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Supplementary Table 1

Ligand Receptor Reference

DKK1 LRP5 PMID:17143291
DKK1 LRP6 PMID:11357136
DKK1 KREMENI PMID:12050670
DKK1 KREMEN2 PMID:12050670
DKK1 CKAP4 PMID:27322059
DKK2 LRP5 PMID:17143291
DKK2 LRP6 PMID:11357136
DKK?2 KREMENI PMID:17143291
DKK2 KREMEN2 PMID:12527209
DKK3 KREMENI PMID:20370576
DKK3 KREMEN2 PMID:20370576
DKK3 CKAP4 PMID:35708905
DKK3 ACKR3 PMID:29980568

Table S1. Literature-curated list of DKK family ligands and their cognate receptors. The
table summarizes previously reported interactions between DKK 1, DKK2, and DKK3 and their
respective receptors, including LRP5/6, KREMEN1/2, CKAP4, and ACKR3, along with their

corresponding PubMed identifiers (PMID).
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Figure S1. Expression of DKK families and their receptors in mouse (A) and human (B).
Single-cell RNA-seq analysis of mouse skin (GSE295410) and human skin (GSE212450). Top:
UMAP (mouse) and t-SNE (human) visualization showing annotated cell clusters. Bottom: Dot
plot displaying the expression levels and proportion of cells expressing Dkk family genes
(Dkk1-3) and known DKK receptors (Lrp5, Lrp6, Kremenl, Kremen2, Ckap4, Acrk3) across

various cell types.



Supplementary Figure 2

Mel [ ]
Schwann e -0
EC oo
SMC ) o
SkM °
Myob o -
Neu
Myel
Lymph
DSC
DPC
DF Q0 o
B o 0000
OB 100
uHF_Cycling ‘ () ) o
uHF
IFE_Cycling 1
IFE_SB ..“ [ |

IFE_B ; | |
NN AN NA N Q0 L P02 d MO D WEISUS 4R DS 1
AR N R A SRS PRy
# cells

Average Expression

2
1
0

Percent Expressed

0
25
50
75
100

Figure S2. Marker gene expression defining the identified cell lineages. (Left) Dot plot

displaying the expression of selected canonical marker genes used for cell-type annotation. The

19 major cell lineages correspond to the populations visualized in the UMAP of Figure 3A.

The size of each dot represents the percentage of cells within a specific cluster expressing the

indicated marker gene, and the color intensity reflects the average expression level (scaled).

Gray shading highlights representative markers that uniquely define each population, including

epithelial keratinocytes (IFE B, IFE SB, IFE Cycling, uHF, uHF Cycling, OB, IB),

mesenchymal populations (DF, DPC, DSC), immune cells (Lymph, Myel, Neu), and other

structural or niche-associated cell types (Myob, SkM, SMC, EC, Schwann, Mel). (Right) The

bar graph indicates the total count of single cells recovered for each identified cell type, totaling

40,992 cells analyzed in the study.



Supplementary Figure 3

llog2FC| > 1.5
llog2FC| > 1
DHT+Ab
DHT U
P Down
Grhi Prss12
Htra3 Prss23 Stct Samd5
Estp1
Angptit il Pappa
Mmp19 Py
Placs. L
e Rl Edni Duoxat Zp185 Uigebs ot
Thbs3, . Konga 3 47
Preﬁp\ Clec3b Cond Adora2b Dach1 cpnt -"E&m Apald1
N, a0 Mex3a & Grip1 ‘
Ao Bol2ata ox4
Peolce2 Aspn M\faps S iz Ptgis p@@camNp.amQ v D.sgz
Toh (SLs i\ Cxci3 | Duox Galn3 td4 Lifith3
A5 191006 Fimpaspppd. alnt Foarka— GUaRiKar3 Nhs
P SN i CeirtbArt FUt9  gambi  Bmp6 b
Cd248v-/\pits_ Timp %ﬁ‘ Tnfaip2 /2 - f\r/.o Ryr2
Myoc R 11%'@“5 9 LSpY1 Shisag
v t G2 G Ciecte 125 N S Oifm2
Cd‘?‘g.‘ﬁ!’%_ P b Fhod3 Heph Hhip Cntfr
Anxa3 Amcrtf 7 62 Fhdc1 N2
Ppp2r2b I Lyoe ], Sleaoat Wt Rdpos Piger.
Gsn o 63 Serpioasdn’ g 1 PO
Hp oy Msrt LePreanpa
Zbp? Nott
T C4b  Serpinadc P Sifn2 Sostdc1  N¥Rspoq
Pppir2
Emey PP fT c7
éﬂdo T Rxig Placg
P ° 27128 _ retinal ganglion cell axon guidance
Eefia2 Msdad regulation of neuron projection arborization
3 s4adc N reFu\atlon of GTPase activity
Svic 3 cgrg positive regulation of synapse assembly
4 pl hlnhd_ rain tamtgentlal clgll mlg{ﬁtlon
. ephrin receptor signaling pathway
Sen7a Asb2 Met21c cluster ) positive regulation of axonogenesis
9 multicellular organismal-level iron ion homeostasis
Gamt regulation of cellular response to growth factor stimulus
° 4 ___hair follicle morphogenesis
5 activin receptor signaling pathway
. . limb development
Adgrd1 negative regulation of Wnt signaling pathway
i pattern specification process
Iog_iontoigenems_ ofl %snttln.-conlt.alnlnl rl]oolh
. — ~_regulation of canonical Wnt signaling pathway
regulation of calcium ion transmembrane transport epithelial tube branching involved in lung morphogenesis
. extracellular matrix organization mammary gland bud morphogenesis
regulation of type Il interferon production
. regulation of type 2 immune response 01234
regulation of T-helper ‘tjy?e immune response _log P
positive regulation of leukocyte activation 9
positive regulation of type |la hypersensitivity
regulation of macrophage proliferation
. cell killing
regulation of vascular endothelial growth factor production
» . eosinophil chemotaxis
positive regulation of lymphocyte mediated immunity
positive regulation of endothelial cell proliferation
positive regulation of leukocyte migration
chemokine-mediated signaling pathway
» phagocytosis, engulfment
positive re_?ulatlon of cytokine production
» _positive regulation of phagocytosis
positive regulation of acute inflammatory response
. complement activation
positive regulation of angiogenesis
012345
-log P

cluster

Figure S3. Functional enrichment of DEGs reversed by anti-DKK3 antibody treatment.

(A) Identification and functional characterization of genes upregulated by DHT and

downregulated by anti-DKK3 antibody. (Top) Venn diagram showing the overlap between

genes significantly upregulated in DHT-treated skin (vs. Con) and those downregulated in

DHT+Ab-treated skin (vs. DHT). (Middle) STRING network constructed from the shared

DEGs. (Bottom) Gene Ontology (GO) biological process enrichment analysis performed for



each identified community. Representative terms with an adjusted P < 0.05 are shown. (B)
Identification and functional characterization of genes downregulated by DHT and restored by

anti-DKK3 antibody.
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Figure S4. Functional enrichment of DEGs reversed by anti-DKK3 antibody treatment

in DPCs. (A) Identification and functional characterization of genes upregulated by DHT and

downregulated by anti-DKK3 antibody. (B) Identification and functional characterization of

genes downregulated by DHT and restored by anti-DKK3 antibody.
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Figure SS. In vivo validation of fibroimmune remodeling in androgen-induced AGA
mouse skin. Representative immunofluorescence images of dorsal skin sections from control,
DHT-treated, and DHT plus anti-DKK3 antibody—treated mice. MHC-I (red) staining
demonstrates increased immune activation in the dermal compartment following DHT
treatment, which is reduced upon DKK3 neutralization. TGF-B1 (green) staining reveals
enhanced extracellular matrix remodeling and fibroblast activation under androgen exposure,
with decreased expression observed after anti-DKK3 antibody treatment. F4/80 (green)
staining indicates increased macrophage infiltration in DHT-treated skin, which is attenuated
by DKK3 blockade. Nuclei are counterstained with DAPI (blue). Scale bars: 200 um (top and

middle panels), 50 um (bottom panels).
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Figure S6. Increased expression of aquaporine3 (AQP3) in hair follicle keratinocytes of
AGA model (DHT treatment), and its reversal after DKK3 antibody. Representative
immunofluorescence images showing aquaporin 3 (AQP3, green) expression in mouse dorsal
skin under control (Con), DHT-treated (DHT), and DHT plus anti-DKK3 antibody (DHT +
DKK3 Ab) conditions. Nuclei are counterstained with DAPI (blue). Merged images highlight

AQP3 expression in the hair follicle bulge region (white dashed outline). Scale bars, 100 um.
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Figure S7. Hair growth promoting effect of DKKI1 antibody. (A) In human hair follicle
organ cultures, DHT (100 nM) suppressed hair shaft elongation, which was rescued by anti-
DKKI1 antibody treatment (10 and 100 ng/ml). "P < 0.05. (B) Representative dorsal
photographs and quantification of hair weight (mean + s.e.m.) in mice treated with testosterone

propionate (TP) with or without anti-DKK1 antibody.
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