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BRCAT1 is involved in sustaining rapid antler ==

growth possibly via balancing of the p53/
endoplasmic reticulum stress signaling pathway
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Abstract

Background Regeneration is the preferred approach to restore the structure and function after tissue damage. Rapid
proliferation of cells over the site of damage is integral to the process of regeneration. However, even subtle muta-
tions in proliferating cells may cause detrimental effects by eliciting abnormal differentiation. Interestingly deer ant-
lers, arguably the fastest regenerating mammalian tissue, have not been reported, thus far, to grow malignant tumors.
They provide a mammalian model to understand the possible mechanism by which rapid regeneration is achieved
while avoiding the development of malignancies. Antler regeneration is based on the proliferation and differentiation
of antler stem cells (AnSCs).

Results We identified 39 hub genes which may function in regulating the balance between rapid proliferation
and genomic stability in the AnSCs during antler regeneration. Among these 39 genes, the tumor suppressor
gene, BRCAT, was found to be more sensitive to DNA damage in the AnSCs compared to that in the deer somatic
cells, and BRCA1 deletion in the AnSCs via CRISPR/Cas9 resulted in significantly higher levels of DNA damage.
Lack of BRCA1 promoted cell apoptosis and cell senescence and inhibited cell proliferation and cell self-renewal.
RNA-seq results showed that in the absence of BRCAT1, the p53 signaling pathway was significantly up-regulated.
Associated with this change, the cell apoptosis and cell senescence-relevant-genes, CDKNTA, CDKN2A and Fas
were over expressed, but the expression of cell-cycle-progression-related genes was inhibited. In addition, BRCA1
expression levels were found to be more sensitive to endoplasmic reticulum stress (ERS) in the AnSCs compared
to the somatic cells. Deletion of BRCA1 gene aggravated ERS and ERS-induced cell apoptosis.

Conclusions Our results revealed that BRCAT is involved in sustaining rapid antler growth possibly via promotion

of DNA damage repair that acts to maintain genome stability while protecting cells from p53/ERS-induced cell death.
Understanding the mechanisms underlying the role played by BRCAT1 in the process of antler regeneration is of great
significance not only for regenerative medicine, but also for the understanding of cancer development.
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Introduction

The precise regulation of DNA replication is vital for
cellular division and genomic integrity [1], especially in
rapidly proliferating cells, which are more susceptible to
mutations during DNA replication, where even subtle
mutations may cause genomic instability and aberrant
differentiation or malignant transformation [2]. It is well
known that regeneration after tissue or organ damage
involves rapid cell proliferation [2]. Regeneration enables
restoration of structural and functional integrity of the
damaged tissue/organ [3]. However, there is experimental
evidence indicates that regeneration and tumorigenesis
are correlated, whereby a dysregulated process of regen-
eration may lead to neoplasia [3-5]. In invertebrates, in
lower vertebrates and in mammals, the essence of regen-
eration is the proliferation of various types of cells on
the damaged plane/stump to build up the lost parts [3].
However, mutation is a risk and the avoidance of any
detrimental consequences of an increase in the rate of
mutation during rapid cell proliferation while at the same
time achieving rapid regeneration is an issue that must be
resolved in regenerative medicine. To this end, appropri-
ate animal models, particularly mammalian models, that
are capable of rapid full regeneration without becoming
cancerous are required. Recent advances in revealing the
molecular mechanisms of antler regeneration [6, 7] have
highlighted the potential of this mammalian model of
natural regeneration whereby even with extreme rates of
cell proliferation, the resultant-tissue remains remarkably
cancer-free [8, 9].

Deer antlers are the only mammalian appendages that
are once lost, can fully regenerate from the pedicles
[10, 11]. The rate of growth of the regenerating antler
can reach 2 cm per day, making them arguably the fast-
est growing mammalian tissue [10]. Antler regenera-
tion relies on the periosteum of the pedicle (PP), a bony
protuberance permanently covered by skin from which
antlers are cast and regenerate annually [9, 12, 13]. Each
year, around 3.3 million PP cells participate in each round
of antler regeneration and give rise up to 15 kg of antler
tissue mass in less than 3 months [11, 14, 15]. Activated
PP cells are in a state of rapid cell division, which is com-
parable to or even faster than that in cancer cells, but in
contrast to tumors, the process is tightly regulated [10].
This suggests that revealing the mechanism as to how
such rapidly proliferating mammalian cells balance rapid
proliferation and genomic stability is of great signifi-
cance not only for regenerative medicine, but also for the
understanding of cancer development.

Given PP cells have stem cell attributes they have been
termed antler stem cells (AnSCs) [16, 17]. The initiation
of antler regeneration is a process whereby the potenti-
ated PP (PoPP) progresses to an activated PP (AcPP, also
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known as blastema) [13]. Although potentiated AnSCs
(PoAnSCs, resident in PoPP) have acquired the ability to
regenerate antler, only the activated AnSCs (AcAnSCs,
resident in AcPP) rapidly proliferate to form a regener-
ating antler [6, 13, 17]. In our previous studies, we have
found that there were significant differences in gene
expression profiles between the AcAnSCs and PoAnSCs
[13]. Therefore, the objective of the present study was to
identify the key differentially expressed genes (DEGs),
which might function in regulating the balance between
rapid AcAnSC proliferation and the maintenance of their
genome stability.

Here, we identified 39 such hub genes, among which a
tumor suppressor gene, breast cancer type 1 susceptibil-
ity protein (BRCA1), was highly differentially expressed
in the AcAnSCs compared to the PoAnSCs. We found
that BRCA1 in the AnSCs was more sensitive to DNA
damage compared to the other types of deer somatic
cells. Functional analysis showed that BRCA1 positively
regulated the response to the DNA damage for the main-
tenance of genome stability and negatively regulated
the response to the endoplasmic reticulum (ER) stress
and the p53/TGF-p signaling pathways for the enhance-
ment of cell survival. In conclusion, our results suggest
that BRCA1 may be a key regulator in sustaining the
extremely rapid cell proliferation and at the same time
maintaining the genome stability during antler regen-
eration. Understanding the underlying mechanism could
give insight into a mammalian system where rapid epi-
morphic regeneration is initiated whilst genome stability
is effectively mai ntained.

Materials and methods

Cell culture

The AcPP and PoPP were obtained in a previous study
[13]. Procedures for culturing the AcPP and PoPP cells,
i.e., AcAnSCs and PoAnSC, were conducted as described
previously [13]. The cell culture system was: Dulbecco’s
Modified Eagle Medium (Life, USA) supplemented with
100 U/ml penicillin, 100 pg/ml streptomycin (Invitro-
gen, USA) and 10% fetal bovine serum (HyClone, Bei-
jing, China), in a humidified incubator with 5% (v/v) CO,
atmosphere at 37 °C. Cells used in this study had reached
the third passage.

Plasmid construction

The sgRNAs targeting the deer BRCA1l gene were
designed using the CRISPR Design tool (http://www.
rgenome.net/cas-offinder/). The sgRNA oligonucleotides
were annealed, cloned into the sgRNA expression vectors
(Px458 plasmid, a gift by Dr. Yuan from Jilin University),
then gel purified using a Gel Extraction Kit (Qiagen, Ger-
many). The resultant constructs were subjected to Sanger
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sequencing to verify proper sub-cloning of the sgRNA
sequences. The detailed sgRNA sequences are provided
in Table 1.

Electroporation and selection of BRCA1~/~ cell clones

For electroporation, AcAnSCs (5x 10* cells) at the third
passage were mixed with recombinant plasmid (2.5 pug)
in the electroporation buffer as described previously [18].
The mixture was loaded into the Neon Tip and electropo-
rated at 1350 V using 30-ms pulse 1 time using the Neon
Transfection System, according to the manufacturer’s
protocol (Thermo Fisher Scientific). The cells were plated
into 10 cm cell plates at an appropriate density and incu-
bated for one week; the cell clones were then picked and
cultured in 24-well plates. Approximately one-quarter
of each cell clone was digested and lysed with 10 uL of
NP40 lysis buffer. The primer sequences for genotyping
are as follows: Forward: AGGCTTTGGTCATTAGTT
CTATGGT; Reverse: CCTTACCATCTTAAGGTCAAT
TCAA.

Cell proliferation

Cell proliferation was measured using the Cell Count-
ing Kit-8 (Solarbio, Beijing, China) and 5-Ethynyl-
20-deoxyuridine (EDU) incorporation assay according
to the manufacturer’s instructions. Briefly, for CCK-8
assay, cells were seeded in 96-well plates at the density
of 5x10° cells/well and cultured with 200 uL. DMEM in
5% CO, at 37 °C for 3 days, then 20 pL CCK-8 solution
(Beyotime, Nanjing, China) was added to each well, and
the cells were cultured for 1 h. Absorbance was meas-
ured at 450 nm with a microplate analyzer. For the EDU
incorporation assay, cells were incubated in the medium
supplemented with 50 uM EDU for 3 h, fixed in 4% PFA
for 30 min, then permeabilized in 0.5% Triton X-100 for
10 min and subsequently blocked with 3% bovine serum
albumin (BSA) in PBS for 2 h. The nuclei of cells were
counterstained with DAPI for 5 min in the dark. The spe-
cific fluorescent staining was examined under a fluores-
cent microscope (EVOS M5000, Thermo Fisher, USA).

Table 1 sgRNA sequences

Primer name sgRNA sequence (5” to 3")

sgRNAT-F CACCGaaagtatgggctaccggaac
sgRNAT-R AAACgttccggtagceccatactttC
sgRNA2-F CACCGtttatctgtggatcatgttg
sgRNA2-R AAACcaacatgatccacagataaaC
SgRNA3-F CACCGattctagccaaatgccagtc
sgRNA3-R AAACgactggcatttggctagaatC
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Cell apoptosis

Cell apoptosis was detected using an Annexin V-FITC
Apoptosis Detection Kit (Beyotime, Nanjing, China)
according to the manufacturer’s instructions. Briefly,
1x10° cells were trypsinized using EDTA-free trypsin
(Beyotime, Nanjing, China) and centrifuged at 1000 rpm,
washed twice with PBS, then labeled with Annexin
V-FITC and PI in binding buffer. Finally, the apoptotic
populations of cells were detected with flow cytometry
(BD Biosciences, USA).

Immunofluorescence staining

Cells were incubated in a 48-well plate and fixed with 4%
PFA for 15 min, then permeabilized in 0.3% Triton X-100
for 10 min, and blocked by 3% BSA for 1 h at room tem-
perature. Primary antibodies (rabbit anti-BRCA1, 1:200,
Absin, abs134153; rabbit anti-yH2AX, 1:200, Abcam,
ab11174) were added and incubated at 4°Covernight.
After being washed with PBS, cells were incubated with
fluorescent-labelled secondary antibodies (Invitrogen,
USA) at room temperature for 1 h. The cell nuclei were
counterstained with DAPI for 5 min in the dark. The
images were captured under a fluorescence microscope
camera (EVOS M5000, Thermo Fisher, USA).

Cell senescence

Cell senescence was assessed using a Cell Senescence
B-galactosidase Staining Kit (Beyotime, china) accord-
ing to the manufacturer’s instructions. In brief, cells were
seeded in 24-well plates at a density of 3x 10* cells/well,
and incubated at 37 °C, 5% CO, for 24 h, prior to stain-
ing. After fixation with 4% PFA, cells were stained with
[-galactosidase staining solution and observed under a
microscope (EVOS M5000, Thermo Fisher, USA); posi-
tive cells showed deep blue staining.

Protein preparing and Western blotting

Total cellular proteins were extracted and protein con-
centration measured using the BCA protein assay (Bey-
otime, China). Then, 30 pg protein was separated on a
10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to 0.2-um PVDF
membranes. The membranes were subsequently blocked
for 2 h in TBST containing 5% nonfat dry milk at room
temperature, then incubated with specific antibod-
ies (rabbit anti-BRCA1, 1:500, Absin, abs134153; rabbit
anti-yH2AX, 1:500, Abcam, ab11174; rabbit anti-GRP7S,
1:500, Absin) overnight at 4 °C. The blots were probed
with HRP-conjugated secondary antibodies and detected
using ECL and photographed.
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Quantitative real-time PCR

Total RNA was isolated using TRizol reagent, purified on
a silica base spin column (Qiagen, Germany), and then
reverse-transcribed onto ¢cDNA using the ¢cDNA Syn-
thesis Kit (Takara, Japan). The qRT-PCR assay was per-
formed using the SYBR Kit (TransGen Biotech, Beijing,
China) according to the manufacturer’s protocol. Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an endogenous control. Relative expression was
calculated using the 2 —22€T method to assess the fold
change in expression levels of the target genes. Primer
sequences are in Table S1.

RNA-seq

The RNA-sequencing (RNA-seq) data of AcPP and PoPP
tissues are from previous studies [13]. The comparative
RNA-seq of AcAnSC between BRCA1-/- and Control
groups was performed by the Novegene Company (Bei-
jing, China). The total RNA of cells was extracted using
TRIzol reagent (Qiagen, Germany) according to the
manufacturer’s procedure. RNA quality was confirmed
using a bioanalyzer with a minimum RNA integrity
number of 7. Sequencing libraries were generated using
NEBNext Ultra RNA Library Prep Kit for Illumina (NEB,
USA, Catalog #: E7530L) following manufacturer’s rec-
ommendations.The qualified libraries were pooled and
sequenced on Illumina platforms with PE150 strategy in
Novogene Bioinformatics Technology Co., Ltd (Beijing,
China), according to effective library concentration and
data amount required. High quality reads were aligned to
the Cervus nippon (Sika deer) reference genome MHL_
v1.0 [19] by HISAT (v2.0.4). The transcript quantification
(FPKM, fragments per kilobase per million) was calcu-
lated using RSEM. Genes meeting the criteria set at |Fold
Change)|> 1.5, and the false discovery rate (FDR) <0.05
were assigned as differentially expressed.

Hub gene identification

The hub genes, which interact most frequently with other
genes and act like a hub in a network, were selected by
Cytohubba (version: 0.1) [20] and CytoNCA plugin
(version:2.1.6) [21]. Each of the two applications were
respectively used to screen out the top 100 nodes in four
methods (CytoNCA: Betweenness, Closeness, Degree
and Eigenvector; CytoHubba: EPC, MCC, MNC, and
Stress). Linear correlations between hub genes were
assessed using the Pearson correlation coefficient (R soft-
ware, version 3.6, https://www.R-project.org/.).

Statistical analysis

The results are presented as mean+SEM. Statisti-
cal significance was evaluated using GraphPad Prism
9.0.0 (GraphPad Software, La Jolla, CA, United States)
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software. Statistical analysis for the comparisons of mul-
tiple variables was performed using a two-way ANOVA,
and Student’s t-test was used to compare two variables.
All experiments were performed in triplicate at least. The
values were set at p <0.05 for statistical significance.

Results

BRCAT1 identified as a highly expressed hub gene

in the activated antler stem cells (AcAnSCs)

In our previous study, we performed RNA-seq analy-
sis between the PoPP and AcPP (Fig. 1A) and identified
a group of differentially expressed genes (DEGs) [13]. In
the present study, we sought to identify regulators that
might be candidates for sustaining the rapid prolifera-
tion of the AcAnSCs while maintaining genomic stability.
Therefore, we re-analyzed the sequencing data and gen-
erated information about the interactions among the up-
regulated DEGs and the PPI network using the STRING
online database. In total, 932 up-regulated DEGs were
filtered into the PPI network with 613 nodes and 6491
edges, at a combined score 2 0.4 and were grouped using
the Cytoscape software. Four clusters were screened with
a cut-off k-score=5 depending on the MCODE scoring
system (Fig. 1B; Supplementary Table 2). To identify key
biological processes in which up-regulated DGEs were
involved, GO enrichment analysis was performed using
the MetAnSCape system (Supplementary Tables 3-6).
In Cluster 1, the up-regulated DEGs with the highest
score were found to be mainly related to regulation of
cell proliferation, such as cell division, cell cycle phase
transition, and positive regulation of the cell cycle pro-
cess. Hub genes in the up-regulated DEGs in the AcAnSC
were detected using the CytoHubba and CytoNCA soft-
ware (Fig. 1C). Finally, 39 hub genes (e.g. CDK1, CCNB1,
BRCA1) were identified. We then calculated Pearson
correlation coefficients between these 39 hub genes and
found a significant correlation amongst them (Fig. 1D).
Pathway analysis showed that the main biological process
and pathways in which these node genes were involved
fell in the category of regulation of cell cycle, DNA rep-
lication, the p53 signaling pathway, and the regulation of
DNA repair (Fig. 1E; Supplementary Table 7). The first
two pathways are related to cell proliferation and the
other two are related to genomic stability, supporting the
proposition that the AcAnSCs possess a rigorous mecha-
nism for balancing rapid proliferation and genomic sta-
bility. Amongst these hub regulators, we identified an
important tumor suppressor gene, BRCA1, that was
highly expressed in the AcAnSCs.

To further investigate the findings relating to BRCA1
expression level from the RNA-seq analysis, we carried
out immunofluorescent staining of the AcPP and PoPP
tissues. The results showed that BRCA1l-positive cells
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were only sparsely scattered in the PoPP, but there was
a dense population in the AcPP (Fig. 1F). Cell counting
(Fig. 1G) showed that percentage of BRCAIl-positive
cells in the AcPP (37.2% +1.86%) was significantly higher
(p<0.0001) than that in the PoPP (9.60% +1.79%). Next,
we analyzed the gene expression status of BRCALI at the
cellular level. As shown in Fig. 1H, BRCA1 mRNA level
in the AcAnSCs was significantly higher than that in
the PoAnSCs and the control somatic cells (facial peri-
osteum cells, FPCs). Together these findings show that
BRCA1 was highly expressed in the AcAnSCs and was
confirmed as a hub gene, which suggests that BRCA1
may be an important factor that plays a role in balanc-
ing rapid proliferation and genome stability during antler
regeneration.

BRCA1 deletion in AcAnSCs impaired cell proliferation
and colony formation
To test the direct effects of BRCA1 on the AcAnSCs
in vitro, we knocked out BRCA1 in the AcAnSCs via
CRISPR/Cas9. Three sgRNAs targeting the BRCAl
gene were designed (Fig. 2A) with sequencing show-
ing that BRCA1l-sgl was the most effective (Supple-
mentary Fig. 1A-1B). Ten single-cell clones were picked
and characterized, with two homozygous clones (clone
1# and clone 2#) identified as having genetic mutations
(Fig. 2B). To confirm if deletion of BRCA1 was success-
ful at the protein level, western blot analysis and immu-
nofluorescent staining were performed (Fig. 2C, D). The
results showed that clone 2# exhibited no band of BRCA1
protein, but clone 1# did (Fig. 2C). We therefore selected
clone 2#, which was termed BRCA1-/- group. In the fol-
lowing descriptions, the WT clone was termed the Sham
group, and the AcAnSC cells that were not subjected to
electroporation process were termed the Control group.
To explore the effects of BRCA1 deletion on cell pro-
liferation, CCK-8 and EDU incorporation assays were
conducted. As shown in Fig. 2E, on the third day of cell
culture, the cell proliferation rate of AcAnSCs in the
BRCA1-/- group (0.91+0.04) was significantly lower
than that in the Control (2.18+0.11) and in the Sham
groups (1.65%0.04). Likewise, significantly fewer divid-
ing cells (EdU positive) were detected in the BRCA1-/-
group (10.1+1.75%) than in the Control (38.9 +1.72%)
and Sham (29.2+2.0%) groups (Fig. 2F and H). Further-
more, a colony formation assay was performed to test the
ability for cell self-renewal. Single cells from the Control
(59.7+1.45) and Sham groups (50.7+2.03) generated
colonies on day 14, but there was no obvious colony for-
mation in the BRCA1-/- group (1.0+0.56; Fig. 2G and
I). Taken together, these results provide robust evidence
that BRCA1 deletion impaired proliferation and self-
renewal of the AcAnSCs in vitro.
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BRCA1 deletion in AcAnSCs promoted cell apoptosis

and cell senescence

To explore the possible causes of the observed inhibitory
effect on cell survival and self-renewal due to BRCA1
deletion, we examined the status of both cell apoptosis
and cell senescence in the BRCA1-/- group. As shown in
Fig. 3A, numerous apoptotic cells were observed in the
BRCA1-/- group, while only a few were seen in the other
two groups. Quantitative analysis showed that the num-
bers of both early-apoptotic and late-apoptotic cells in
the BRCA1-/- group (5.2+0.23%; 12.4+0.66%) were sig-
nificantly higher than those in the Control (1.8+0.35%;
1.5£0.12%) and Sham groups (2.1+0.26%; 1.4+0.03%)
respectively (Fig. 3C).

To investigate the effects of knockout of BRCA1 gene
on cell senescence, B-galactosidase staining was carried
out. As shown in Fig. 3B, cells in the Control group were
barely stained. In sharp contrast, the percentage of posi-
tively stained cells for -galactosidase increased in both
the BRCA1-/- and Sham groups, indicating that these
cells were undergoing senescence (Fig. 3B). The cell size
was increased in the BRCA1-/- group compared to the
other two groups. Quantitative analysis (Fig. 3D) showed
that percentage of aging cells following BRCA1 knockout
(57.3+2.91%) was significantly increased compared to
the Control (9.6 +1.28%) and Sham groups (27.2+2.07%).
These results suggest that BRCA1 deletion in the AcAn-
SCs promotes cell apoptosis and cell senescence.

BRCA1 deletion in AcAnSCs promoted DNA damage

and UV-induced apoptosis

Since BRCA1 contributes to DNA repair and transcrip-
tional regulation in response to DNA damage [22], we
investigated changes in its expression levels upon UV
irradiation that is known to cause DNA damage. As
shown in Fig. 4A, all cells exhibited a significant increase
in BRCA1 mRNA level after irradiation. In the AcAnSCs,
the expression level of BRCA1 was up-regulated nearly
seven-fold, but only three-ford in the FPCs, indicating
that changes in BRCA1 expression levels are more sensi-
tive in response to DNA damage in the AcAnSCs than in
the FPCs.

Next, we detected the effects of BRCA1 knockout on
the response to DNA damage using y-H2AX staining. As
shown in Fig. 4B, cells in the Control and Sham groups
showed virtually no signal for y-H2AX; in contrast, a sub-
stantial level of y-H2AX-positively staining was observed
in the BRCA1-/- group, suggesting the DNA damage
occurred. After UV irradiation, cells in all three groups
formed large numbers of nuclear y-H2AX foci, and the
positive staining was stronger and the nuclear y-H2AX
foci were significantly higher in the BRCA1-/- group than
in the other two groups (Fig. 4B, C). The quantitative
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analysis of cell clones; note that two clones were identified as having genetic mutations. C Western blot analysis of BRCA1 protein expression;
note that clone 2# exhibited no BRCA1 protein band but clone 1# did. D Immunofluorescent staining of BRCA1. E Cell proliferation evaluated

via CCK-8 assay; data are shown as the mean +SEM, n=5, ***p <0.001; ****p < 0.0001. F Proliferation cells (red fluorescence) in the different groups
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shown as the mean + SEM, n=3, ****p <0.0001. D Percentage of senescent cells in the different groups; the results showed that the percentage

of aging cells following BRCAT knockout was significantly increased compared to the Control and Sham groups. Data is shown as the mean + SEM,

n=6,**p<0.001; ****p<0.0001

analysis showed that the number of y-H2AX foci per
cell was higher in the BRCA1-/- group (4.9+0.83) than
in the Control (1.3+0.26) and Sham groups (1.3+0.57)
(Fig. 4D); the percentage of y-H2AX positive cells
(foci>50) was significantly higher in the BRCAI1-/-
group than in the Control and Sham groups (Fig. 4E).

Consistent with the immunofluorescent staining results,
western blot analysis showed that the expression level of
y-H2AX in the BRCA1-/- group was significantly higher
than that in the Sham group (Fig. 4F, G). Further, our flow
cytometry results showed that loss of BRCA1 resulted in
significant increase in cell apoptosis upon UV irradiation.
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Quantitative analysis showed that the number of apop-
totic cells in the BRCA1-/- group were significantly
higher than the other groups (Fig. 4H, I). These results
show that BRCA1 deletion in the AcAnSCs impaired
DNA damage response, which is known to be crucial for
the maintenance of genomic stability, and also promoted
UV-induced cell apoptosis.

BRCAT1 deletion activated the p53/TGF-p signaling
pathway

To identify the mechanism underlying the impairment
of cell proliferation and genomic stability of the AcAn-
SCs after BRCA1 deletion, we conducted comparative
RNA-seq analysis between the Control and BRCA1-/-
groups. We performed signaling pathway analysis on the
annotated genes that changed significantly upon BRCA1
deletion (Fig. 5A) and found that most of those DEGs
were involved in the cancer pathway, the MAPK signal-
ing pathway, the p53 signaling pathway and the TGF-f3
signaling pathway as well as the cellular senescence and
the breast cancer pathway. Gene set enrichment analysis
(GSEA) was then applied to identify the most prominent
biological processes, and the results showed that the p53
signaling pathway (Fig. 5B), the TGF-f signaling path-
way (Fig. 5C) and the protein processing in endoplasmic
reticulum pathway (Fig. 5D), all of which are related to
cell proliferation and genome stability or protein sta-
bility maintenance, were significantly up-regulated in
the BRCA1-/- group. A heatmap for the differentially
enriched genes in the p53 signaling pathway (Fig. 5E)
showed that genes related to cell cycle progression (e.g.
CCNB1, CCNB2) were mainly down-regulated, while
the genes related to cell apoptosis and cell senescence
(e.g. CDKN2A and FAS) were significantly up-regulated
in the BRCA1-/- group, which may be a key contributor
to the reduced cell proliferation rate. Gene expression
level analysis for DEGs enriched in the TGE-p signaling
pathway showed that genes of TGFB2 and TGFBR2 were
significantly up-regulated, suggesting that in the AcAn-
SCs, BRCA1 may inhibit the TGF-f signaling pathway
through suppression of transcription and secretion of
TGFB2.

(See figure on next page.)
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To further investigate the RNA-seq findings, we evalu-
ated expression levels of some key genes involved in the
p53 signaling pathway at the mRNA level. The results
showed that the gene expression levels of CDK1, CDK2,
CCNB1 and CCNB2 (Fig. 5F-I) were significantly lower,
whereas CDKN1A, CDKN2A and Fas (Fig. 5]-L) gene
expression levels were significantly higher in the BRCA1-
/- group than in the Control and Sham groups. These
results were consistent with the RNA-seq results. There-
fore, our results show that BRCA1 deletion significantly
impaired proliferation and self-renewal of the AcAnSCs,
and caused death of these cells, likely at least partially
through activation of the p53/TGEF-f signaling pathway.

BRCA1 deletion induced excessive endoplasmic reticulum
(ER) stress response

Recently, BRCA1 has been reported to mediate protein
stability through regulation of the ER stress response
[23]. In this study, BRCA1 deletion resulted in changes
in gene expression profiles involved in the biological pro-
cess of protein processing in the endoplasmic reticulum
in the AcAnSCs. To investigate the relationship between
BRCA1 and ER stress in the AcAnSCs, we examined
changes in BRCA1 gene expression levels upon tuni-
camycin (TM) treatment, which is known to cause an
ER stress response. As shown in Fig. 6A, expressions of
BRCA1 mRNA in both the AcAnSCs and PoAnSCs were
significantly increased after TM treatment, but there was
no significant change in expression levels in the FPCs,
indicating that BRCA1 expression levels in the AnSCs
were more sensitive to ER stress than the somatic cells,
such as FPCs.

To detect the effects of BRCA1 deletion on the ER
stress response, we assessed the expression levels of
GRP78, a representative marker of ER stress. AcAn-
SCs in the BRCA1-/- group showed increased levels in
both protein and mRNA of GRP78 compared to those
in the Control and Sham groups (Fig. 6B-D), indicat-
ing the increased ER stress in the AcAnSCs. Next, we
examined the effect of BRCA1 deletion on TM-induced
apoptosis. As shown in Fig. 6E, numerous apoptotic cells
were observed in the BRCA1-/- group after TM treat-
ment. Quantitative analysis showed that the percentage

Fig. 4 BRCA1 deletion in the AcAnSCs increased DNA damage and UV-induced apoptosis. A Relative expression levels of BRCAT mRNA

in the different groups after UV treatment; data are shown as the mean+SEM, n=3, ***p <0.001; ****p <0.0001. B, C Immunofluorescent

staining of y-H2AX. D The number of y-H2AX foci per cell in the different groups; note that the number ofy-H2AX foci per cell was higher

in the BRCA1-/- group than in the Control and Sham groups; data are shown as the mean+SEM, n=5, **p <0.01. E Percentage of y-H2AX positive
cells (foci> 50); note that the percentage of y-H2AX positive cells was significantly higher in the BRCA1-/- group than in the Control and Sham
groups; data are shown as the mean+SEM, n=5, *p <0.05,***p <0.001,****p <0.0001. F Western blot analysis of y-H2AX protein expression. G
Relative expression levels of y-H2AX protein; data are shown as the mean +SEM, n=3, *p <0.05. H Cell apoptosis analysis using flow cytometry
after UV-treatment. | Percentage of apoptotic cells in the different groups; data are shown as the mean +SEM, n=3, *p <0.05, **p < 0.01
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of apoptotic cells in all three groups increased after
TM treatment, and the number of apoptotic cells in the
BRCA1-/- group was significantly higher than those in
the other two groups (Fig. 6F). In conclusion, increased
cell apoptosis in the BRCA1l-/- group may have been
associated with an increase in ER stress, suggesting that
in the rapidly proliferating AcAnSCs, BRCA1 may inhibit
ER stress-induced cell death, and thus indirectly promote
cell survival.

Discussion
This study focuses on the phenomenon of the very rapid,
but cancer-free, growth of the antler during regeneration.
Recent studies have found that the rapid regeneration of
antler tissue involves adoption of oncogenic pathways
without any evidence of growth being out of control as
with tumor tissue [11]. This suggests that there must be
potent regulators that precisely control rapid growth and
confer protection against neoplastic transformation. By
comparing the gene expression profiles of the PoAnSCs
and AcAnSCs, we identified that BRCA1 was one of the
highly significantly expressed genes in the AcAnSCs.
BRCA1 is known as an important tumor suppressor [22]
and in the present study was found to be more sensitive
to DNA damage in the AnSCs than in the deer somatic
cells, FPCs. Deletion of BRCA1 resulted in a significant
increase in y-H2AX foci, indicating enhanced DNA
damage. Further functional analysis via gene knockout
showed that deletion of BRCA1 inhibited proliferation
and self-renewal of the AcAnSCs but promoted apoptosis
and senescence of these cells. RNA-seq results showed
that lack of BRCA1 protein significantly up-regulated p53
and TGF-p signaling pathways. In addition, our results
demonstrated that changes in BRCA1 expression lev-
els in the AnSCs were more sensitive than somatic cells
in response to ER stress, and deletion of BRCA1 aggra-
vated ER stress and ER stress-induced cell apoptosis in
the AcAnSCs. Overall, our work suggests that BRCA1 is
involved in sustaining extremely rapid antler growth via
promoting effective DNA damage repair thereby main-
taining genomic stability while protecting cells from p53/
ERS-induced cell death (Fig. 7).

Antlers undergo extremely rapid growth, with the rate
of cell proliferation surpassing even cancer cells [10, 11].
In this study, by comparing the gene expression profiles

(See figure on next page.)
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between the PoAnSCs and AcAnSCs, 39 hub DEGs were
identified, most of which are related to cell cycle path-
ways, which is consistent with the phenomenon that cells
are in a rapid proliferation mode. At the same time, we
found that BRCA1 was highly expressed in the AcAnSCs
and served as a prominent hub gene. BRCA1 is a well-
known breast cancer tumor suppressor [24]. Mutations in
BRCAL1 gene lead not only to familial breast and ovarian
cancers but are also the likely driver of a variety of spo-
radic cancers [25]. Mice deficient in BRCA1 have been
shown to develop basal-like mammary carcinoma [26].
Therefore, we speculate that high expression of BRCA1 in
the AcAnSCs may be associated with maintaining rapid
proliferation while inhibiting cancer transformation.

BRCA1 has been implicated in a number of cellular
processes, such as cell cycle control, cell proliferation,
and transcriptional regulation [27]. Ontogenetic analysis
of BRCA1 gene expression in the normal mouse showed
that BRCAL is highly expressed in rapidly proliferating
cells [28]. It has been reported that cessation of BRCA1
expression in genetically-modified mice was associ-
ated with impaired cellular proliferation resulting in
early embryonic lethality [29, 30]. Consistent with these
reports, we found that loss of BRCA1 significantly inhib-
ited proliferation and self-renewal of AcAnSCs, but pro-
moted cell death, including enhanced cell apoptosis and
senescence, indicating that BRCA1 can effectively pro-
mote cell survival ability, thus reinforcing the importance
of BRCAL1 in the rapidly proliferating AcAnSCs during
antler regeneration.

It is known that rapidly proliferating cells are prone to
DNA damage [25], and that BRCA1 plays a key role in
DNA damage repair, especially via homologous recom-
bination (HR) repair in response to DNA double-strand
breaks (DSBs) [31, 32]. It has been reported that BRCA1
directly binds to DNA, thereby providing key evidence
for the involvement of BRCA1 in DNA repair and rep-
lication fork maintenance [25, 33]. Recent studies have
shown that BRCAIl-deleted cells exhibit significantly
impaired HR repair [34]. Here, we found that rapidly
proliferating AnSCs were more sensitive to DNA dam-
age than that in deer somatic cells FPCs, and deletion of
BRCA1 resulted in an increased level of DNA damage,
which may be attributed to the impaired BRCA1-related
HR repair ability. These findings indicate that, in the

Fig. 5 BRCAT1 deletion activated p53/TGF- signaling pathway. A KEGG analysis of all DEGs between the Control and BRCA1-/- groups. B-D
Gene set enrichment analysis (GSEA) of RNA-seq data; note that the p53 signaling pathway, the TGF-{3 signaling pathway and protein processing
in the endoplasmic reticulum were activated. E Expression level of DEGs enriched in the p53 (left) and TGF- (right) signaling pathways. F-L
Evaluation of relative expression levels of CDK1, CDK2, CCNB1, CCNB2, CDKN2A, CDKN1TA and Fas mRNA; data are shown as the mean +SEM, n=3,

*p<0.05, ***p < 0.0001
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rapidly proliferating AcAnSCs, BRCA1 may contribute to
the maintenance of genome stability by actively partici-
pating in HR repair.

In mammalian cells, in addition to HR repair, there
are three other conserved, mechanistically distinct path-
ways for DSB repair, such as non-homologous end join-
ing (NHE]) [35]. NHE] often entails deletion or insertion
of several nucleotides and can also give rise to chro-
mosome translocations. In contrast, HR is the most
accurate DSB repair mechanism and is capable of faith-
fully restoring the original configuration of the broken
DNA molecule [25]. HR and NHE] operate as two dis-
tinctly different pathways and compete to process DNA
break repair [36—38]. It has been reported that choice
between DSB repair pathways is governed by the oppos-
ing activities of the p53 and BRCA1 proteins [36]. Loss
of p53-binding protein 1 (53BP1) partially restores the
HR defects caused by BRCA1 deficiency [34, 37]. In the
present study, DEGs resulting from BRCA1 deletion
were significantly enriched in the p53 signaling pathway;
this included some that are involved in cell apoptosis
and cell senescence including CDKN1A, CDKN2A and
Fas. In contrast, DEGs involved in cell cycle progression
were significantly inhibited, including CDK1 and CDK2.
These results indicate that BRCA1 deletion may result
in the p53-related NHE] pathway being more favored.
It is known that BRCA1 deletion leads to a severe pro-
liferation defect [39], which is associated with extensive
apoptosis and activation of the p53-related DNA damage
response [40]. In the present study, we demonstrated that
BRCA1 deletion led to impaired cell proliferation and
increased cell apoptosis, suggesting that the underlying
molecular mechanism may be associated with enhanced
p53/DNA damage pathways. Overall, our results reveal
that BRCA1, in helping to sustain rapid antler growth
may be achieving this via balancing of the DNA damage/
p53 signaling pathway.

In addition to the p53 signaling pathway, the TGF-f
signaling pathway was also significantly up-regulated
after knockdown of BRCA1l gene in the AcAnSCs.
TGF-f signaling has been reported to suppress BRCA1-
dependent DNA repair in response to DNA-damaging
agents [41], and loss or reduction of BRCA1 was reported
to alter the growth inhibiting activity of the TGF-p

(See figure on next page.)
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pathway [42]. In this study, our RNA-seq results further
confirmed that most of DEGs were associated with the
TGE-Psignaling pathway, indicating that BRCA1 deletion
promotes the TGF-P signaling pathway, and the growth
inhibiting activity of TGF-p pathway may be responsible
for the impaired proliferation of BRCA1-/- AcAnSCs.
The BRCAI1 protein was initially thought to be pri-
marily located in the nucleus but recent studies have
demonstrated that it is also found in other subcel-
lular locations, including the endoplasmic reticulum
(ER) [23, 43, 44]. It is reported that BRCA1 may be
an important modulator of protein integrity through
regulating the ER stress response [23]. In the pre-
sent study, BRCA1 deletion resulted in the changes
in gene expression profiles involved in the biological
process of protein processing in the ER, and changes
in BRCA1 expression levels in the AnSCs were more
sensitive to ER stress than some somatic cells, such as
FPCs. This finding suggests that effects of BRCA1 in
the AcAnSCs may be exerted through involvement in
the ER function. Rapidly proliferating cells are vulner-
able to unfolded protein accumulation thus triggering
an ER stress response; given this, we speculate that
BRCA1 may be involved in regulating the ER stress
response in the AcAnSCs. GRP78, a representative
marker of the ER stress response, has been identified
as a novel downstream target of BRCA1 [45]. In this
respect, over-expression of wild-type BRCA1l sup-
pressed the expression of GRP78, whereas expres-
sion of mutant BRCA1l gene or targeted inhibition
of endogenous BRCA1 using small-interfering RNA
(siRNA) enhanced GRP78 expression [45]. Consistent
with these reports, our results showed that BRCA1
deletion increased expression levels of GRP78 protein
and mRNA, suggesting the induction of an excessive
ER stress response. GRP78 is a critical regulator of
the unfolded protein response (UPR), which facilitates
proper folding of proteins and thus maintains ER func-
tionality, but an excessive ER stress response could
lead to cell apoptosis [46, 47]. In this study, BRCA1
knockout enhanced apoptosis induced by ER stress,
suggesting that in rapid antler regeneration, BRCA1
may protect the ability of cells to survive by alleviat-
ing the ER stress response. In addition, BRCA1 was

Fig. 6 BRCA1 deletion induced excessive endoplasmic reticulum (ER) stress response. A Relative expression levels of BRCAT mRNA in the different
groups after TM treatment; data are shown as the mean +SEM, n=3, **p <0.01, ****p < 0.0001. B Western blot analysis of GRP78 protein expression.
C and D Relative expression levels of GRP78 protein (C) and mRNA (D); note that both protein and mRNA levels in the BRCA1-/- group were

higher than in the other groups; data are shown as the mean + SEM, n=3, *p <0.05, ***p <0.001. E Cell apoptosis analysis via flow cytometry

after TM-treatment. F Percentage of apoptotic cells in the different groups; note that apoptotic cells in the BRCA1-/- group after TM-treatment were
significantly higher than those in the other two groups; data are shown as the mean £ SEM, n=3, *p <0.05, ***p <0.001
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Fig. 7 Hypothetical drawing of the molecular mechanism underlying the roles of BRCA1 in the regulation of rapid antler regeneration

and genomic stability. During antler regeneration, rapid cell proliferation tends to cause increased DNA damage stress and ER stress. High
expression of BRCAT, on the one hand, may regulate DNA damage response by promoting HR repair, and on the other hand, may inhibit p53/TGF/
ER stress-induced cell death, such that cells that have their genomic stability restored continue to enter rapid proliferation mode

pathway is highly activated in the AcAnSCs [13], so the
question as to whether the high expression of BRCA1
in the AcAnSCs involves activation of the Ca®" signal-
ing pathway is worthy of further investigation.

recently identified as a novel binding partner of the
IP3R1 [48, 49], and BRCA1 over-expression caused an
increase in IP3R-mediated Ca" signaling in HeLa cells
[48]. During antler regeneration, the Ca®* signaling
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Conclusions

In seeking to understand the mechanism underlying
the unique phenomenon of very rapid antler regenera-
tion without neoplastic transformation, we screened and
identified some key regulators, among which BRCA1 was
most prominent. Our results support the hypothesis that
BRCAL is involved in sustaining rapid antler growth via
regulation of DNA damage repair, thus effectively help-
ing the maintenance of genomic stability and balancing
of p53/ERS signaling pathway to protect cells from apop-
tosis. We believe that our findings as to how genomic
stability is maintained in the rapidly-proliferating cells of
the antler during regeneration is of great significance not
only for the understanding of regenerative medicine, but
also for cancer development.
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