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RXFP2-positive mesenchymal stem cells
in the antlerogenic periosteum contribute
to postnatal development of deer antlers
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The postnatal development of secondary sexual characteristics is a highly complex process governed
by diverse molecular signals and serves as a key marker of sexual maturity. Deer antlers exemplify
such traits, distinguished not only by their unique ability to regenerate annually but also by their
initiation in postnatal life. It is well established that the antlerogenic periosteum (AP) is the only tissue
responsible for postnatal antler formation. Here, we identify a population of RXFP2-positive
mesenchymal stem cells within the AP of both male and female deer that are crucial for antler
development, primarily through the activation of canonical Wnt signaling. This process also relies on
M2 macrophages recruited via IL-34 secretion. Furthermore, these cells exhibit reduced expression of
HOX genes, suggesting a high degree of developmental plasticity. Our findings offer new insights into
the molecular mechanisms underlying the postnatal development of secondary sexual
characteristics, using deer antlers serving as a model system.

The postnatal development of secondary sexual characteristics is an
exceedingly complex and diverse molecular signaling process and serves as a
hallmark of sexual maturity'. Interestingly, most of the secondary sexual
characteristics during puberty build up from their miniature prototypes
under the stimulation of sex hormones. For instance, dark and thick beards,
a male secondary sexual characteristic, are transformed from tiny, pale,
vellus hairs, under the stimulation of androgen hormones’™. Morphologi-
cally and functionally distinct breasts, a female secondary sexual char-
acteristic, are developed from the rudimentary mammary glands (even with
some secretion activities) under the stimulation of estrogen hormones’. In
contrast, the deer antler, a typical male secondary sexual characteristic, is
developed from a small (around 1-2 mm in thickness and 2.5-3 cm in
diameter) and simple (consisting of cambium and fibrous layers) piece of
periosteum, namely antlerogenic periosteum (AP)*” during puberty. Even
more so, once generated, antlers have gained the ability of annual full
regeneration, the only case among mammalian appendages. We believe that
understanding the molecular mechanisms behind how such a large, com-
plicated, and species-specific secondary sexual characteristic can develop
from a small and simple tissue under androgen stimulation presents a
unique opportunity. This knowledge could help address fundamental

questions regarding the development of secondary sexual characteristics
and the occurrence of abnormalities during puberty, using the extreme
model of deer antlers.

The deer antler has been described as an “improbable” appendage by
developmental biologists because it possesses some unique biological attri-
butes that contrast with typical mammalian appendages and it may hold the
key to some fundamental biological questions®"'. Among these attributes, the
antler features annual full regeneration®'” and an unprecedented growth
rate””", both of which have been intensively studied, whereas some other
aspects have been relatively neglected. For example, as an embryonic
appendage, pedicle development is initiated around 100 days of gestation,
evidenced by the skin thickening in the presumptive region, due to transient
activation of the testicular axis, but this development is short-lived and the
pedicle is not usually apparent at birth®°. True antler growth commences
only when a male deer approaches puberty and is triggered by significantly
elevated androgen hormones”" that stimulate pedicle development from
which the first antler then grows. Therefore, antlers are male secondary sexual
characteristics and their development is under the control of androgens.

Through a combination of tissue deletion and transplantation
experiments, the AP that overlies the presumptive pedicle growth region
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(centered in the frontal crest) has been identified as the key tissue type for the
initiation of the pedicle and then formation of the first antler®. Pedicles are
permanent bony protuberances, from which antlers are cast and
regenerate”’. Deletion of the AP abolishes future pedicle development,
whereas transplantation of the AP induces ectopic pedicle and antler
formation®”***', Further investigations revealed that AP can initiate the
develpment of xenogeneic pedicles™ and even xenogeneic antlers™ when AP
tissues are transplanted onto nude mice, an immune-deficient animal
model. Therefore, the AP is a unique type of tissue that possesses autono-
mous self-differentiation ability. Interestingly, under exogenous androgen
stimulation, female deer can also grow pedicles and subsequent antlers”,
indicating that female deer also possess the capable AP.

We have characterized the AP cells histologically” and
ultrastructurally”, and found that they resemble embryonic cells in
some aspects, such as the rich distribution of glycogen within their
cytoplasm. An in vivo study further confirmed their embryonic nature
as cultured donor cell lines derived from male AP (whether left undif-
ferentiated or chemically induced to initiate osteogenesis or adipogen-
esis) was used in the successful cloning, in which AP cells partially
incorporated into some organ development™. Because of the AP cells
in vitro can self-renew, differentiate into multiple cell lineages, and
express typical mesenchymal stem cell as well as key embryonic stem cell
markers™ ™, we have termed them antler mesenchymal stem cells”.

Recently, we carried out single-cell RNA sequencing (scRNA-seq) of
the AP tissue and found that AP cells are heterologous with at least eight cell
populations”. Among them, the THY1" mesenchymal stem cells (THY1"
APMCs) highly expressed pluripotent stem cell markers and differentiated
into AP progenitor cells (APPCs). We found that THY1* APMCs highly
expressed androgen hormone receptor (AR) plus its downstream target
gene, the relaxin family peptide receptor 2 (RXFP2)™. The latter is found to
be the sole factor involved in the phenotype of sheep horns™ and there is
evidence to believe that RXFP2 may also be an indispensable factor that is
involved in the phenotype of deer antlers, another type of ungulate
headpiece””. Based on these findings, we hypothesize that THY1*RXFP2"
APMC:s represent the core cell type responsible for initiating the postnatal
development of antlers and that RXFP2* APMCs are regulated by the AR-
RXFP2 signaling axis. However, our in vitro investigations™ revealed that
androgen hormones do not exert direct mitogenic effects on the AP cells,
which raise the possibility that other players are involved to mediate
androgen action. We believe these intermediate players cannot be identified
unless pure populations of RXFP2* APMCs are isolated and subject to gain-
or loss-of-function investigations.

In this study, we took multiple approaches: (1) to analyze scRNA-seq as
well as bulk RNA-seq data for male and female deer AP, deer facial peri-
osteum (FP), and deer long bone periosteum (LP) tissues (Fig. 1A) to
determine whether THY1"RXFP2* APMCs in the male and female AP area
uniquely AP reserved cell subpopulation that differ from THY1" cells in the
FP and LP tissues; (2) to isolate a pure population of RXFP2* APMCs and to
identify the potential activation signaling pathways via loss-of-function
assay; (3) to fully characterize RXFP2* APMCs (cranial neural crest cell
(CNCC)-derived) and to compare them with bone marrow-derived
mesenchymal stem cells (BMSCs; mesoderm-derived) in seeking to reveal
their unique attributes. This study sought to uncover novel insights at the
cellular and molecular levels into the regulation of RXFP2" APMCs,
potentially shedding light on the mechanism underlying the situation of
postnatal development of secondary sexual characteristics, using deer
antlers as a model system.

Results

RXFP2" cells identified only in the AP of both male and female
To identify the exclusive cell population in the AP of male and female deer
via highly expressed genes, we compared bulk RNA-seq data of male and
female AP with those of FP tissue, respectively. The results showed that
expression of the RXFP2 gene was up-regulated significantly in both male
and female AP (Fig. 1B and Supplementary Fig. 1), although in female AP

expression was lower than in male AP, with alog,FoldChange of -2.3 and an
adjusted p of 0.006. This differential expression was further validated at the
protein level (p <0.05, Fig. 1C). Furthermore, in comparison with our
previously published bulk RNA-seq data from various tissue types, we found
that high level expressions of RXFP2 were exclusive to male and female AP
tissues (Fig. 1D). In the pedicle periosteum (PP, the tissue for antler
regeneration) and antler tip reserve mesenchyme (the tissue for rapid antler
elongation), both of which are AP-derived tissues, RXFP2 expression was
significantly down-regulated; it was not detectable in the other 17 deer tissue
types analyzed (Fig. 1D). Cross-species analysis revealed that high level
expression of RXFP2 was specifically detected in the AP of antlered deer
species including sika deer, wapiti, and reindeer, but not in the equiva-
lent AP of Chinese water deer, antler-less deer species (Fig. 1E). These results
indicate that RXFP2 is specifically expressed in the AP tissue of
antlered deer.

To determine whether RXFP2 expression is specific to a particular cell
subpopulation in the AP cells, we conducted an unsupervised clustering
analysis on the scRNA-seq data from four types of periosteum: male and
female AP, FP and LP. In the analysis, we identified nine clusters for male
AP, eight clusters for female AP, eight clusters for FP, and seven clusters for
LP tissues (Fig. 2A). Using established gene markers™, we defined cell types
from these clusters, including THY1" mesenchymal stem cells in AP
(APMCs), FP (FPMCs) and LP (LPMCs), respectively; and RUNX2"
APPCs, ACTA2" vascular smooth muscle cells and pericytes, CDH5"
vascular endothelial cells, MMRN1" lymphatic endothelial cells, KIT* mast
cells, CSF1R* macrophages, CD3E" T cells,and ALPL* osteochondroblasts.
Not unexpectedly, we found that RUNX2* APPCs in male AP accounted for
a large proportion of proliferative cells (Fig. 2A, Supplementary Fig. 2,
Supplementary Fig. 3).

For all four types of periosteal tissue, THY1" cells could be divided into
two subclusters through unsupervised clustering: THY1* C0and THY1" C1
(Fig. 2A). Interestingly, RXFP2 expression was exclusively detected in
THY1" Cl1 from both male and female AP tissues (Fig. 2B), leading to a
delineation of distinct subpopulations within THY1* APMCs. However,
PRRXI, previously identified as a marker gene for the mesenchymal cell
population driving antler regeneration® and TWIST1, a widely used
mesenchymal signature gene”, were both expressed in all THY1"
mesenchymal cells across the four tissue types (Fig. 2B). Therefore, RXFP2*
cells are more specific to antlerogenesis than previously identified marker
genes, such as PRRX1. Additionally, RNA velocity analysis of male AP
scRNA-seq data further revealed the differentiation trajectory from THY1*
Cl to APPCs (Fig. 2C). Therefore, we concluded that THY1"RXFP2"
APMCs, which is found exclusively in the AP of both male and female deer,
must be the key cell type responsible for postnatal development of antlers.

Activation of RXFP2* APMCs requires involvement of canonical
Whnt signaling

To explore the molecular mechanism underlying the activation of RXFP2*
APMC:s for postnatal development of antlers, we carried out a comparative
global transcriptome profiling of four types of periosteal tissue and revealed
that the acquired clusters could be classified into two distinct groups
(Fig. 3A). Group 1 consisted of male and female AP THY1" C0, FP THY1"
C0, and LP THY1" CO and LP THY1"* C1. Group 2 comprised male and
female AP THY1* C1 and FP THY1" Cl1. Next, we identified a total of 119
non-redundant highly expressed genes shared between THY1" clusters in
Group 2 (Fig. 3B). These genes are found to be implicated in cell division
(e.g., TGFB2, PDGFD, IGF2, PTN, THBS4), response to xenobiotic stimuli
(e.g., FZD1, NPPC, TGFB2, SFRP2, FOSB, NFATC2, INHBA, THBSI1),
ossification (e.g., NPPC, COL11A1, CLECI1A, IGF2, RUNX2) as well as
negative regulation of canonical Wnt signaling (e.g., SFRP2, SFRP4, DKK2,
and DKK3) (Fig. 3C). We found that Wnt signaling inhibitors exhibited
significantly higher expression levels in male and female THY1" C1 com-
pared to their correspondent THY1" C0, and the expression levels of these
inhibitors were reduced in APPCs (Fig. 3D). This indicates that Wnt sig-
naling was activated during differentiation from AP THY1" C1 to APPCs.
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Fig. 1 | RXFP2 only expressed in male and female antlerogenic periosteum.

A Schematic showing the locations of antlerogenic periosteum (AP), facial perios-
teum (FP), and long bone periosteum (LP) tissues. AP-m: male AP; AP-f: female AP.
B Venn diagram depicting upregulated genes between AP-m vs. FP and AP-fvs. FP
based on log,Foldchange >4 and adjusted p < 0.001. The 55 shared up-regulated
genes are highlighted by a red dashed box, with RXFP2 specifically highlighted in
red. C Immunoblots of RXFP2 protein in AP-m and AP-f tissues, with GAPDH as
the internal reference protein. Relative intensity of each immunoblot was calculated

using Image J. *p < 0.05. Error bars indicate the SEM. D Expression levels (FPKM) of
RXFP2 across different deer tissues. Both AP-m and AP-f tissues are highlighted in
red, and AP-derived tissues (pedicle periosteum and antler reserve mesenchyme) are
highlighted in green. FPKM: Fragments per kilobase of transcript per million
mapped fragments. E Expression levels (FPKM) of RXFP2 across three antlered deer
species (sika deer, wapiti, and reindeer) compared to one antler-less deer species
(CWD: Chinese water deer), with no detectable expression of RXFP2 observed in
CWD. **p < 0.01. Error bars indicate the SEM.

These inhibitors only showed relatively lower expression level in LP THY1*
CO0and LP THY1" C1, and there was no significant difference between these
two clusters. Therefore, Wnt signaling inhibitors may play a critical role in
prohibiting activation of AP THY1" C1 cells at this stage for postnatal
development of antlers. The signature genes of APPCs, including TNN,
TNC, PTN, and RUNX2"**, displayed high expression levels in AP THY1"
C1 (Fig. 3E), indicating that these cells were undergoing differentiation.
We subsequently screened expression profiles for Wnt signaling
receptors/co-receptors of these THY1™ clusters, and found the Wnt co-
receptor, LDL-receptor-related protein 6 (LRP6), were expressed at sig-
nificantly higher levels in the male THY1" C1 (Fig. 4A). To confirm the
involvement of Wnt signaling receptors/co-receptors in the activation of
male THY1" C1, we isolated male THY1" C0 and THY1" C1 from male AP
cells using flow cytometry. THY1" APMCs were isolated by staining with
anti-THY1 antibody. Subsequently, the THY1" APMCs were further stained
with anti-RXFP2 antibody, and THY1" C1 cells were gated for sorting.
THY1" APMCs represented 86% of the total, and within this subset, 16%
were double-positive for THY1 and RXFP2. We refer to male AP THY1" CO
as RXFP2° APMCs and AP THY1" C1 as RXFP2" APMCs in the following
description. The isolation results were further confirmed using fluorescent
immunostaining with anti-NEGR1 antibody, and NEGR1 was found to be
exclusively expressed in male RXFP2* APMCs; hence, there is considerable

overlap in expression between RXFP2 and NEGR1 (Fig. 4B-E, Supple-
mentary Fig. 4A, B). CRISPR-cas9 approach was then performed to knock
out the LRP6 gene (LRP6"°) in male RXFP2" APMCs (Fig. 4F). Western
blot analysis confirmed the loss of LRP6 expression in the knockout cell
line (Fig. 4G).

Subsequent assays demonstrated the significant effects of LRP6
knockout on the activation of male RXFP2" APMCs. The cell proliferation
of male RXFP2"LRP6"® APMCs was significantly less than that of RXFP2*
APMCs, and interestingly was similar to that of RXFP2" APMCs (Fig. 4H).
A greater percentage of apoptotic cells was detected in the RXFP2"LRP6"°
APMC:s (Fig. 41), compared to the RXFP2* APMCs and RXFP2" APMCs.
When cultured in the osteogenic induction medium for 21 days, male
RXFP2'LRP6*° APMCs exhibited much weaker Alizarin Red S staining
compared to that of male RXFP2" APMCs (Fig. 4]), indicating a decrease in
osteogenic potential after losing LRP6, a Wnt signaling co-receptor. RXFP2"
APMC:s also showed low osteogenic capacity.

To further characterize the transcriptional status of male
RXFP2"LRP6*° APMCs, we conducted bulk RNA-seq analyses on the three
types of male APMCs: RXFP2", RXFP2", and RXFP2*LRP6". The results
revealed a similar gene expression pattern between RXFP2"LRP6*° APMCs
and RXFP2" APMCs (Fig. 4K). Through comparison between RXFP2*
APMCs and RXFP2'LRP6*° APMCs (Fig. 4L), we identified 188 up-
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Fig. 2 | THY1 "RXFP2" cells only exist in the AP of both male and female.

A UMAP plot visualizing unsupervised clusters in each tissue: AP-m, AP-f, FP, and
LP. Cell types are color-coded. Note that THY 1" mesenchymal cells in each tissue are
assigned to two clusters: THY1* C0 and THY1* C1. B UMAP plot visualizing the
expression of marker genes (THY1, TWIST1, PRRX1, and RXFP2) in THY1"

*THY1*CO | Y |
oTHv1rc1 | (RO Fi
® APPCs ; 1

clusters of each tissue. Note that RXFP2 is expressed only in THY1* C1 of AP-m and
AP-f (Red arrowhead). C Male AP RNA velocity showing the differentiation tra-
jectory of RXFP2" cells to APPCs. The red arrowhead highlights the RXFP2* cells in
the original cell population.

regulated genes associated with G-protein-coupled receptor signaling, cell
division, cell differentiation, calcium ion concentration, and neural crest cell
development (Fig. 4M); the down-regulated genes were linked to epithelial-
to-mesenchymal transition, positive regulation of cell death, and the
response to hypoxia (Fig. 4N). These findings collectively support the crucial
role of Wnt signaling in RXFP2" APMCs activation for postnatal devel-
opment of antlers.

Activation of male RXFP2" APMCs requires participation of M2
macrophages recruited via released IL-34
Next, we utilized the CellChat tool to identify activated ligand-receptor pairs
in RXFP2* APMCs and other cell types. Comparing male AP to FP and LP
respectively, we found that only one ligand-receptor pair, IL34-CSFIR, was
significantly upregulated. These cells secrete the IL-34 cytokine, which
targets macrophages expressing CSFIR, the macrophage colony-
stimulating factor 1 receptor (Fig. 5A, B, Supplementary Fig. 5A). In this
respect, IL-34 is known to induce differentiation of monocytes into
macrophages™ and can polarize macrophages to the M2 state”. IL-34
expression in male AP cells was further confirmed by immunofluorescence
staining at the tissue level (Fig. 5C). Interestingly, we found that the MIF-
CD74/CD44 and MIF-CD74/CXCR4 pairs were significantly down-
regulated (Fig. 5A) in the RXFP2" APMCs (as the source) and CSFIR"
macrophages (as the target). MIF is a macrophage migration inhibitory
factor, suggesting that the down-regulation of MIF in RXFP2" APMCs may
further stimulate macrophage migration and activation. In contrast, when
comparing female AP to FP and LP respectively, we failed to detect sig-
nificant up-regulation of the IL34-CSF1R pair (Supplementary Fig. 5B).

In further work, we re-examined the scRNA-seq data and identified
M1 and M2 macrophages in these periosteal tissues (Fig. 5D, Supplementary

Fig. 5C, D). The male AP had the highest proportion of M2 macrophages,
followed by the female AP, with the FP and LP having the lowest proportion
of M2 macrophages (Fig. 5E, Supplementary Fig. 5E). In contrast to M2
macrophages, there were no significant changes in CSF1R expression in M1
macrophages across these four tissue types (Fig. 5F). However, CSF1IR
expression was significantly elevated in M2 macrophages resident in both
male and female AP.

To investigate the role of the IL34-CSFIR pair in the initiating antler
in vivo, we transplanted AP tissue subcutaneously onto the forehead of nude
mice, to create a xenogeneic antler. The treatment group received intrave-
nous injections of the CSFIR inhibitor (CSF1R-IN-3), while the control
group, which also developed xenogeneic antlers, did not receive the inhi-
bitor. Twenty-one days after treatment, there were no M2 macrophages in
the CSF1R-IN-3 group detected and no cartilage tissue was observed in the
xenogeneic antlers (Fig. 5G); also, the weight of the antlers was significantly
lower in the treated group compared to the control group (Fig. 5H); how-
ever, M2 macrophages were found in the control group (Supplementary
Fig. 5F). Therefore, these results indicate that male RXFP2" APMCs have
the ability to recruit M2 macrophages via release of IL-34, and M2 mac-
rophages are likely involved in the activation of RXFP2* APMCs. In one of
our previous studies, we created xenogeneic antlers in fluorescent nude
mice, and found that all the immune cells within these xenogeneic antlers
were labeled with red fluorescent dye, indicating that these cells were derived
from the host mouse™.

RXFP2" APMCs exhibit significantly lower HOXD gene
expression levels

HOX genes play a key role in determining the developmental pattern of
organism. To investigate the expression patterns and levels of HOX genes
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Fig. 3 | Inhibition of Wnt signaling is involved in male and female THY1" C1.
A Heat map showing correlations between THY1" clusters of each tissue based on
scRNA-seq data. Pearson correlation coefficients are displayed. B Venn diagram
showing highly expressed genes of THY1" C1 among AP-m, AP-f, and FP. The 54
genes of THY1" C1 between AP-m and AP-fand the 65 genes of THY1 + C1 among
AP-m, AP-f, and FP are shared and highlighted by a red dashed box. Genes that are
highly relevant to the context of the study are highlighted in colors. C Dot plot

showing DAVID-enriched Gene Ontology terms using 119 (54 + 65) shared highly
expressed genes of THY1" C1. D Violin plot showing the expression of WNT
inhibitors (SFRP2, SFRP4, DKK2, and DKK3) in THY1" clusters of each tissue and
APPCs. Note the significantly high expression levels of these WNT inhibitors in
THY1" C1 among AP-m, AP-f, and FP. E Violin plot showing the expression of
signature genes of APPCs (RUNX2, TNC, TNN, and PTN) in THY1" clusters of
each tissue and APPCs. Note that these signature genes are not expressed in LP.

in these periosteal tissues, we generated HOX gene expression profiles in
male and female AP tissues and compared them with FP and LP tissues
using bulk RNA-seq data. Our analysis revealed distinctive expression
profiles: HOXA 5/6/7/8/9/10/11/13 were predominantly expressed in LP,
while the HOXB and HOXC families were not expressed in any of the
four periosteal tissues (Fig. 6A). HOXD 3/4/8/9 were expressed across all
periosteal tissues, with HOXD 10/11/12/13 being primarily expressed in
LP. The results of analysis of scRNA-seq data further support the above
findings (Fig. 6B). Notably, within male and female APMCs and FPMCs,
HOXD 1/3/4/8 tended to be expressed in RXFP2" APMCs compared to
RXFP2* APMC:s (Fig. 6C). Next, we investigated the expression profiles
of HOX genes in bone marrow mesenchymal cells (BMSCs) and RXFP2*
APMC:s (Fig. 6D) by analyzing scRNA-seq data of LEPR* BMSCs from
previously published human® and mouse scRNA-seq data® (Supple-
mentary Fig. 6A, B). Notably, after normalizing these data, LEPR*
BMSCs exhibited significantly higher expression levels of HOX genes,
especially the HOXA and HOXC families (Fig. 6E).

Comparison RXFP2" APMCs to LEPR™ BMSCs at the marker
gene level

We further compared the expression status of key marker genes between
RXFP2" APMCs and LEPR* BMSCs. These markers included those for
generic mesenchymal cells, CNCC-derived mesenchymal cells, as well as
osteogenic, chondrogenic, and adipogenic cells (Supplementary Fig. 6C).
Interestingly, using the widely recognized mesenchymal cell markers, LEPR,
THY1 (CD90), NT5E (CD73) and ENG (CD105), we found that these were
expressed in both RXFP2* APMCs and LEPR" BMSCs. CNCC-derived

mesenchyme markers, such as TWIST1, PRRX2, and SNAII, were highly
expressed in RXFP2" APMCs but were almost absent in BMSCs. With
respect to lineage-specific markers, RXFP2* APMCs mainly expressed
transcription factors related to early differentiation, such as RUNX2
(osteogenic) and SOX9 (chondrogenic). However, adipogenic markers (e.g.,
CEBPA, FABP4, and LPL) were not expressed in RXFP2* APMCs, but were
highly expressed in BMSCs. These results indicate that although both
RXFP2" APMCs and LEPR" BMSCs possess the capabilities for multi-
lineage differentiation, their transcriptional heterogeneity is quite
significant.

Discussion

Although the AP has been convincingly demonstrated to be the key tissue
type that gives rise to postnatal development of antler through tissue dele-
tion and transplantation experiments’****, Ba et al. (2022) found that the AP
cells are heterologous and consist of eight cell populations; among these, the
THY1" mesenchymal cells was predicted to be the key. In another study™,
we identified a population of progenitor cells from the antler regeneration
blastema and termed them antler blastema progenitor cells (ABPCs). These
ABPCs are driven by PRRX1" mesenchymal cells. Both THY1 and PRRX1
are generic mesenchymal marker genes and are also expressed in the FPMCs
and the LPMC:s (Fig. 2B). Therefore, neither meets the criteria for a unique
marker for the mesenchymal cells that resides exclusively in the AP. In the
present study, we identified RXFP2 as a specific gene marker for labeling the
distinctive antlerogenic cells, RXFP2" APMCs. Importantly, this gene,
RXFP2, was not expressed in the numerous deer tissues tested, including the
FP, LP and 17 other types of deer tissue, and importantly, it was also not
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Fig. 4 | Effects of Wnt signaling knockdown in THY1"RXFP2" APMCs. A Dot
plot showing the expression of WNT receptors and co-receptors in THY1" clusters
of each tissue. B UMAP plot visualizing the expression of RXFP2 and NEGRI. Note
that the expression patterns of these two genes are very similar. C Flow cytometry
assay showing the proportion of THY1* APMCs (76%) in the male AP tissue. D Flow
cytometry assay showing the proportion of THY1*RXFP2" APMCs (16%) and
THY1"RXFP2 APMCs (84%) in the THY1" APMC population.

E Immunofluorescence staining assay of NEGR1* APMCs, indicating that the
sorting of RXFP2" cells was successful. Scale bar: 100 um. Note that NEGR1 is
exclusively expressed in male AP RXFP2" APMCs. F Schematic showing the design
of sgRNA to knock down part of exon 1 of LRP6 using CRISPR technology.

G Immunoblots of LRP6 protein of RXFP2'LRP6*° and RXFP2" APMCs and
internal reference protein (GAPDH) in the AP-m tissue. H Comparison of cell
viability of three types of THY1" APMCs. Note that the proliferation of RXFP2*
APMCs increased significantly compared to RXFP2" APMCs and RXFP2"LRP6"°
APMCs. *¥***p <0.0001. Error bars indicate the SEM. I Cell apoptosis rate of

RXFP2"LRP6*° APMCs through TUNEL assay analysis. Note that there is almost
no cell apoptosis for RXFP2" APMCs and THY1"RXFP2" APMCs. Yellow arrow-
head: apoptotic cells. ] Osteogenic ability of three types of THY1" APMCs through
Alizarin red staining. Note that the osteogenic ability of RXFP2* APMCs increased
significantly compared to RXFP2" APMCs and RXFP2" LRP6*° APMCs. K Heat
map showing correlations between RXFP2" APMCs, RXFP2" APMCs and RXFP2*
LRP6"® APMCs based on bulk RNA-seq data. Pearson correlation coefficients are
displayed. L Volcano plot showing the DEGs in RXFP2* APMCs vs. RXFP2*LRP6*°
APMCs. DEGs (dot) with an absolute log,FoldChange > 2 and an adjusted p
value < 0.001 are highlighted in red. Note that 188 genes are up-regulated and 351
are down-regulated. M Dot plot showing top DAVID-enriched Gene Ontology
terms with 188 up-regulated genes in RXFP2* APMCs vs. RXFP2"LRP6"® APMCs.
The terms highly relevant to the context of the study are highlighted in red. N Dot
plot showing top DAVID-enriched Gene Ontology terms using 351 down-regulated
genes in RXFP2™ APMCs vs. RXEP2"LRP6*° APMCs. The terms highly relevant to
the context of the study are highlighted in red.

expressed in the equivalent AP tissue in CWD, an antler-less deer species.
Furthermore, through RNA velocity analysis, we found that the differ-
entiation trajectory of RXFP2" APMCs is clearly directed toward APPCs.
Therefore, RXFP2" APMCs can be considered as the reserved “seed” cells
that are uniquely positioned in the AP tissue for the postnatal development
of antlers.

As a secondary sexual characteristic, the initiation of the pedicle and
the first antler formation takes place under the control of androgen hor-
mones when male deer approach puberty'”'*. Successful localization of the
androgen hormone receptors (AR) in the AP tissue*** demonstrates that
androgen stimulation of pedicle formation may be through classical

androgen/AR signaling pathway. Interestingly, androgen hormones, such as
testosterone or dihydrotestosterone, failed to play a mitogenic role in sti-
mulating proliferation of AP cells in vitro”, indicating that some inter-
mediate players may be involved in the process. In the present study, we
detected high expression of Wnt signaling co-receptor LRP6 and found that
knockdown of LRP6 via a CRISPR-cas9 approach significantly impaired
proliferation rate of male RXFP2" APMCs (RXFP2'LRP6*° APMCs)
compared to intact RXFP2" APMCs, but was similar to that of RXFP2’
APMGs. It is reported that androgen/androgen receptor signaling can
regulate Wnt/ catenin either negatively in androgenetic alopecia® or
positively in prostate cancer'’. As another type of male secondary sexual
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Fig. 5 | Male RXFP2" APMCs recruit M2 macrophages via releasing IL-34.

A Circle plot showing up-regulated and down-regulated ligand-receptor pairs
related to immune pathways comparing the male AP to the FP, respectively. Note
that the IL34-CSFIR pair is significantly up-regulated in male AP, with RXFP2*
APMC:s as the sender and the macrophages as the target. B Circle plot showing up-
regulated and down-regulated ligand-receptor pairs related to immune pathways
when comparing the male AP to the LP, respectively. C Immunofluorescence
staining assay confirming the presence of IL-34 in male AP tissue. Yellow arrowhead:
IL-34 secreting APMCs/APPCs. Scale bar: 100 um. D UMAP plot visualizing two
unsupervised clusters (CO and C1) of macrophages in the four types of periosteum
samples (AP-m, AP-f, FP, and LP). Note that C0 is annotated as M2 macrophages
and Cl1 is annotated as M1 macrophages based on the known marker genes

(Fig. S5C). E Bar plot showing the relative proportions of M1 and M2 macrophages

in the four types of periosteum samples. Note that the percentage of M2 macro-
phages is the highest in male AP among these periosteum tissues. F Violin plot
showing expression levels of CSF1R (one of IL-34 receptors) in M1 and M2 mac-
rophages of the four types of periosteum tissues. Note that CSFIR is significantly
highly expressed in the M2 macrophages of male and female AP tissues. G Male AP
tissue was transplanted into the forehead area of nude mice, and xenogeneic antlers
formed gradually (left). Histological sections and H&E + Alcian blue staining of
different xenogeneic antler groups showed that normal development (PBS group)
resulted in the formation of large chondrocyte clusters, while in the CSFIR-IN-3
group (inhibitor of CSF1R), the majority of the formed xenogeneic antler was
composed of fibrous connective tissue (right). H Weight of xenogeneic antlers is
significantly different between the control and CSF1R-IN-3 groups. ****p < 0.0001.
Error bars indicate the SEM.

characteristic, initiation of pedicle and first antler formation relies on
androgen positive regulation of Wnt signaling.

We also showed that before activation of proliferation, RXFP2"
APMC:s highly expressed Wnt signaling inhibitors (SFRP2, SFRP4, DKK2,
and DKK3) and that these inhibitors were substantially down-regulated
only when androgen hormone levels were significantly elevated during
period of puberty to trigger initiation of pedicle formation. Wnt signaling is
crucial for the expansion of skeletal progenitor cells and their differentiation

towards the osteoblast lineage*. Consistent with this finding, differentiation
of RXFP2" APMCs into APPCs occurred concurrently with a decrease in
expression of Wnt inhibitors (Fig. 2F). Moreover, Wnt signaling knock-
down in RXFP2" APMC:s resulted in a reduction in osteogenic potential
(Fig. 51). Previous studies have demonstrated the involvement of androgen-
RXFP2 signaling in triggering THY1™ cells to differentiate into progenitor
cells”. Therefore, the shift from Wnt signaling inhibition in RXFP2*
APMC:s to its activation in APPCs may be associated with the regulation of
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Fig. 6 | Expression profile of HOX genes. A Dot plot showing the expression of

HOX genes in AP-m, AP-f, FP, and LP. Highly expressed HOX genes are highlighted
by a black dashed box. B Dot plot showing the expression of HOX genes in THY1*
clusters of these four types of tissues. Highly expressed HOX genes are highlighted by
ablack dashed box. Note that HOXD 1/3/4/8 are highly expressed in THY1" C0, but
notin THY1" C1 for AP-m, AP-f,and FP. CUMAP plot visualizing the expression of
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HOXD 1/3/4/8 in THY1"= clusters of AP-m, AP-f, and FP. D Schematic repre-
sentation of deer RXFP2* APMCs and human and mouse LEPR" BMSCs. E Dot plot
showing the expression of HOX genes in deer male and female RXFP2* APMCs and
human and mouse LEPR* BMSCs. Note that HOX genes are highly expressed in
LEPR* BMSCs.

androgen-RXFP2 signaling. In this respect, there is likely the potential for
crosstalk between androgen-RXFP2 signaling and Wnt/f} catenin signaling
in regulating differentiation of RXFP2* APMCs. Therefore, we propose that
further studies should be directed at elucidating the mechanisms underlying
such interactions between these two signaling pathways for the activation
responsible for initiating the postnatal development of antlers.
Mesenchymal stem cells and macrophages are closely related
partners**. On one hand, the mesenchymal stem cells regulate immune
function by influencing proliferation, infiltration, and phenotypic polar-
ization of immune cells, as well as osteoclast differentiation. On the other
hand, immune cells, such as macrophages, stimulate the proliferation of
mesenchymal stem cells and mediate their multipotent differentiation
through modulation of their immune microenvironment. In our study, the
IL34-CSF1R signaling pair was significantly upregulated in the male AP
compared to FP and LP, with RXFP2* APMCs serving as the cytokine

source and macrophages as the target cells. IL-34 is a homo-dimeric secreted
protein and a key ligand of the colony-stimulating factor receptor CSF-1R. It
is well established that IL-34 regulates the proliferation, activation, survival,
chemotaxis of mononuclear/macrophages”” and promotes the differentia-
tion of macrophages into the M2 phenotype**”. Therefore, secretion of IL-
34 in the case of the antler would be expected to recruit macrophages and
polarize them to the M2 subtype, which in turn promote the differentiation
of APMC:s into cartilage, as we demonstrated using a nude mouse xenograft
model in this study. Notably, Mao and colleagues have demonstrated that
Wnt signaling up-regulates the level of IL34 in lupus nephritis patients™.
This finding indicates that the crucial role of the immune microenviron-
ment in postnatal antler development, specifically through interactions
between RXFP2" APMCs and M2 macrophages.

It is known that HOX gene expression has negative impacts on cell
differentiation plasticity (Leucht et al., 2008). The long bone periosteum is
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mesoderm-derived and HOX-positive, while the cranial-facial periosteum is
CNCC-derived and HOX-negative™. Studies have also convincingly shown
that AP and its derivatives are CNCC-derived™*, and hence would be
expected to show remarkably different plasticity compared to the LP. This
aligns well with our findings in the present study in that one of the HOX
family genes (HOXA) was highly expressed only in the LP. The expression
pattern of RXFP2" APMCs showed a negative correlation with expression
of the HOXD gene.

Comparisons of RXFP2* APMCs and BMSCs revealed that, while both
expressed mesenchymal stem cell markers and share highly expressed genes
indicative of multipotent differentiation potential, the RXFP2" APMCs
express additional signature genes associated with their CNCC origin. This
may empower the RXFP2" APMCs, a specialized cell population, with
superior postnatal development potential compared to BMSCs, especially in
the aspects of bone and cartilage development. Therefore, we propose that,
for regenerative bone repair, CNCC-derived periosteal cells such as those
from the cranial-facial periosteum, should be preferentially considered as a
source of mesenchymal cells. These cells may offer a better opportunity for
regenerative medicine compared to axial periosteum-derived cells, parti-
cularly for repair of the CNCC-derived bone defects™.

In summary, this study contributes to our understanding of the post-
natal development of secondary sexual characteristics, using deer antlers as
an example. We successfully identified and isolated a pure subpopulation of
cells with the exclusive potential to form antlers, revealing the mechanisms
that regulate this cell population. Therefore, we believe that our work sheds
light on the mechanisms underlying postnatal development related to sec-
ondary sexual characteristics as well as some other appendages or organs.

Methods

Ethical approval

The experimental protocols involving deer and mice were approved by the
Ethics Committee of Changchun Sci-Tech University (Permit Number:
CKARI202111). We have complied with all relevant ethical regulations for
animal use.

Tissue sampling

Four types of periosteum tissues were collected from one-year-old sika deer
immediately after slaughter. The dissection procedures followed methods
outlined in a previous paper™. Briefly, for the female AP, each deer head was
brought into the cell culture laboratory. The skin covering the frontal crest
was surgically removed to expose the AP. An oval-shaped incision was made
surrounding the crest using a scalpel, and the periosteum was peeled from
the crest using rat-tooth forceps. The skin covering the long bone regions
was opened to expose the LP, which was then peeled off using rat-toothed
forceps. In total, six tissue samples were collected, with each tissue type
having three biological replicates.

Bulk RNA-seq library construction, sequencing and analysis
Total RNA was isolated from the tissues and cells following standard pro-
tocols. One microgram (pg) of total RNA with a minimum RNA integrity
number (RIN) of 7.0 was used to construct transcriptome sequencing
libraries using the Illumina TruSeq RNA Library Preparation Kit v2 (Illu-
mina, USA). After cleaning the raw data, and using the deer reference
genome, we utilized the workflows of HISAT?2, StringTie, and DESeq2” to
analyze differentially expressed genes (DEGs) with [log,FoldChange | >2
and Benjamini-Hochberg p-value < 0.001 between two groups.

Cross-tissue/species comparison of RXFP2 expression levels

Data from our periosteum tissues and previously published sika deer
transcriptome data®” were incorporated into our analysis to perform a
cross-tissue comparison. For cross-species comparison, our previously
published data® were reanalyzed to investigate the expression levels of
RXFP2 in AP tissues across antlered deer (sika deer, muntjac, reindeer) and
antler-less Chinese water deer (CWD). Due to the lack of a high-quality
genome for CWD, we performed de novo transcriptome assembly using the

workflows of Trinity v2.4.1°, cd-hit-est v3.0.3””, TransDecoder v2.0.1, and
BLASTX to obtain RXFP2 mRNA sequences for each deer. However,
assembling the RXFP2 mRNA sequence of the CWD in the AP-equivalent
tissue was unsuccessful. Subsequently, FPKM (Fragments Per Kilobase of
transcript per Million mapped reads) values for the RXFP2 mRNA
sequences for each deer were estimated using RSEM v1.3.0%.

Preparation of single-cell suspension

Fresh female AP and LP tissues were carefully dissected into small pieces
measuring 1 mm?® using custom tools designed for this purpose®. Tissue
segments were then transferred to a 50 ml centrifuge tube, where three
individual samples of each tissue type were combined. The tissues were then
incubated for preparation of single-cell suspensions as previously outlined™.

Single-cell library construction and sequencing

Briefly, approximately 14,000 to ~20,000 single cells were diluted and mixed
with a buffer following the manufacturer’s guidelines. The cell mixture was
loaded into 10X Chromium Controller, utilizing Chromium Single Cell 3’
Reagent v3 reagents. Sequencing libraries were then prepared according to
the manufacturer’s instructions at Capitalbio Technology Corporation
(Beijing, China). A 13-cycle cDNA amplification step was carried out to
amplify the cDNA derived from the single cells. Subsequently, the resulting
libraries were sequenced on an Illumina HiSeq 6000 platform.

Single-cell data processing

For each tissue, after aligning sequencing reads to the reference genome
using Cell Ranger v6.1.2 from 10X Genomics, we conducted scRNA-seq
data analysis using the R package Seurat v4.3.0°. To ensure high data
quality, we implemented specific criteria: (1) inclusion of cells expressing
more than 200 genes; (2) retention of genes expressed in at least 3 single
cells; and (3) exclusion of cells with a mitochondrial gene percentage over
8% and cells with a ribosomal gene percentage over 30%. Additionally,
potential doublets were removed using the R package DoubletFinder® to
minimize noise and artifacts. To visualize the data, we first calculated the
ratio of binned variance to mean expression for each gene and selected
the top 3000 most variable genes. Next, we performed principal com-
ponent analysis (PCA) and reduced the data to the top 30 PCs. We
performed graph-based clustering of the previously identified PCs using
the Louvain Method base on the same resolution parameter (0.1), and the
clusters were visualized on a 2D map produced with UMAP. For each
cluster, we used the Wilcoxon rank-sum test to identify significant DEGs
when compared to the remaining clusters (Bonferroni correction was
used to adjust for multiple hypothesis testing, adjusted p value < 0.01 was
regarded as significant, paired tests when indicated). To visualize how
well the cluster-specific DEGs (marker genes) defined each cluster, we
constructed the feature plot (UMAP plot colored by expression level of
indicated genes), and heatmap (top 50 genes with highest average log-
transformed fold change - log,FC) using the Seurat R packages.

RNA velocity

scVelo” was employed to analyze RNA velocity by resolving the complete
transcriptional dynamics of splicing kinetics. The scVelo approach
employed a stochastic model aimed at more accurately capturing the steady
states of gene expression.

Cell-cell signaling pathways

CellChat v2.1% was utilized to identify up-regulated and down-regulated
signaling ligand-receptor pairs, with THY1" cells as the sender and other cell
types as targets, by performing an ultra-fast Wilcoxon test (threshold
P <0.05). The fold change for ligands and receptors was set at absolute
log,FC > 0.1.

Gene set enrichment analysis
DAVID v2022q2% was used to identify significant terms for gene ontology.
We considered terms with an adjusted Fisher exact p < 0.05.
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Western blotting

Total proteins from tissues and cells were extracted using RIPA lysis buffer
(Beyotime, Jiangsu, China). Proteins (20 g per lane) were separated by 12%
SDS-PAGE and transferred to PVDF membranes. Membranes were
blocked with 5% skimmed milk powder and immunoblotted with primary
antibodies RXFP2 (dilution: 1:500, custom-made by Abclonal, China) and
LRP6 (dilution: 1:1000, A22661, Abclonal, China), followed by secondary
antibodies (goat anti-rabbit IgG; dilution: 1:500, SE134, Solarbio, China)
conjugated with horseradish peroxidase. Bands were visualized using
enhanced chemiluminescence detection reagents (Thermo, USA) and a
Chemiluminescent Imaging System (Tanon, China). Band quantification
was performed using ImageJ software v2.1 and normalized to GAPDH.

Flow cytometry analysis, cell sorting and Immunofluorescence
confirmation

Male AP cells were incubated with the primary antibody THY1 (dilution:
1:500, Cat. No: ab307736, Abcam, USA) for 2 h, followed by incubation with
a secondary antibody (goat anti-rabbit IgG; dilution: 1:200, Cat. No:
SA00013-2, Proteintech, China) for flow cytometry analysis using a BD
FACSCelesta instrument. Fluorescence-minus-one (FMO) controls were
used to establish gating strategies. Cell sorting was performed on a FACS
Aria II system (BD Biosciences, USA), and data were analyzed with FlowJo
software v10. To further refine the cell population, THY1" APMCs were
incubated with the primary antibody RXFP2 (dilution: 1:200, custom-made
by Abclonal, China) for 1.5 h, followed by a secondary antibody (goat anti-
rabbit IgG; dilution: 1:200, Cat. No: SA00013-4, Proteintech, China),
enabling the isolation of THY1*RXFP2* APMCs and THY1'RXFP2
APMCs. To confirm the effective isolation of RXFP2" cells, we incubated
these cells with primary antibody NEGR1 (dilution: 1:250, Cat No: bs-
11095R, Bioss, China), which co-expresses with RXFP2, followed by incu-
bation with secondary antibodies (goat anti-rabbit IgG; dilution: 1:200, Cat
No: SA00013-2, Proteintech, China) for 2 h. DAPI staining was performed
for 5 min. Images were acquired and analyzed using an EVOS M5000
microscope (Thermo Fisher, USA).

Cell electroporation and screening

Approximately 20 pg of LRP6 specific sgRNA expression plasmid and 30 pg
of NG-Cas9 plasmid were co-transfected into 3 x 10° RXFP2" APMCs
using the NeonTM transfection system. The electroporation conditions for
the RXFP2" APMCs were as follows: 13500V, 30 ms, and 1 pulse. After
2 days, the cells were seeded into 100-mm dishes to form individual cell
colonies. The cell clones were picked and cultured in 24-well plates.
Approximately 15% of each cell clone was digested and lysed with 10 pl of
NP40 lysis bufer (0.45% NP40 plus 0.6% proteinase K) for 1 h at 56 °C and
10min at 95°C to provide templates for genotyping. The primers for
genotyping are shown as follows: LRP6 (forward 5-TGGAAAGCTGG-
GAAGCATGA-3 reverse 5-CATACAAAGCCCCTCGTCCC-3)).

Cell viability

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8, Cat No:
K1018, Apexbio, USA). Cells were initially cultured in DMEM medium for
2 days, followed by the addition of CCK-8 solution at a 10% volume ratio to
DMEM medium for 1h. The absorbance of the culture medium was
measured at 450 nm using a microplate reader (Perlong, DNM-9606,
China). Cell viability was evaluated by comparing absorbance values with
those of the untreated control group.

Cell apoptosis

Cells were cultured in DMEM medium for 48 h and then subjected to the
TUNEL assay (Cat No: C1089, Beyotime, China) according to the manu-
facturer’s instructions to assess apoptosis.

Osteogenic differentiation
Cells were seeded into a 6-well cell culture plate at a density of 1 x 10° cells/
well with inducing reagent (Cat No: HUXMX-90021, OriCell, China). The

formation and growth of bone nodules were analyzed at 21 days using
Alizarin Red staining.

Xenogeneic antler mouse model assay

Nude mice (BALB/c-nu) were selected for xenogeneic antler model
construction. The detailed procedure for AP tissue transplantation to
nude mice was as our previous papers””’. CSFIR-IN-3 (Cat No: HY-
139990, MCE, USA) was injected into the tail vein at a dosage of 0.2 mg
per day. CSF1R-IN-3 blocks CSF-1/CSF-1R signal transduction, sup-
pressing macrophage migration and reprogramming M2 macrophages
to the M1 phenotype. A 0.9% NaCl injection group served as the con-
trol. Each group consisted of six nude mice. After 21 days, the animals
were euthanized using pentobarbital, and the xenogeneic antlers were
halved. One half was fixed with 4% paraformaldehyde, embedded in
paraffin, sectioned, and subjected to Hematoxylin-Alcian Blue staining
to detect changes in chondrogenesis. The other half was prepared as
frozen sections for immunofluorescence staining with primary anti-
bodies CD11b (dilution: 1:200, Cat No: bsm-54156R, Bioss, China) and
CD206 (dilution: 1:200, Cat No: A21014, Abclonal, China) to confirm
the presence of M2 macrophages in the PBS group. Additionally, before
AP tissue transplantation, AP tissue underwent immunofluorescence
staining with the primary antibody IL34 (dilution: 1:100, Cat No: bs-
18170R, Bioss, China).

Statistical analysis

Analysis of data was done using GraphPad software v5.0. Data are presented
as mean * standard error of mean (S.E.M.). Significant differences among
three or more groups were determined using a one-way analysis of variance,
followed by Tukey’s multiple comparison tests.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The scRNA-seq gene expression profiling of female AP and LP from the this
study have been deposited in OMIX, China National Center for Bioinfor-
mation/Beijing Institute of Genomics, Chinese Academy of Sciences
(https://ngdc.cncb.ac.cn/omix) under accession numbers OMIX009035
and OMIX009036. The scRNA-seq data and bulk RNA-seq data of male AP
and FP from the previous study have been deposited in the Sequence Read
Archive (SRA) under accession number PRINA750429. The bulk RNA-seq
data of sika deer, muntjac, reindeer and CWD from the previous study have
been deposited in SRA under accession number PRINA768490. All source
data corresponding to the relevant figures are provided in Supplemen-
tary Data 1.
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