, USA). For cloning of the EBF1 binding site compris-

ing rs3856551-C/T down-stream of the Firefly luciferase gene, the In-Fusion1HD Cloning

Plus Kit (#638910, TaKaRa, Takara Bio Inc., Kyoto, Japan) was used. Here, the EBF1 binding

site (93 bp fragment, chr2: 219,746,089–219,746,181) was amplified from human genomic

DNA as a template using the CloneAmp™ HiFi PCR Premix (#639298, Takara Bio Inc., Kyoto,

Japan) and the respective In-Fusion1 primers. The receiving plasmid was linearized by In-

Fusion1 PCR. Primer sequences and PCR conditions used for the respective cloning steps are

listed in S2 Table. A schematic drawing of the constructed vector is depicted in Fig 6. Prof. Dr.

R. Grosschedl (Max Planck Institute for Immunology and Epigenetics, Freiburg, Germany)

kindly provided the EBF1 expression vector (pCMV-EBF1).

Transient transfections

HEK-293T cells (#CRL-11268, obtained from ATCC, Manassas, VA, USA; regularly examined

for Mycoplasma contamination using Venor1GeM Advance, Minerva Biolabs, Berlin Ger-

many) were grown in DMEM (Lonza, Basel, Switzerland) supplemented with 10% vol/vol fetal

bovine serum (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) at 37˚C in an atmo-

sphere of 5% CO2. In 48-well plates, 5.2×104 cells per well were seeded in 250 μl DMEM 24 h

prior to transient transfection. Transfection was carried out using Lipofectamine1 2000

(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. In

brief, for each well of the 48-well plate 25 μl OptiMEM (Gibco, Thermo Fisher Scientific, Wal-

tham, MA, USA) was mixed with 0.5 μl Lipofectamine, 5 ng pRL-CMV (Promega, Madison,

WI, USA), 50 ng reporter plasmid and 5–20 ng of pCMV5 or 5–20 ng pCMV-EBF1. The mix-

ture was incubated for 5 min at room temperature and then added to the appropriate wells.

Transfected cells were grown for 48 h at 37˚C and 5% CO2 level and afterwards used for lucif-

erase reporter assays. Each transfection was carried out in triplicate (technical replicates) in at

least three independent experiments (biological replicates).

Luciferase reporter assays

Forty-eight hours post-transfection, cells were carefully washed with 1×PBS (Lonza, Basel,

Switzerland) and the Dual-Luciferase1 Reporter Assay System (Promega, Madison, WI,

USA) was used according to the manufactures’ protocol to measure Firefly and Renilla lucifer-

ase activity on a GloMax1 Luminometer (Promega, Madison, WI, USA). Each measurement

was done in at least three independent experiments. Since the addition of the EBF1 expression

vector led to a significant decrease in Renilla luminescence in the present experiments (S2F–

S2J Fig) it could not be used for normalization. Therefore, the results are given as non-

Fig 6. Schematic drawing of the reporter plasmid construct. The WNT10A promoter (1,641 bp) was cloned into

pGL-3-basic using XhoI and HindIII. Using In-Fusion1HD-cloning the EBF1 binding site (EBF1-BS) (93 bp)

containing the rs3856551 C- or T-allele was inserted between the BamHI and SalI restriction sites of pGL-3-basic.

https://doi.org/10.1371/journal.pone.0256846.g006
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normalized Firefly luminescence units (LU, if not otherwise indicated) and were directly

equated to the activity of the examined WNT10A promoter.

Tissue collection

Human hair follicles from temporal “clinically healthy” scalp skin were obtained from patients

during routine face-lift surgery. For the immunofluorescence analyses, anagen hair follicles

derived from three different individuals were microdissected [18] one day after surgery.

Always three hair follicles were embedded in Shandon™ Cryomatrix™ (Thermo Fisher Scien-

tific, Waltham, MA, USA), snap-frozen in liquid nitrogen and stored at -80˚C. The samples

were cut into 6 μm cryosections and stored at -80˚C until immunohistocemical staining. For

the gene expression analyses 12 anagen and 12 early catagen hair follicles derived from four

donors (biological replicates) each were microdissected one day after surgery (i.e. after over-

night transport from collaborating surgeons), immediately immersed in 500 μl RNAlater™
(Thermo Fisher Scientific, Waltham, MA, USA) and stored at 4˚C until RNA extraction. All

experiments on human tissue were performed according to Helsinki guidelines and samples

were collected after written patient consent. The studies were approved by the ethics commit-

tee of the University of Münster (approval number 2015-602-f-S) and the University of Brad-

ford Ethical Tissue Bank (an ethically approved human research tissue bank, licensed by the

Human Tissue Authority (HTA), Licence number: 12191) with approval from the National

Research Ethics Service (NRES) Committee Yorkshire & The Humber—Leeds East (approval

number 17/YH/0086).

RNA extraction and real-time reverse transcription-polymerase chain

reaction (qRT-PCR)

Total RNA from 12 human scalp hair follicles (anagen and early catagen stadium) of four

donors (biological replicates) each was isolated using the RNeasy Mini Kit (Qiagen, Hilden,

Germany) according to the manufactures’ instructions. 500 ng of RNA were reverse tran-

scribed into cDNA using the Tetro™ cDNA Synthesis Kit (Bioline GmbH, Luckenwalde, Ger-

many). For the gene expression assay 0.5 μl cDNA, 5 μl TaqMan1 Fast Advanced Master Mix

(Applied Biosystems, Foster City, CA, USA), 0.5 μl TaqMan1 Gene Expression Assay

(WNT10A: Hs00228741_m1, EBF1: Hs01092694_m1, GAPDH: Hs02786624_g1, ACTB:

Hs01060665_g1, all Applied Biosystems, Foster City, CA, USA) were mixed. The samples were

analyzed in triplicates (technical replicates) on a QuantStudio 3 Real-Time PCR System

(Applied Biosystems, Waltham, MA, USA) using the following conditions: 95˚C for 10 min,

followed by 45 cycles of 95˚C for 15 s and 60˚C for 1 min. Relative expression of WNT10A and

EBF1 in relation to the housekeeping genes GAPDH and ACTB was calculated based on the

calculated Δ-Cp values using the 2-ΔΔCp-method [35].

Statistical analyses

All data are expressed as mean ±SEM. To evaluate statistical differences in luciferase assays,

two-way analysis of variance (ANOVA) followed by Tuckey’s post-hoc test was applied to

account for multiple comparisons. Given the exploratory design and moderate statistical

power of this study, no correction for multiple testing was performed. For the statistical analy-

sis of the qPCR results, the mean ±SEM of the measurements were calculated. P-values were

assessed using a Student’s t-test for paired samples. P-values <0.05 were considered as statisti-

cally significant in all analyses. All calculations were performed within GraphPad Prism soft-

ware version 9 (GraphPad Software Inc., San Diego, CA).
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Immunohistochemical staining and fluorescence microscopy

Immunohistochemical staining was used to analyze the expression pattern and localization of

WNT10A and EBF1 in the human hair follicle. The cryosections were first air dried for 10 min

at room temperature and then fixed for 10 min in acetone at -20˚C (WNT10A) or 4% parafor-

maldehyde at room temperature (EBF1). After air drying for 10 min at room temperature the

slides were washed three times for 5 min in wash buffer (WNT10A: Tris-buffered saline [TBS],

EBF1: phosphate-buffered saline [PBS]). Cryosections for the WNT10A staining were blocked

at room temperature for 60 min with a mixture of 20% normal goat serum, 1% bovine serum

albumin (BSA) and 0.1% Tween20 in TBS. The WNT10A primary antibody (#ab62051,

Abcam, Cambridge, UK) diluted 1:25 in TBS was applied overnight at 4˚ C. After washing the

sections three times for 5 min in TBS, the sections were stained with a goat anti-rabbit IgG sec-

ondary antibody conjugated with Alexa Fluor 488 (1:200 in TBS, #A32731, Thermo Fisher Sci-

entific, Waltham, MA, USA) for 45 min at room temperature. Cryosections for the EBF1

staining were pre-incubated at room temperature for 30 min with a mixture of 0.1% Triton-X,

1% BSA in PBS. The EBF1 primary antibody (#HPA061169, Sigma-Aldrich, St. Louis, MO,

USA) diluted 1:20 in 1% BSA/PBS was applied overnight at 4˚C. After washing the cryosec-

tions three times for 5 min in PBS, the sections were stained for 45 min with a goat anti-rabbit

IgG secondary antibody conjugated with fluorescein (1:400 in 1% BSA/PBS, #111-095-003,

Jackson Research Laboratories, West Grove, PA, USA). To enhance the fluorescence signal the

sections were incubated with a tertiary antibody directed against fluorescein conjugated to

Alexa Fluor 488 (1:400 in 1% BSA/PBS, #A-11090, Invitrogen, Waltham, MA, USA) for 30

min at room temperature. After washing the cryosections three times for 5 min in their respec-

tive wash buffer, the sections were counterstained with DAPI (1 μg/ml, Boehringer Mannheim,

Mannheim, Germany) for 1 min, washed three times for 5 min in their wash buffer and

mounted with Fluoromount-G™ (Southern Biotechnologies, Birmingham, AL, USA). For all

immunostainings primary antibodies were omitted for negative controls. The sections were

dried for 30 min at room temperature and stored at -20˚C until fluorescence microscopy. For

fluorescence microscopy and photographs a BZ-9000 (Keyence, Osaka, Japan) fluorescence

microscope maintaining a constant set exposure time throughout imaging was used.

Supporting information

S1 Fig. Schematic representation of the study design and workflow. Schematic representa-

tion of the study background, the key scientifc questions, the experimental workflow, and the

key findings and conclusion of the present study.

(TIF)

S2 Fig. Results of luciferase assays for pWNT10A-FL-EBF1[C/T]. (A-E) Activity of

WNT10A promoter with respect to EBF1 and rs3856551 in five separate experiments. (F-J)

Renilla (RL) values of the five luciferase assays. The number in brackets marks correlating

experiemnts. B and G belong to Fig 3 in the main manuscript.

(TIF)

S3 Fig. Representative pictures of WNT10A (A) and EBF1 (B, C) stainings in hair follicle sam-

ples from two additional independent individuals. For (C) Alexa Fluor 555 (1:200 in PBS, 37˚C

for 1 h, #A32794, Invitrogen) was used as the secondary antibody. Orignal magificaiton x 200.

(TIF)

S1 Table. Raw Firefly (FL) and Renilla (RL) values of the performed luciferase assays.

(DOCX)
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S2 Table. Overview of primer sequences, template DNA and PCR conditions used for clon-

ing.

(DOCX)
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