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ARTICLE INFO ABSTRACT

Keywords: The molecular regulation mechanisms for maintaining the homeostasis of mesenchymal stem cells still remains
Antler reserve mesenchymal cells poorly defined. Antler reserve mesenchymal cells (RM cells) persist through the whole rapid antler growth stage
miR-143-3p as a reserved stem cell population capable of division and differentiation, that makes the RM cells a unique model
E)l:tl:::ellular vesicles in stem cell regulation and cancer mechanism studies. Herein, we sequenced and analyzed the extracellular
Homeostasis vesicles (EVs) of RM cells in the growth center of antler, and identified a high expression level of miR-143-3p and
Osteosarcoma its target genes IGF1R, TGFf1, BMP2, etc. The upstream positive regulatory factor PRRX1 of miR-143-3p was

identified through ATAC and CUT-taq analysis, combined with dual luciferase assay. We showed that PRRX1
overexpression resulted in a decreased proliferation of RM cells and induced a higher expression of miR-143-3p.
miR-143-3p enriched EVs derived from PRRX1 overexpression RM cells had an inhibitory effect on RM cells,
osteosarcoma 143B cells (considered as excessive proliferation model for RM cells) and in vivo in osteosarcoma
bearing mice, and the mRNA and protein levels of IGF1R were significantly reduced. We confirmed that miR-
143-3p enriched EVs inhibited 3D culture induced chondrogenic differentiation of RM cells and xenogeneic
antler chondrogenesis through targeting TGFp1 and BMP2. Together, PRRX1 was identified as an activator of
miR-143-3p, and higher amounts of miR-143-3p in EVs of RM cells could inhibit excessive proliferation, and help
maintain the undifferentiated state of RM cells. We conclude that PRRX1/miR-143-3p signaling was a regulator
of homeostasis of antler RM cells and was a potential regulator of osteosarcoma. Our findings are essential for
advancing medical and biological sciences, providing new theoretical foundations and strategies for cancer
treatment and tissue regeneration.

Chondrogenic differentiation

1. Introduction

The precise regulation of stem cell homeostasis is one of the most
important issues in biology. However, there is little research on the
paracrine regulation of stem cell homeostasis. The maintenance of stem
cell homeostasis is the basis for its long-term existence and functional
performance, among which proliferation and differentiation are two
important processes of stem cell homeostasis, which are regulated by
various factors. While excessive proliferation of stem cells leads to
imbalance of tissue and organ homeostasis, further contributes to dis-
eases such as abnormal tissue and organ development, regeneration
damage, or tumor occurrence. Currently, there are relevant reports on
cell homeostasis maintenance of the brain, liver, and cardiovascular
system. For example, one study had shown that a Notch-dependent
switch [1] was responsible for a process whereby hindbrain boundary
cells underwent neuronal differentiation while maintaining the cell
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proliferative ability. Another study found that the negative feedback
regulatory loop formed by YAP and NR4Al maintained the balance
between cell proliferation and apoptosis [2]. In a further study [3],
regulation by cell cycle machinery downstream of the Tmem88-Wnt
pathway resulted in a balanced regulation of the proliferation and dif-
ferentiation processes of progenitor cells in the arch artery. During skin
development, denticleless E3 ubiquitin protein ligase (DTL) maintained
the proliferation and differentiation of epidermis and hair follicles [4].
The regulatory mechanisms for generating and maintaining stem cell
homeostasis, as well as the process of stem cell proliferation and dif-
ferentiation, are influenced and regulated by multiple factors, and there
is a lack of effective animal models for precise studies of molecular
regulation.

Deer antler can grow complex bone tissues in a short period of time,
makes it as a traditional Chinese medicine and is widely studied,
particularly their pharmacological activities [5,6] and clinical
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applications [7]. Antler reserve mesenchymal cells (RM cells) at the tip
of antler persist during the growth stage as a reserved stem cell popu-
lation capable of division and differentiation [8-11]. The characteristics
of RM cells make it an ideal animal model for the study of cellular ho-
meostasis maintenance [12]. Our previous study showed that RM cells
were a kind of PRRX1 positive cell with strong regenerative potential
[13]. Through analysis of gene expression during rapid antler growth
and of transcriptomics of the antler growth centers at different rates of
growth, we have constructed a gene expression regulatory network. We
had obtained 55,306 transcripts and 1082 small RNAs related to the
rapid growth of antler, among which miR-143-3p were highly expressed
in the growth center of deer antler [14]. miR-143 precursor with stem
ring structure can be processed into miR-143-3p (the guide strand) and
miR-143-5p (the passenger strand) according to different shearing sites.
Currently, it had been shown that miR-143-3p had a clear function.
Researchers showed that miR-143-3p was closely related to the devel-
opment of osteosarcoma [7]. Coincidentally, related studies of gene
profile had shown that although the growth of antler was very similar to
osteosarcoma (r = 0.67-0.78), the antler never became cancerous [11].
Therefore, it was hypothesized that antler could serve as a reference
model for studying the mechanism of cellular homeostasis, and we
speculate that miR-143-3p might be one of the key regulatory factors.

The regulatory mechanism of miR-143-3p is very complex, and it can
not only act on multiple target genes, but also work together with other
factors. At present, research is focused on functional validation of only a
few genes, and the interactions between miR-143-3p and its upstream
regulatory factors, as well as between miR-143-3p target genes, are not
well understood. In particular, regulation of cellular homeostasis
through paracrine pathways needs further exploration as understanding
of its regulatory network could provide new avenues for investigation of
growth and development and prospects for treatment of disease.

In view of this, we hypothesized that PRRX1/miR-143-3p signaling
might regulate the homeostasis of RM cells through paracrine mecha-
nisms. Through multi-omics analysis, in vitro and in vivo studies, the
upstream regulatory factor PRRX1 and downstream target gene of miR-
143-3p were identified. The EVs of RM cell mediated paracrine pathway
were investigated to reveal the regulatory effect of PRRX1/miR-143-3p
signaling on the cellular homeostasis of RM cells (Fig. 1). We showed
that the high amounts of miR-143-3p in EVs of RM cells could inhibit
excessive proliferation and help maintain the undifferentiated state of
RM cells, and concluded that PRRX1/miR-143-3p signaling was a
regulator of homeostasis in antler RM cells and was a potential regulator
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of osteosarcoma. In depth research on the mechanisms of RM cell ho-
meostasis, proliferation, and differentiation is essential for advancing
medical and biological sciences, providing new theoretical foundations
and strategies for cancer treatment and tissue regeneration.

2. Results
2.1. Expression profile of miRNAs in EVs of antler RM cells

In order to identify the key factors secreted by paracrine pathway
that regulates homeostasis of antler RM cells, the miRNA composition in
the EVs of antler RM cells were analyzed. Firstly, through isolation and
culture of the RM cells in the growth center of deer antler (Fig. 2A), we
obtained phenotype stable RM cells that expressed mesenchymal stem
cell markers CD73, CD90, NESTIN and specifically expressed COLII
(Fig. 2B). The EVs of RM cells were collected (Fig. 2C). After identifi-
cation, the EVs of RM cells expressed the marker proteins of EVs
(Fig. 2D). The particle size of EVs was normal (mean diameter 71.37 +
19.72 (SD) nm) (Fig. 2E). The expression profile of miRNAs analysis
showed that in addition to miRNAs that maintained normal cell growth,
miR-143-3p, an important tumor suppressor, was found to be highly
expressed (Fig. 2F, Table S1), and as the RM layer gradually differenti-
ated into cartilage, the expression of miR-143-3p was significantly
decreased (Fig. 2G). We speculated that miR-143-3p might play an
important role in regulating the homeostasis of antler RM cells.

2.2. IGFIR was a key target gene of miR-143-3p during the rapid growth
of antler

The intersection of differentially expressed genes during the differ-
entiation of antler RM cells (from the RM layer to the pre-cartilage layer
and further to the cartilage layer) and the predicted miR-143-3p target
genes was obtained; a total of 1422 major candidate target genes of miR-
143-3p were identified (Table S2). Subsequently, expression trend
analysis and functional enrichment analysis were conducted on these
1422 candidate target genes. We found that the gene expression trend in
module 7 was opposite to that of miR-143-3p as evident in Fig. 2G,
including IGF1R and other genes highly related to antler growth
(Fig. 3A). These target genes were significantly enriched in biological
processes of chondrocyte differentiation and positive regulation of cell
proliferation (Fig. 3B). We further identified that TGFp1 and BMP2
(Table S2), which were closely related to chondrocyte differentiation,
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Fig. 1. A flowchart summarizing the experimental workflow. We hypothesized that PRRX1/miR-143-3p signaling might regulate the homeostasis of RM cells
through paracrine mechanisms. Through multi-omics analysis, in vitro and in vivo studies, the upstream regulatory factor PRRX1 and downstream target gene of
miR-143-3p were identified. The EVs of RM cell mediated paracrine pathway were investigated to reveal the regulatory effect of PRRX1/miR-143-3p signaling on the

cellular homeostasis of RM cells.
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were candidate target genes of miR-143-3p. The results suggested that
miR-143-3p might have a function of maintaining the undifferentiated
state and inhibiting excessive proliferation of RM cells.

The binding sites of miR-143-3p on the IGF1IR mRNA of sika deer
were predicted using miRWalk and RNAhybrid software, and two
possible binding sites were identified, both located in the CDS region
(Fig. 3C). Two wild-type and mutant luciferase reporter plasmids of
IGF1R were co-transfected with miR-143 mimic and negative control
into 293 T cells. The luciferase activity of the two wild-type groups was
significantly reduced compared to mutant groups (P < 0.01) (Fig. 3D),
indicating that IGF1R was the key target gene of miR-143-3p.

2.3. PRRX1 was a regulator of miR-143-3p during the rapid proliferation
of antler RM cells

An Assay for Transposase-Accessible Chromatin (ATAC) analysis was
performed to determine the upstream regulatory region of pri-miR-143,
to predict the regulatory proteins bound to this region, and to identify
important factors regulating miR-143-3p expression. The results showed
that an ATAC peak was identified around 4 kb upstream of pri-miR-143
(Fig. 4A). A total of 167 transcription factors were predicted to bind to
this open region (Table S3), among which 37 transcription factors were
differentially expressed in the tissue layers (RM, PC, and CA, three stages
of deer antler growth) (Fig. 4B), with PRRX1 being the most significant
in terms of differential expression.

The functional enrichment analysis of 37 possible upstream regula-
tory factors of miR-143-3p showed that the most significant biological
function was the negative regulation of cell differentiation (Fig. 4C),
suggesting that the transcription factors, such as PRRX1, which inhibit
cell differentiation, might be the most critical upstream regulatory fac-
tor of miR-143-3p. Further, the protein interaction network analysis of
37 possible upstream regulatory factors of miR-143-3p showed that
PRRX1 was a key factor among them (Fig. 4D).

Further validation was conducted at the cellular level using
CUT&Tag (Cleavage Under Targets and Tagmentation) to confirm that
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PRRX1 could bind to the upstream regulatory region of pri-miR-143,
which was consistent with the region determined by ATAC seq (Fig. 4A).

The binding ability of transcription factor PRRX1 to the regulatory
region of miR-143-3p was validated in 293 T cells using a dual luciferase
reporter system. The results showed that when the ATAC peak was
missing or mutated, PRRX1 could not bind to the upstream regulatory
region of pri-miR-143, and the fluorescence signal was decreased
(Fig. 4E). The results further indicated that PRRX1 was a key regulatory
factor of miR-143-3p.

2.4. Effect of PRRX1-miR-143-3p signaling on the proliferation of RM
and osteosarcoma 143B cells

We investigated effect of PRRX1-miR-143-3p signaling on the cell
proliferation using RM and osteosarcoma 143B cells. Firstly, we found
that the proliferation of RM cells was inhibited after overexpression of
PRRX1, while interference with PRRX1 resulted in the opposite effect
(Fig. 5A) when compared with the control. The expression levels of miR-
143-3p were compared after overexpression and interference of PRRX1.
The results showed that overexpression of PRRX1 significantly increased
the expression of miR-143-3p, while interference with PRRX1 signifi-
cantly reduced the expression of miR-143-3p (Fig. 5B), suggesting that
the expression of miR-143-3p could be regulated by the expression of
PRRX1, thereby changing the proportion of miR-143-3p in the EVs of
antler RM cells.

Then, miR-143-3p enriched EVs derived from PRRX1 overexpression
RM cells were obtained (miR-143-RM-EVs) (Fig. 5C). The results showed
that the number of EVs obtained by the PRRX1 overexpression method
was comparable to number of EVs derived from RM cells (Fig. 5D), and
the proportion of miR-143-3p in EVs was significantly higher than that
of EVs derived from RM cells (Fig. 5E); also the EVs obtained by the two
methods all expressed EVs marker proteins (Fig. 5F). Based on these
comparisons, this study suggested that the PRRX1 overexpression
method could effectively produce miR-143-3p enriched EVs of antler
RM cells.
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Fig. 2. Expression profile of miRNAs in EVs of antler RM cells. A-B, Source and characteristics of the RM cells in the growth center of deer antler for isolation and
culture. C, Morphological observation of EVs of RM cells using SEM. D, Western blot identification of the marker proteins of EVs. E, Particle size of RM EVs. F,
Expression profile of miRNAs analysis showed that miR-143-3p was highly expressed. G, gPCR analysis of the expression level of miR-143-3p in the RM, PC and CA
tissue layers. RM, reserve mesenchyme, PC, pre-cartilage, and CA, cartilage. n = 3, biological replicates per group. *p < 0.05.
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Fig. 3. IGF1R was a key target gene of miR-143-3p. A, Through expression trend analysis of the 1422 candidate target genes of miR-143-3p, it was found that the
gene expression trend in module 7 was opposite to miR-143-3p, including IGF1R and other genes highly related to antler growth. B, Functional enrichment analysis of
the 1422 candidate target genes of miR-143-3p showed that the target genes are significantly enriched in biological processes such as chondrocyte differentiation and
positive regulation of cell proliferation. C, The binding sites of miR-143-3p on the IGF1R mRNA of sika deer were predicted using miRWalk and RNAhybrid software,
and two possible binding sites were identified, both located in the CDS region. D, Two wild-type and mutant luciferase reporter plasmids of IGF1R were constructed
and co-transfected with miR-143 mimic and negative control into 293T cells. The luciferase activity of the two wild-type groups was significantly reduced compared
to mutant groups. n = 3 biological replicates per group. **p < 0.01 vs pmirGLO-control group; *#p < 0.01 vs Negative control mimic group.

Subsequently, RM cells were treated with miR-143-RM-EVs, and cell
proliferation was inhibited; these effects were confirmed through
transfection of miR-143-3p mimics; while transfection of RM cell EVs
significantly promoted RM cell proliferation (Fig. 5G). It was speculated
that RM EVs contained other factors that promoted RM cell prolifera-
tion, while excessive miR-143-3p transported by RM EVs had an
inhibitory effect on RM cell proliferation.

Further treatment of 143B cells with miR-143-RM-EVs significantly
decreased cell proliferation ability. Transfection of miR-143-3p mimics
also confirmed the inhibitory effect of miR-143-3p on 143B cell prolif-
eration, while transfection of RM EVs had no significant effect on 143B
cell proliferation (Fig. 5H). Further detection was conducted on the
expression of the target gene IGF1R in 143B cells treated with miR-143-
RM-EVs. The results showed that the mRNA and protein levels of IGF1R
were significantly reduced after treatment (Fig. 5I-J), and the same ef-
fect was observed when miR-143-3p mimics were transfected. These
results confirm that miR-143-RM-EVs had a significant inhibitory effect
on the proliferation of osteosarcoma 143B cells, possibly by reducing the
expression of IGF1R. We concluded that the responses of RM cells and
143B cells to PRRX1/miR-143-3p modulation were all suppressed.

2.5. miR-143-3p-enriched-EVs inhibited osteosarcoma in vivo

Based on the highly similar gene expression pattern of antler and

osteosarcoma, we used 143B osteosarcoma as an excessive proliferation
model of antler. A 143B osteosarcoma bearing mouse model was con-
structed to detect the effect of miR-143-3p-enriched-EVs (miR-143-RM-
EVs) on 143B osteosarcoma growth.

The results showed that inoculating osteosarcoma 143B cells into the
distal femur of nude mice successfully established an in-situ osteosar-
coma mouse model (Fig. 6A). Gene expression analysis showed that the
expression level of miR-143-3p in 143B cells was extremely low and
significantly lower than that in deer antler RM cells (Fig. 6B). The
expression level of miR-143-3p in the legs of tumor bearing mice was
also significantly lower than that in the leg muscle tissue of normal mice
(Fig. 6C). Analysis of the miR-143-3p target gene showed that the
expression level of IGF1R in the legs of tumor bearing mice was signif-
icantly higher than that in the leg muscle tissue of normal mice (Fig. 6D).
miR-143-RM-EVs were injected intratumorally into tumor bearing mice.
Two weeks after the treatment, the leg volume and tumor weight of the
tumor bearing mice were significantly reduced compared with the
control group (Fig. 6E-G), the diameter of the tumors in miR-143-RM-
EVs was 0.68 + 0.15 cm, significantly decreased compared with the
control group (1.12 £ 0.07 cm). The target gene IGF1R of miR-143-3p
was also significantly inhibited (Fig. 6H-I).
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conducted at the cellular level using CUT&Tag and confirmed that PRRX1 can bind to the upstream regulatory region of pri-miR-143, which is consistent with the
region determined by ATAC seq. B, 37 transcription factors were predicted to bind to the open region of pri-miR-143 and were differentially expressed in the tissue
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factors of miR-143-3p showed that the most significant biological function was the negative regulation of cell differentiation. D, The protein interaction network
analysis of 37 possible upstream regulatory factors of miR-143-3p showed that PRRX1 is a key factor among them. E, The binding ability of transcription factor
PRRX1 to the upstream regulatory region of miR-143-3p was validated in 293T cells using a dual luciferase reporter system. The results showed that when the ATAC
peak was missing or mutated, PRRX1 could not bind to the upstream regulatory region of pri-miR-143, and the fluorescence signal was decreased. n = 3 biological

replicates per group. **p < 0.01.

2.6. miR-143-3p-enriched-EVs inhibited chondrogenic differentiation of
antler RM cells

A 3D culture method in antler RM cells without inducing factors
(TGFp1/3) was used to induce chondrogenic differentiation for 21 days;
miR-143-RM-EVs were added to the induction system, with the RM-EVs
and no EVs groups as controls. The results showed that miR-143-RM-EVs
inhibited chondrogenic differentiation of antler RM cells, and could not
form spherical structures through the induction period (Fig. 7A); Both
the RM-EVs and no EVs groups of RM cells were able to differentiate into
cartilage and form spherical structures, which were identified through
HE and Alcian Blue staining, and COLII immunofluorescence as spher-
ical structures formed by chondrocyte aggregation (Fig. 7A). The gene
and protein expression analysis of three groups showed that the
expression of chondrocyte markers TGFp1 and BMP2 in the miR-143-
RM-EVs group was significantly downregulated (Fig. 7B), and TGFp1

and BMP2 were also candidate target genes of miR-143-3p.

The effect of miR-143-RM-EVs on chondrogenic differentiation at the
in vivo level was further validated based on a nude mouse antler model
(Fig. 7C). The results showed that the cartilage formation of the nude
mouse antler was significantly reduced after administration of miR-143-
RM-EVs. Histological observations showed that the tissue formed in the
miR-143-RM-EVs group was mainly fibrous connective tissue, while the
control group could form cartilage tissue (Fig. 7D). Inmunofluorescence
analysis showed that the expression of chondrocyte markers TGFp1 and
BMP2 in the nude mice antler of the miR-143-RM-EVs group was
significantly downregulated (Fig. 7E-F). These results indicated that
miR-143-3p inhibited the chondrogenic differentiation of antler RM
cells through targeting TGFf1 and BMP2 and played an important role in
maintaining the undifferentiated state of RM cells during the rapid
growth of antler.
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Fig. 5. Effect of PRRX1-miR-143-3p signaling on the proliferation of RM and osteosarcoma 143B cells. A, The cell proliferation ability of miR-143-3p was compared
after overexpression and interference of PRRX1. **p < 0.01 vs control (empty-Lenti) group; *#p < 0.01 vs Prrx1-Over group. B, The expression levels of miR-143-3p
were compared after overexpression of and interference with PRRX1. **p < 0.01 vs control (empty-Lenti) group; **p < 0.01 vs Prrx1-Over group. C, miR-143-3p
enriched EVs were obtained from PRRX1 overexpression antler RM cells. D, The number of EVs obtained by PRRX1 overexpression method. E, The proportion of miR-
143-3p in EVs was significantly lower than that of EVs from PRRX1 overexpression RM cells. **p < 0.01 vs RM-EVs group. F, The EVs obtained by PRRX1 over-
expression method expressed EVs marker proteins. G, RM cells were treated with miR-143-3p enriched EVs, and cell proliferation was inhibited. H, Treatment of
143B cells with miR-143-3p enriched EVs significantly decreased cell proliferation ability. I-J, Detection on the expression of the target gene IGF1R in 143B cells
treated with miR-143-3p enriched EVs. The mRNA and protein levels of IGF1R were significantly reduced after treated with miR-143-3p enriched EVs. n = 3,
biological replicates per group. *p < 0.05 and **p < 0.01. G-J: *p < 0.05 and **p < 0.01 vs Control group; *p < 0.05 and *#p < 0.01 vs Negative control mimic

group; "p < 0.05 and ""p < 0.01 vs RM-EVs group.
3. Discussion

In this study, we set out to assess the importance of PRRX1/miR-143-
3p signaling in regulating the cellular homeostasis of antler RM cells
through paracrine pathways. Studies had shown that miR-143-3p was an
anti-cancer factor [15], and its expression was significantly inhibited in
osteosarcoma [16]. Through our studies, we elucidated the mechanism
by which miR-143-3p derived from EVs of RM cells positively regulated
by PRRX1 could inhibit excessive proliferation of antler RM cells
through targeting IGF1R and maintain the undifferentiated state of RM

cells through targeting TGFp1 and BMP2 (Fig. 8). This study is important
in revealing the paracrine regulatory mechanism for maintenance of the
homeostasis state of RM cells, and shows that PRRX1/miR-143-3p
signaling might be a potential regulator of osteosarcoma.

The results of this study confirmed that the high expression of miR-
143-3p in the EVs of antler RM cells was an inhibitory factor in the
regulation of RM cell proliferation and the prevention of carcinogenesis
through paracrine pathways in the antler. It has been reported that miR-
143-3p plays a regulatory role in various physiological and pathological
processes. For example, miR-143-3p could promote wound healing by
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Fig. 6. miR-143-3p enriched EVs inhibited osteosarcoma through targeting IGF1R. A, Inoculating osteosarcoma 143B cells into the distal femur of nude mice
successfully established an in-situ osteosarcoma mouse model. B, Gene expression analysis showed that the expression level of miR-143-3p in 143B cells was
significantly lower than that in deer antler RM cells. C, The expression level of miR-143-3p in the legs of tumor bearing mice was also significantly lower than that in
the leg muscle tissue of normal mice. D, Analysis of the miR-143-3p target gene showed that the expression level of IGF1R in the legs of tumor bearing mice was
significantly higher than that in the leg muscle tissue of normal mice. E-G, miR-143-3p enriched EVs were injected intratumorally into tumor bearing mice. After 2
weeks of treatment, the leg volume and tumor weight of the tumor bearing mice were significantly lower than those of the control group. H-I, The target gene IGF1R
of miR-143-3p was also significantly inhibited in the miR-143-3p enriched EVs group. n = 3 biological replicates per group. *p < 0.05.

regulating IGFBP5 [17,18]; participate in organ formation and devel-
opment by regulating Notch [19]; and participate in inflammatory
response by regulating IL13Ral and TLR [20,21]. In addition, miR-143-
3p was closely related to the development of tumors [22-25]. The
incidence of osteosarcoma was closely related to the decrease of miR-
143-3p in vivo. Upregulation of miR-143-3p expression in vitro could
significantly reduce the survival ability of osteosarcoma cells and pro-
mote cell apoptosis, while upregulation of miR-143-3p expression in
osteosarcoma cells in vivo could lead to tumor growth restriction and
significant reduction in tumor volume [16]. Further, miR-143-3p could
inhibit cell proliferation through interacting with multiple target genes
such as KRAS, c-Myc, and ERK5, while in this study, the inhibitory ef-
fects of miR-143-3p enriched EVs on proliferation of antler RM cell and
143B osteosarcoma cell were achieved by targeting IGF1R, which
involved in cell growth and survival control [26]. The results in this
study further demonstrated that miR-143-3p was a tumor suppressor
gene [27-29]. However, it would be useful to further compare the re-
sponses of RM cells and 143B cells to PRRX1/miR-143-3p modulation in
more detail, especially in the differences of gene expression regulation
and changes in cell phenotypes.

The results of this study indicated that miR-143-3p not only inhibits
RM cell proliferation, but also plays an important role in regulating RM
cell differentiation. Other studies have shown that miR-143-3p over-
expression inhibited osteogenic differentiation of human adipose-
derived mesenchymal stem cells (hADSCs), while miR-143-3p knock-
down enhanced this process, and these effects were probably through
the k-Ras/MEK/ERK pathway [30]. It was showed that miR-143-3p was
downregulated during osteogenic differentiation of dental pulp stem

cells (DPSCs), and that miR-143-3p overexpression suppressed osteo-
genic differentiation of DPSCs [31]. miR-143-3p overexpression could
also restrained proliferation and differentiation of bovine skeletal
muscle satellite cells (MSCs) through decreasing IGFBP5 [32]. miR-143-
3p inhibitors could induce myogenic differentiation of DPSCs [33].
However, there are no reports of miR-143-3p being associated with
chondrogenic differentiation. In this study, we have confirmed that miR-
143-3p inhibited antler chondrogenic differentiation through targeting
TGFp1 and BMP2, the two factors regulate the growth and differentia-
tion of various cell types [34]. The result in this study further improved
the study of miR-143-3p on cell differentiation and confirming that miR-
143-3p might be an important regulatory factor in inhibiting cell
differentiation.

There is limited research on how miR-143-3p is regulated, and the
downregulation of miR-143-3p in cancer is largely unexplained. It has
been postulated that epigenetic silencing plays an important regulatory
role in miR-143-3p expression. In this respect, it was reported that miR-
143-3p was susceptible to DNA demethylation in colorectal cancer
(CRC) cells [35]. A DNA methylation study showed that the hyper-
methylation of pre-miR-143 promoter region resulted in the down-
regulation of miR-143-3p [36]. In this study, we identified the upstream
chromatin open region of pre-miR-143 through ATAC and CUT-taq
sequencing, and verified through subsequent experiments that PRRX1
could positively regulate the expression of miR-143-3p. PRRX1 might
play a role in homeostasis and regeneration of bone, white adipose tissue
and derm [37]. We speculated that PRRX1 could influence the expres-
sion of miR-143-3p, probably through chromatin remodeling: Chro-
matin remodeling regulates miR-143-3p expression by altering the



P. Hu et al.

3D culture HE+Alcian Blue

RM-EVs

X
X

miR-143-
RM-EVs

miR-143-RM-EVs

COLII/ DAPI

International Journal of Biological Macromolecules 285 (2025) 138366

- TGFB1 z BMP2
> >
215 L£15
<
21 e 2 i
= ek % sk
(2]
%0.5 205
&0 S0
O NS NS x5O NS NS
o E i) & oo v X
@t&““" » @E&—‘M’W
) ol
E § BMP2
) 2 15
= = ##
g> 5 1 3%
2 205
o o
2 g 0=
STGFB] e SV —————
"0 GAPDH i —— %GAPDH—I—-—-
® coO (gNS g\ = o AR e
Y‘N:‘{,\A&"{N\ ® ,\%_\M’?‘N\
! !
Control

miR-143-RM-EVs
3 s

NS

miR-143-RM-EVs
BMP2

Control

BMP2
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structure and position of chromatin, making it easier for transcription
factors to approach and bind to DNA, thereby regulating miR-143-3p
transcription. In previous studies, we have shown that PRRX1 served
as a marker for antler stem cells [13]. PRRX1 was expressed only in
undifferentiated mesenchymal cells and expression gradually ceased
with differentiation, indicating that PRRX1 had an inhibitory effect on
mesenchymal cell differentiation [38]. Knockout of PRRX1 could pro-
mote adipogenesis of MSCs by inhibiting the TGF-p pathway, suggesting
that PRRX1 might inhibit adipogenic differentiation of MSCs [39]. In
addition, the PRRX1 gene subtype (PRRX1a and PRRX1b) played an
important role in cartilage formation. Overexpression of PRRXla
increased pre-cartilage formation and increased chondromas, while
overexpression of PRRX1b led to a decrease in them. PRRX1a increased

the percentage of cells with proliferative activity in tissue culture and
reduced cell apoptosis, while PRRX1b promoted cell apoptosis [40]. It
was confirmed that PRRX1a only was expressed during the early stage of
chondrogenesis in mesenchymal cells, and high levels of PRRX1b
expression occurred during chondrocyte membrane formation [40].
Further research is needed on the genotype of PRRX1 and its role in deer
antler regeneration, as well as the systematic time- and dose-dependent
regulation of miR-143-3p.

Regulation by paracrine expression played an important role in
maintaining tissue and cell homeostasis. Although many attempts have
been made to restore expression of miR-143-3p, such as the use of miR-
143-3p mimics [41], vesicular stomatitis virus incorporation [42] [43]
oncolytic adenovirus [44] and chemical modification [45] [46], these
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nism by which miR-143-3p derived from EVs of RM cells positively regulated by
PRRX1 can regulate the homeostasis of antler RM cells by targeting IGF1R to
inhibit carcinogenesis, and maintain the undifferentiated state of RM cells by
targeting TGF p 1 and BMP2.

methods have proven to be poorly-targeted and less safety. In recent
years, the study of miRNA function mediated by EVs had attracted
widespread attention [47-49]. In this study we showed that the
microRNA enriched EVs were efficient vehicles for transporting miRNA
to exert its biological functions, although further work is needed to
compare the loading efficiency of different methods. However, the
method of loading EVs with miRNA has significant advantages
compared to other methods, and the complex mechanisms of EVs-
mediated cellular communication and its regulation of cellular homeo-
stasis still require further research.

Deer antler is a unique model to study the regulation of rapid organ
regeneration and cancer mechanisms [50], the applicability of results
found in antler to different models still need verification. However,
based on mammals, the key factors and their pathways and mechanisms
in deer antler have important reference significance for human organ
regeneration, tissue repair, and cancer research.

We employ multi-omics approaches (ATAC and CUT-taq analysis),
and use multi-level experimental designs (in vitro and in vivo studies),
and highlight the involvement of EVs in mediating paracrine signaling.
Which could more comprehensively reveal the regulation of PRRX1/
miR-143-3p signaling on proliferation and differentiation. These find-
ings suggest that this pathway may play a significant role in maintaining
cellular balance and could have potential implications for understanding
osteosarcoma regulation. The manuscript contributes valuable data to
the field of stem cell and cancer biology by elucidating a novel PRRX1/
miR-143-3p axis in RM cell regulation, and these comprehensive ap-
proaches strengthen the conclusions and enhance the study's validity.

In summary, the present results are significant in at least two major
respects. Firstly, we identified the upstream chromatin open region of
pre-miR-143 through ATAC and CUT-taq analysis, and verified through
subsequent experiments that PRRX1 could positively regulate the
expression of miR-143-3p; Secondly, we showed that the paracrine
pathway mediates the regulatory effect of PRRX1/miR-143-3p signaling
on the proliferation and chondrogenic differentiation of RM cells, as well
as the excessive proliferation of osteosarcoma 143B cells. This study
provides a basis for exploring the paracrine regulation mechanism by
which cell populations maintain homeostasis through PRRX1/miR-143-
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3p signaling.
4. Materials and methods
4.1. Ethical statement

All animal experiments were carried out in accordance with the
National Research Council's Guide for the Care and Use of Laboratory
Animals. All procedures concerning animals were approved by the
Institutional Animal Ethics Committee of Changchun Sci-Tech Univer-
sity, Changchun, China (Ethics No.: CKARI202323).

4.2. Isolation and in vitro culture of RM cells

Deer antlers were provided by Jilin Dongao Deer Industry Group Co.
Ltd. The RM cells were isolated from antler RM tissue in rapid growth
stage using the method preciously reported [9], fresh deer antler tissue
was shaved with surgical blades, and disinfected with iodine and 75 %
alcohol, then used a surgical knife to cut RM tissue and removed con-
nective tissue, cut into small pieces and transferred to a mixture of type I
collagenase (200 U/mL, Gibco, 9001-12-1) and type II collagenase (150
U/mL, Gibco, 17,101-015), digested at 37 °C for 15 min and centrifuged
at 1000 r/min to remove collagenase, transferred the chopped tissue
pieces to a culture dish and disperse them, added a small amount of
culture medium to make the tissue pieces adhere to the wall, and placed
them in a carbon dioxide incubator, changed the culture medium every
2 days and continued culturing until the RM cells migrated out. The RM
cells were cultured in complete medium containing 89 % DMEM, 10 %
fetal bovine serum and 1 % penicillin/streptomycin (100x) at 37 °C CO»
incubator. The RM cells in the logarithmic phase of growth were used for
isolation of the EVs.

4.3. Isolation and characterization of EVs

The RM cells were cultured for 48 h in DMEM medium containing 10
% exosome free fetal bovine serum, then the supernatant was collected
and EVs released from RM cells were obtained using gradient centrifu-
gation method, namely the collected cell culture medium was centri-
fuged at 300 g, 2000 g, and 10,000 g to remove cell debris and large
molecular proteins, and finally centrifuged at 100000 g to obtain RM
EVs. The morphology analysis of EVs was carried out by transmission
electron microscopy (TEM; Hitachi H7650, Japan). The size and con-
centration of EVs were characterized by nanoflow cytometry
(NanoFCM). EV markers such as TSG101, CD81 and CD63 were detected
by western blot analysis.

4.4. MicroRNA analysis of EVs

EVs were used for RNA extraction, RNA degradation, purity and
integrity were checked subsequently. microRNAs (miRNAs) were
sequenced on a novaseq 6000 platform (Novogene Co., LTD, China). The
known miRNAs were identified by comparison against miRNA precursor
sequences from miRBase22.0 using mirDeep2 software. Differentially
expressed miRNAs were identified using DEGsEq. (1.38.0) R package, P
value <0.05 and |log2(foldchange)| > 1 was set as filters.

4.5. miRNA targets prediction, functional enrichment analysis

Targets of miRNAs were predicted by RNAhybrid 2.2 software. The
functional enrichment analysis was carried out using Metascape
software.

4.6. Luciferase activity assay of miRNA binding sites

Recombinant pmir-GLO luciferase plasmid were constructed using
wild-type/mutated miRNA binding sequence amplified from deer IGF1R
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gene. The constructed plasmid, together with miR-143-3p mimic or
negative control mimic were co-transfected to 293 T cells using Lip-
ofectamine 3000 (Invitrogen, USA). After 24 h culture, luciferase ac-
tivity was analyzed using the Spark multimode microplate reader
(TECAN, Austria). Three individual experiments were performed for
statistical purposes. Primers were listed in Tables S4.

4.7. ATAC analysis of miRNA upstream region and enrichment analysis
of region-associated genes

ATAC data were obtained from our previous published studies which
deposited in Genome Sequence Archive in National Genomics Data
Center  (https://ngdc.cncb.ac.cn/gsa)  with  accession  number
CRA014751. Peak region was defined using MACS2 v2.1.1 software. The
genes associated within the peak region were annotated and used for
enrichment analysis using Metascape database.

4.8. PRRX1-CUT&Tag analysis of miRNA upstream region and verified
through luciferase activity assay

PRRX1-CUT&Tag data of RM cells was obtained from our previous
data deposited in Genome Sequence Archive in National Genomics Data
Center with accession number CRA014775. all peak regions were
defined using MACS2 software and annotated using ChIPseeker soft-
ware. pGL3.0 plasmid containing fragments of wild, mutated and
deleted peak regions of miR-143-3p were constructed, respectively, and
co-transfected with pCDNA3.1-PRRX1 and phRL-TK plasmids into 293 T
cells. After 24 h of transfection, luciferase signaling was detected using
fluorescence spectrophotometer. Primer information were listed in
Table S4.

4.9. PRRX1 overexpression and RNAi RM cells

Three groups, namely PRRX1 overexpression RM cells, PRRX1 RNAi
RM cells, and empty lentiviral vector infected RM cells were used to
detect cell proliferation rate and miR-143-3p expression levels, these
cells were constructed in our previous study and preserved in our lab-
oratory. EVs released from PRRX1 overexpression RM cells were also
collected to detect miR-143-3p expression. Primers for microRNAs were
designed by stem loop methods (Table S4). U6 were used as internal
reference. Each group has 3 biological replicates, respectively.

4.10. The responses of RM cells and 143B cells to PRRX1/miR-143-3p
modulation

The RM and 143B cells were seeded into 96/6 well plates at a con-
centration of 3000,/10° cells per well, respectively, and treated with four
groups of EVs and miRNA mimics for 24 h, namely RM-EVs group, miR-
143-RM-EVs group, miR-143 mimics group, negative mimics control
group and control group with no EVs or mimics treatment. Then the cells
were collected for CCK-8 (Apexbio, K1018), quantitative real-time PCR
and western blot analysis according to the instruction manual. Each
group has three biological replicates, respectively.

4.11. Quantitative real-time PCR analysis

RNA was extracted using TRIZOL (Thermo Fisher, USA), RNA con-
centration was determined by Micro spectrophotometer (Nano-300,
Aosheng, China); cDNA synthesis was carried out using PrimeScript RT
Master Mix kit (Takara, Japan); Gene expression were quantified using
SYBR Premix EX Taq (Perfect Real time) (Takara, Japan) on a quanti-
tative real-time PCR system (QTOWER3G, Germany). Three individual
experiments were performed for statistical purposes. The results were
analyzed using the 2 AACT method.
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4.12. Western blot analysis

Tissue or cells were used for protein extraction using RIPA solution
(Sigma, USA). Phenylmethanesulfonyl fluoride (PMSF) and protease/
phosphatase inhibitors were added during the extraction process to
avoid protein degradation. Protein concentrations were assessed using
BCA protein assay kit (ZJ101, EpiZyme, China). Protein quantity was
then analyzed through SDS-PAGE electrophoresis, transmembrane,
primary-second antibody incubation and chemiluminescence. The
relative quantity of Rabbit Anti-GAPDH antibody (bs-2188R) served as
control. The primary antibodies were Rabbit Anti-BMP2 antibody (bs-
0514R), Rabbit Anti-TGF beta 1 antibody (bs-0086R), Rabbit Anti-
IGF1R antibody (bs-0227R), respectively.

4.13. Construction of osteosarcoma orthotopic model

4-week old female Balb/c nude mice were selected and injected with
143B cells to establish osteosarcoma orthotopic model. In total, 6 tumor
bearing nude mice were randomly divided into two groups (3 mice/
group): Control, miR-143-RM-EVs group. The miR-143-RM-EVs were
intratumorally injected every 2 days for 6 times; The control group
received 200 pL saline. The tumor volume was measured every other day
during treatment. At the end of treatment, mice were anesthetized and
the tumor was removed, photographed, weighed, and prepared for gPCR
and WB assessment.

4.14. Chondrogenic differentiation and miR-143-RM-EVs treatment

The RM cells were seeded into Nunclon Sphera 3D Culture System at
a density of 2 x 10* cells/well, and divided into three groups (12 well/
group): Control, RM-EVs group, miR-143-RM-EVs group. The formation
and growth of spheroids were analyzed at 21 days using the frozen
section, with alcian blue staining, immunofluorescence analysis, qQPCR
and WB analysis.

4.15. Xenogeneic antler mouse model treated with miR-143-RM-EVs

Xenogeneic antler model were constructed according to method
previous reported [51], and divided into two groups (three mouse/
group): Control, miR-143-RM-EVs group. In the miR-143-RM-EVs
group, miR-143-RM-EVs (108 EVs/mouse) were injected into the xeno-
geneic antlers, with 2-3 injections per week for 3 weeks, the control
group received 200 pL saline. The xenogeneic antler samples were taken
at 21 days of transplantation from anesthetized mice. Analyses of the
xenogeneic antlers were carried out with HE-Alcian blue staining,
immunofluorescence analysis, respectively.

4.16. Statistical analysis

The treatment conditions (such as timing, concentration, and inter-
vention frequency) were consistent between each group in cell and an-
imal experiments. Two-tailed Student's t-text was used to compare the
differences between two groups. One-way ANOVA and post hoc Bon-
ferroni tests were used to compare differences among more than two
groups. Significant differences were considered when p < 0.05.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.138366.
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