Int. J. Biol. Sci. 2023, Vol. 19

4763

g0y [VYSPRING

vgﬁ INTERNATIONAL PUBLISHER

Research Paper

International Journal of Biological Sciences

2023; 19(15): 4763-4777. doi: 10.7150/ ijbs.83387

COX2-ATP Synthase Regulates Spine Follicle Size in

Hedgehogs

Man Zhang!, Mengyue Wang!, Jingwei Jiang?!, Weiwei Liu!, Siyi Zhou!, Dehuan Wang!, Miaomiao Wang],
Zixian Zhao!, Zhiling Xu!, Wang Wu'?2, Xia Lin!?, Jinwei Zhang!?3, Wei Xu3, Qu Tangzg, Rixing Zhan?,
Wangian Liu?, Li Yang!, Xun Zhou3*, Wei Zhou>*, Mingxing Lei!*

1. 111 Project Laboratory of Biomechanics and Tissue Repair & Key Laboratory of Biorheological Science and Technology of Ministry of Education, College of

Bioengineering, Chonggqing University, Chongqing 400044, China.
2. Three Gorges Hospital, Chongqing University, Chongqing 404000, China.

3. Department of Dermatology and Cosmetology, The First Affiliated Hospital of Chonggqing College of Traditional Chinese Medicine, Chonggqing 400021,

China.

4. Institute of Burn Research, State Key Laboratory of Trauma, Burn and Combined Injury, Southwest Hospital, The Third Military Medical University,

Chongqing 400038, China.

5. Chongqing Key Laboratory of Translational Research for Cancer Metastasis and Individualized Treatment, Chonggqing University Cancer Hospital,

Chongqing 400030, China.

P4 Corresponding authors: Mingxing Lei (mingxing@cqu.edu.cn), Wei Zhou (1052308491@qq.com), Xun Zhou (zhouxunl23@sina.com), Qu Tang

(tangerl@163.com).

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https:/ /creativecommons.org/licenses/by/4.0/).

See http:/ /ivyspring.com/terms for full terms and conditions.

Received: 2023.02.09; Accepted: 2023.08.26; Published: 2023.09.04

Abstract

Skin evolves essential appendages with adaptive patterns that synergistically insulate the body from
environmental insults. How similar appendages in different animals generate diversely-sized appendages
remain elusive. Here we used hedgehog spine follicles and mouse hair follicles as models to investigate
how similar follicles form in different sizes postnatally. Histology and immunostaining show that the spine
follicles have a significantly greater size than the hair follicles. By RNA-sequencing analysis, we found that
ATP synthases are highly expressed in hedgehog skin compared to mouse skin. Inhibition of ATP synthase
resulted in smaller spine follicle formation during regeneration. We also identified that the mitochondrial
gene COX2 functions upstream of ATP synthase that influences energy metabolism and cell proliferation
to control the size of the spine follicles. Our study identified molecules that function differently in forming
diversely-sized skin appendages across different animals, allowing them to adapt to the living environment

and benefit from self-protection.
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Introduction

In the history of evolution, animals have evolved
with unique characteristics to adapt to the ever-
changing environment. Different adaptive patterns in
animals may play different yet important roles in
survival, reproduction, defense, food-hunting, etc.
Locating on the surface of the body, skin generates
obvious and diverse patterned appendages including
follicles (e.g. hair, feather, and spine), glands (e.g.
sebaceous, sweat, and mammary), and keratinized
structures (e.g. scale, claw, and horn) that function
importantly for animals, such as barrier and
protection, thermoregulation, communication, hunt-
ing, defense, lighting, and secretion [1]. The hair

follicle is a highly conserved mini-organ that mainly
functions on thermoregulation and also roles in the
immune response against pathogens [2]. Most
mammals are covered with hair follicles over 90% of
the body surface [3]. Interestingly, the diverse animal
kingdom evolves with essential skin appendages that
endow animals with specialized functions. For
example, different from mice which are cave animals
covered with hairs to keep warm, the hedgehog is a
heterothermic animal with dorsal skin covered with
hard and sharp spines that are powerful for defense
when subjected to environmental insult [4, 5]. While
the hair follicle and spine follicle have similar
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morphology, the mechanism by which the different
size of these follicles remains unknown.

The control of organ size is fundamental in living
life [6]. The size of an organ directly determines the
function of the organ. The hair follicle is a mini-organ
that changes its size during cycling including the
growth phase (anagen), regression phase (catagen),
and resting phase (telogen). The hair is produced by
the hair follicle. The hair length is determined by the
duration of the growth phase and the hair diameter is
controlled by the size of the hair bulb and dermal
papilla (DP) [7, 8]. In mouse hair follicles, VEGF
improves hair follicle vascularization to promote hair
growth and increase hair follicle size [9]. Wntl10b
regulates the size of the hair bulb, dermal papilla, and
hair shaft during hair regeneration in mice, and leads
to the change of CD34 expression [10]. BMP controls
hair follicle size by regulating cell cycle-related genes
and changing cell proliferation [11]. In particular, it
was also found that the number of DP cells also
played a decisive role in controlling hair size and
shape, and DP secretes signals to activate stem cells to
start the formation of new hair follicles [12].
Activators secreted by white adipose tissue (AWAT)
near hair follicles can also change the state of hair
follicle stem cells, thus regulating the speed of hair
regeneration [13]. Similar to the hair follicle, the
hedgehog spine follicle is also developed during
embryogenesis that involves epithelial-mesenchymal
interaction, but the latter one grows into bigger
follicles during development and forms big spines
postnatally. While the molecular mechanism involved
in regulating hair follicle size has been gradually
uncovered, it is interesting to elucidate the
mechanism by which the similar spine follicle in the
hedgehog grows into a significantly bigger follicle in
size, which allows the hedgehog to accommodate the
environment.

Mitochondrially encoded cytochrome c oxidase
II (COX2) is a subunit of cytochrome c oxidase
(complex 1V), an enzyme that drives oxidative
phosphorylation in the mitochondrial electron
transport chain. Cytochrome c oxidase is at the end of
the cytochrome system in cellular respiration. It
transfers electrons from NADH and succinic acid to
oxygen, and produces an electrochemical gradient on
the intima. The electrochemical gradient drives
transmembrane transport and ATP synthesis. Energy
metabolism in mitochondria is crucial for hair follicle
development [14]. The study found the activity of
electronic transport chain complexes (complexes I, IV,
and V) and the ability to produce adenosine
triphosphate (ATP) are significantly decreased in the
dermal papilla of male hormone alopecia, indicating
mitochondrial function is impaired in dermal papilla

[15]. In addition, the inactivation of cytochrome c
oxidase is also the main metabolic defect of the
dermal papilla, which will lead to the reduction of
ATP production, the depolarization of mitochondrial
membrane potential, the increase of reactive oxygen
species (ROS) level, and the reduction of the key
marker expression in dermal papilla [16]. The
disorder of cytochrome c oxidase will lead to a change
in ATP synthesis and affect physiological phenomena.
ATP synthase is a nanometric rotary machine mainly
located on the inner membrane of mitochondria,
playing roles in development, differentiation, and cell
proliferation [17, 18]. ATP synthase can form ATP by
transmembrane electrochemical gradient and powers
the cell [19, 20]. The expression of ATP synthase is
related to the differentiation of keratinocytes. ATP
synthase subunit ATP5B is increased during
keratinocyte differentiation in normal skin and some
epidermis hyper-proliferative diseases [17].

In this study, we study how hedgehog forms
bigger spine follicles in size with mouse hair follicles
as a comparison. We first characterized the epithelial
and mesenchymal components in the hedgehog spine
follicle. By RNA-seq analysis of growth phase follicles
in hedgehogs and mice, we identified genes including
ATP synthase that are specifically expressed in the
hedgehog spine follicles. Functional perturbation of
ATP synthase resulted in smaller spine follicle
formation. Then we investigated the upstream
regulator of ATP synthase with a focus on a
mitochondrial gene COX2, inhibition of which also
led to a dramatically decreased size of spine follicle at
the full growth phase. Through comparison between
spine follicles in hedgehogs and hair follicles in mice,
our study gains new insight into understanding the
adaptative mechanism by which the diversity in skin
appendages forms between different species in
nature.

Materials and Methods

Animals

C75BL/6] mice were used in this study. Adult
mice were used to study hair follicles and 45-day
hedgehogs (Atelerix Albiventris) purchased from
Jianghu Pet Corporation (Yiyang, China) were used to
study spine follicles.

Phenotypic analysis

To observe the differences between hairs in mice
and spines in hedgehogs, their back skins were
directly dissected and photographed with a camera
(Canon) or stereoscopic microscope.

The spines and hairs were plucked out from the
skin to measure the length and width. The
microstructure of the spine and hair was observed
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with a microscope and photographed with NScope
2.0. The length and width of the spine follicles and
hair follicles at full growth phase were photographed
with a stereoscopic microscope, and measured by
Adobe Photoshop CC 2019.

BrdU administration

For pulse labeling, BrdU (Beyotime, Sigma) was
administered by injecting intraperitoneally at 50 mg
per kg (body weight). The injection was done 4 hours
before collecting spine and hair follicles samples.

Histology, hematoxylin, and eosin (H&E)
staining, and immunohistochemistry

Dorsal skin samples were fixed for 48 hours in
4% paraformaldehyde (PFA) at 4°C, washed with
PBS, and dehydrated with gradient alcohol (50%, 75%,
85%, 95%, and 100%) and xylene. After mounting in
paraffin, samples were sectioned at 8 pm in thickness.

For H&E staining, samples were stained with
hematoxylin for 3 minutes and eosin for 1 minute at
room temperature, then dehydrated and mounted
with resinene.

For immunohistochemistry, the slides were
immersed in 10 mM sodium citrate buffer (pH 6.0) at
100°C. Then slides were blocked with 1% bovine
serum albumin (BSA) buffer at 370C for 1h, incubated
with primary antibodies (K14, K17, Vimentin,
Collagen I, PCNA, and BrdU) at 4°C overnight,
followed by incubation with secondary antibodies
(Alexa 647- and Alexa 488-conjugated anti-rabbit,
anti-mouse, and anti-goat, Beyotime, ZSGB-BIO) at
37°C for 2 hours. Primary antibodies were diluted at
1:100 and secondary antibodies were diluted at 1:500
or 1:50 in PBS. The samples were counterstained with
propidium iodide (PI) or 4'6'-diamidino-2-
phenylindole (DAPI) to label the nuclei.

Small molecules perturbation

ATPase inhibitor (Blebbistatin, 1mM, Beyotime)
and COX2 inhibitor (NS-398, 50 pM, Beyotime) were
injected into the bottom of the spine follicle at the
early growth phase using a microinjector, with DMSO
as a control. Spine follicles were injected for two
consecutive days and collected on the third and ninth
days to observe their phenotypes using HE and
immunofluorescence staining.

Transcriptome analyses

Two available hedgehog skin transcriptome data
were downloaded from Hui-Ming Li, 2020 [4], SRA
experiment accessions are SRX6788248 and
SRX6788249 respectively. In this study, the whole
dorsal back skin with the spine follicles at the growth
phase in hedgehogs was collected for transcriptome
analysis. Two available mice skin transcriptome data

were downloaded from previous studies [21]. In this
study, the whole dorsal back skin with the hair
follicles at the growth phase in mice was collected for
transcriptome analysis. Then the basic local alignment
search tool (BLASTX) was used to annotate all
unigenes. By analyzing the intersection situation
between the genes in hedgehogs and mice, the genes
specifically expressed in hedgehogs were screened
out.

The genes only expressed in hedgehog were
analyzed and expression value > 1 and standard
deviation < 100 were set as the threshold. Expression
value means read count. The higher the read count,
the higher RNA in abundance. The standard
deviation is used to judge the statistical dispersion of
gene expression levels in the replicates of RNA-seq
data. STRING [22] (Version: 11.5) was run for gene
ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis. The
relationship of genes in the pathways was also
analyzed by STRING.

We used statistical software R (version 4.0.3) for
visualization. R-package “ggplot2” and “ggbreak”
were used to analyze and show Boxplot and Volcano
map. Heatmap, GO and KEGG enrichment results
were plotted by bioinformatics [23], an online
platform for data analysis and visualization. Venn
diagrams were prepared using an online website
(Bioinformatics & Evolutionary Genomics) [24]. The
sector diagram is drawn in Excel.

Statistical analyses

The counting tool in Photoshop is used to label
each proliferating cell and the number of proliferating
cells is obtained.

All experiments were repeated at least six times.
Statistical significance was evaluated using the
Student's t-test. P values of less than 0.05 were used as
the threshold to determine the significance.

Results

Characteristics of spine follicles in hedgehogs
and hair follicles in mice

To show the differences between hedgehog
spine and mouse hair on the dorsal back skin, we
compared the length and diameter of the spine and
hair at the full-growth phase, when they reach their
biggest size (Figure 1A-B, Figure S1A). The hedgehog
spine is longer and thicker than the mouse hair
(Figure 1B, Figure S1B). Phase-contrast microscopy
and statistical analysis show that the length of the
spine (9.2620.68 mm) is significantly longer than the
mouse hair (5.03 £ 1.34 mm) (Figure 1B-C), and the
average diameter of the spine (0.96 + 0.12 mm) is also
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significantly thicker than the hair (10.89£1.17 pm, staining showed that the spine follicle and hair follicle
Figure 1B-C). have similar structures mainly including the epithelial

Spines and hairs are produced hair their follicles  and mesenchymal components, which were verified
embedded in the skin. We then compared their follicle =~ by immunostaining for KIl4 and Vimentin,
morphology and size at the full-growth phase. HE  respectively (Figure 1E). There are two major
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Figure 1. Comparison of the size between the spine follicles in hedgehog and the hair follicles in mouse. A. Dorsal skin appendages in hedgehog and mouse. B. Size difference
in spines and hairs at full-growth phase. C. Statistical chart shows the length and diameter of spines in hedgehogs and hairs in mice. D. Statistical chart shows the length and
diameter of spine follicles in hedgehogs and hair follicles in mice. E. Inmunostaining for K14 and Vimentin shows the epithelial and mesenchymal cells in the spine follicle and hair
follicle. F. Schematic of the spine follicle and hair follicle. SF: spine follicle; HF: hair follicle.
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differences between hedgehog spine follicles and
mouse hair follicles. One is the size of the follicle
which can be judged by the length and diameter. The
average length is 3.50 £ 0.50mm in the spine follicle
and 0.80 £ 0.1 mm in the mouse hair follicles (Figure
1D). The average diameter is 0.91 £ 0.14 mm in the
spine follicle and 77.68 + 13.79 um in mouse hair
follicles (Figure 1D). Thus, the diameter of the spine
follicle is 11 times greater than that of hair follicles.
The second major difference is that the epithelial
component of the spine follicle includes the ridges
that intermingled with dermal pulp cells, whereas the
hair follicle only contains that hair medulla in a
relative location (Figure 1E, Figure S1B-C). Together,
these data indicate that the hedgehog spine follicle is
significantly larger than the hair follicle, which

>

Spine follicle

generates a bigger spine and hair in size, respectively
(Figure 1F).

To explore if the formation of large spine follicle
formation is due to increased cell proliferation, we
examined the number and distribution of
proliferating cells in spine follicles and hair follicles at
the growth phase using BrdU labeling and PCNA
immunofluorescence staining. The majority of
proliferating cells are distributed in the bulb region in
both hair and spine follicles (Figure 2A). Spine follicle
has nearly 10 times more proliferating cells (332 +
48.46) than that of the hair follicle (33.6 + 5.4, Figure
2A-B). Interestingly, only 11% of cells are proliferating
in the bulb region of the spine follicle but 45% in the
hair bulb (Figure 2B). We also make statistics on
proliferating cells in the dermal papillae (DP). The
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Figure 2. The number and distribution of proliferating cells in spine follicles and hair follicles at the growth phase. A. Proliferating cells in spine follicles and hair follicles.
Immunostaining for BrdU shows label-retaining cells (LRCs). Immunostaining for PCNA shows proliferating cells. B. Number and proportion of proliferating cells in the bulb (**p
< 0.01). C. Schematic diagram shows the proliferating cells in the spine follicle and hair follicle.
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average number of proliferating cells in the spine
follicle DP is 25 + 7.36, but 1 + 1.41 in the hair follicle
DP (Figure S2). These data indicate that the number of
proliferating cells might be one of the factors that
affect the size of the spine follicles (Figure 2C).

Transcriptome profiling of spine follicles in
hedgehogs and hair follicles in mice

To identify the molecular difference between
spine follicles and hair follicles that may contribute to
their different sizes, we analyzed the transcriptome by
RNA-sequencing of growth phase follicles (Figure
3A). Venn diagram shows that 9923 genes were
expressed in both mouse and hedgehog follicles,
whereas 6278 genes were only expressed in the spine
follicles and 3465 genes were only expressed in the
hair follicles (Figure 3B). Since previous studies have
elucidated the molecular mechanism of hair follicle
size control [7, 10], we tried to identify the molecules
which may regulate spine follicle size. By selecting
genes with an expression value greater than 1 and the
standard deviation between the two samples less than
100 as the threshold, we distilled 4103 genes for
further analysis (Figure 3C).

Biological processes of gene ontology (GO)
revealed that 9 terms were related to mitochondria
and energy metabolism (Figure 3D-E, Figure S3A).
These terms were also included when performing cell
composition and molecular function GO analysis
(Figure S3B). KEGG pathway analysis of these genes
revealed that oxidative phosphorylation ranks first
among all terms (Figure 3F), with 16 related genes in
this pathway (Figure S3C-D). The proteins encoded
by these 16 genes are the subunits of ATP synthase,
Inorganic pyrophosphatase, ubiquinone oxidoreduc-
tase, and V-ATPase (Figure S3D). The genes encoding
ATP synthase include ATP5I, ATP5G3, ATP5F1,
ATP5C1, and ATP5], with a relatively higher
expression among the other three gene groups (Figure
3G, Figure S3E). To verify the expression of ATPase in
the spine follicle, we stained ATP5F1B and ATPB in
the spine follicle. ATP5F1B is a gene encoding ATPase
in the spine follicle and ATPB is a subunit of ATPase
that is expressed in the outer root sheath of the spine
follicle (Figure 3H). Oxidative phosphorylation is
important for energy metabolism in mitochondria,
and the high expression of genes related to ATP
synthase may suggest that ATP synthase plays an
important role in modulating hedgehog spine follicle
formation.

ATP synthase influences spine follicle size in
the growth phase

To determine if ATPase affects the size of the
spine follicle, we intracutaneously injected Blebbis-

tatin (an ATP synthase inhibitor) [25] at the initial
growth phase of the spine follicle and observed the
morphology of the spine and spine follicle at D3 and
D9, which represent early growth phase and full
growth phase, respectively (Figure 4A, Figure 5A).
First, we detected the expression level of ATPase-
related genes in the spine follicle by qPCR to
determine if Blebbistatin inhibited ATPase. The result
shows that the expression of ATP5G3, ATP5F1, and
ATP5] in the Blebbistatin-treated group (iATPase)
was significantly lower than those in the control
group (Figure S4A). Second, we further validated the
distribution of ATPase subunit ATPB by immuno-
fluorescence staining (Figure S4B). Immunofluores-
cence staining shows that the expression of ATPB was
significantly lower in the Blebbistatin-treated group
(iATPase) than those in the control group. These
results suggest that Blebbistatin can inhibit ATPase in
the spine follicle. Then we observed the changes in the
size of the spine follicle after the inhibition of ATPase.
On the third day after injection of Blebbistatin, we
observed there was no obvious change in the spine
outside of the skin (Figure 4B-C, P = 0.092), with an
average length of 1.10 + 0.19 mm in the control group
and 1.41 + 0.31 mm in the Blebbistatin-treated group.
The average diameter of the follicles in the two groups
was also not dramatically changed (Figure 4C, P =
0.318). HE staining and immunofluorescence staining
showed that the follicle structure was not changed
(Figure 4D-E, Figure S4C-D).

However, the spine in the experimental group
was significantly shorter and thinner than the control
group when the follicle entered the full growth phase
at D9. The average length and diameter of the spine
have reached 7.52 + 0.66 mm and 0.99 £ 0.07 mm (P =
0.003), respectively, while the average length and
diameter of the experimental group were 5.32 + 1.86
mm and 0.73 £ 0.21 mm (P = 0.002), respectively
(Figure 5B-C). The spine follicle length was
2.84+0.30mm in the experimental group and 3.65
0.12 mm in the control group, and the diameter was
less than that in the control group (0.93 £ 0.03 mm)
(Figure 5D-E, Figure S5A-B). These data indicate that
ATP synthase plays an important role in regulating
the size of the spine follicle which further influences
the spine size.

We then used PCNA immunostaining to
determine if ATP synthase influences spine follicle
size by regulating cell proliferation. Interestingly,
while the spine follicle didn’t change in size at D3, the
number of PCNA+ cells in the blebbistatin-treated
follicle (1040 £ 17) is significantly decreased than that
in the control group (1175 * 25), particularly in the
bulb region (Figure 4F-G). The number of
proliferating cells is also dramatically decreased in the
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suggests that ATP synthase indeed functions in

blebbistatin-treated follicle (716 + 48) compared to the
regulating cell proliferation in spine follicles.

control group (1212 + 12) at D9 (Figure 5F-G). This
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The function of the mitochondrial gene -
COX2

The role of ATP synthase is to synthesize ATP
and generate energy in mitochondria. And ATP
synthase upstream pathway is the respiratory chain in
mitochondria, which transfers electrons to generate
oxygen into the water. Therefore, the respiratory
chain plays an important role in regulating ATP

synthase. The last enzyme in the respiratory chain is
cytochrome c oxidase. And previous study shows that
COX2 can regulate ATP synthesis in rat liver
mitochondria [26]. COX2 is a mitochondrial gene in
hedgehogs (Figure 6A), we used COX2 small
molecule inhibitor (NS-398) to test if this gene
influences the growth of the spine follicle. The
expression of ATPB in the experimental group was
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significantly decreased than that in the control group
on the ninth day, indicating that COX2 can regulate
the expression of ATP synthase in the spine follicle

injection of NS-398 resulted in no significant change in
the size of the spine and spine follicle compared to the
control at D3 (Figure 6C-E, Figure S6A-B).

(Figure 6B). Similar to the inhibition of ATP synthase,
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thinner. C. statistical chart shows the length and diameter of the spines in the control group and the experimental group. D. Immunostaining for epithelial cells shows that the
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spine follicles in the experimental group were smaller. E. Immunostaining for mesenchymal cells shows that the spine follicles in the experimental group were smaller. F.
Immunostaining presenting proliferation cells decrease in the experimental group. G. Statistical chart presenting the number of proliferating cells.
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Figure 6. COX2 does not change spine follicle size on the third day after NS-398 treatment. A. Localization of COX2 in hedgehog genome. B. Changes of ATPase expression
on the ninth day. Green shows the expression of ATPB. C. Immunostaining for K14 and K17 shows the internal structure of epithelial cells. D. Immunostaining for vimentin shows
the internal structure of mesenchymal cells. E. Statistical chart shows the length and diameter of spine follicle on the third day. F. Immunostaining presenting changes in
proliferating cells. G. Statistical chart presenting the number of proliferating cells.
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In contrast to the control group, the spine of the
experimental group became significantly smaller in
size after NS-398 treatment on D9 (Figure 7A). The
average length of the spine was 7.54 = 0.40mm and
641 £ 058 mm in the control group and the
experimental group, respectively (P = 0.0015). The
average diameter of the spine was 0.91 + 0.08mm and
0.61 £ 0.07 mm in the control group and the
experimental group, respectively (P = 3.8E-4, Figure
7B). HE staining and immunofluorescence staining
showed that the spine follicle in the experimental
group (Length = 3.58 + 0.31 mm, Diameter = 0.86 +
0.02 mm) was significantly smaller in size than the
control group (Length = 4.44 + 0.23 mm, Diameter =
0.99 + 0.05 mm) (Figure 7D-E, Figure S7A-B). These
data suggest that COX2 functions by regulating ATP
synthase in mitochondria to modulate spine follicle
size.

We also used PCNA immunostaining to examine
if COX2 influences spine follicle size by regulating cell
proliferation. The number of PCNA+ cells in the
NS-398-treated follicle is significantly decreased than
that in the control group, particularly in the bulb
region at D3 and D9 (Figure 6F-G, Figure 7C-F). This
suggests that COX2 also functions in regulating cell
proliferation in the spine follicle.

Discussion

Diverse skin appendages such as scales, feathers,
and hairs are generated in amniotes to form the
boundary between the animal and the environment.
Interestingly, novel functions evolve in structurally-
similar appendages in different animals which enable
organisms to adapt to terrestrial conditions. The hair
follicle in mice and spine follicles in hedgehogs have
similar follicular morphology but with different sizes
that allow them to adapt to the environment
differently, for example, keeping warm for mice and
defensive response for hedgehogs. In this study, we
studied the mechanism by which the hedgehogs form
bigger spine follicles with mouse hair follicles as a
comparison. We unveiled that the COX2-ATP
synthase axis controls the size of spine follicles by
regulating cell proliferation in hedgehogs.

Cell proliferation regulates organ size in living
organisms

The control of organ size is a central question in
biology [6]. Despite the attention it has been paid, the
mechanism that how adult organ size is determined is
still incomplete. Cell proliferation is involved in the
regulation of organ size [27, 28]. Cells extensively
divide when an organism is growing. Whereas in
adulthood, although cells continue dividing, the size
of organs remains fixed. This is because the number of

apoptotic cells and dividing stem cells is always
consistent [29]. For example, E-cad —Rho—Egfr has
been elucidated in the adult Drosophila that controls a
constant intestine size [30]. Apoptotic enterocytes
conversely promote cell division by loss of
E-cadherin, which leads to an increased expression of
rhomboid and triggers activation of the EGF receptor
in stem cells which then proliferate. On the contrary,
E-cad —Rho—Egfr inhibits stem cell division when
apoptosis ceases. Thus, organisms can maintain a
constant organ size through this precise regulation by
balancing cell proliferation and apoptosis.

The present study showed that, although hair
follicles in mice and spine follicles in hedgehogs are
similar skin appendages in morphology, their sizes
can be prominently different. At the full growth
phase, the spine follicle is 4 times longer than the hair
follicle in length and the diameter is more than 10
times in width. We show that it is because of a
significant increase in cell proliferation number but
not proliferation rate that leads to enlarged spine
follicles in hedgehogs, compared to the hair follicles in
mice. Our study identified how cell proliferation
controls differently-sized organ formation in different
animals. Indeed, this is common in living animals. For
example, with the decline of cell proliferation, the
liver volume of mice and rats tends to be stable and
maintains a specific size. The proliferation in the liver
of mice and rats leads to a huge difference in the
number of cells, which leads to a difference in liver
size [31].

Although the size of organs in an individual is
constant in adulthood, the size of organs in different
individuals of the same species often varies, and this
is affected by many factors such as age, sex, height,
and body weight. In humans, axial eye length is
positively correlated with height and weight [32],
while eye weight is positively correlated with body
weight in mice [33]. The chicken eye size is also
related to body size, and about half of the eye size
variation is determined by pleiotropic genes that also
affect body size [34]. Since body weight is
significantly higher in hedgehogs than in mice, it is
also interesting to study if the determinant of spine
follicle size has to be correlated to body weight.

Hair follicles in humans, mice, goats, and birds
have similar morphological structures and share
similarities in the growth cycle. With the interaction
between mesenchymal and epithelial cells, they all
undergo cyclic regeneration regulated by various
factors. Current research indicates that the signals that
regulate growth and regeneration are similar,
including Wnt, SHH, and BMP, but the regulatory
mechanisms of these signals vary among different
species and can lead to the formation of different

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

4774

morphological architectures. The hedgehog spine
follicle is also one of the skin appendages, and the
morphological regulation during the regeneration
process of the spine follicle may also be controlled by

the same signaling pathways. Thus, it is intriguing to
study the specific controlling mechanism in
hedgehogs or other animals with skin appendages in
future studies.

A Morphology of spine
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Figure 7. Inhibiting COX2 reduces spine follicle size on the ninth day after NS-398 treatment. A. Spines outside of the skin are smaller. B. statistical chart shows the length and
diameter of the spines in the control group and the experimental group. C. Statistical chart shows proliferation cells decrease in the experimental group. D. Immunostaining for
epithelial cells shows that the spine follicles in the experimental group were smaller. E. Inmunostaining for mesenchymal cells shows that the spine follicles in the experimental
group were smaller. F. Inmunostaining for PCNA presenting proliferation cells in spine follicle.
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COX2-ATP synthesis regulates cell
proliferation that modulates spine follicle size

While the size of hair follicles has been studied,
we investigated the mechanism by which size control
is regulated in spine follicles in the present study. The
bioinformatic analysis and functional experiments in
our study indicate that ATP synthase and COX2 have
a more specific expression in spine follicles compared
to the hair follicles, and inhibition of them resulted in
a smaller spine follicle and spine in size. However,
inhibitors cannot accurately target the location of the
spine follicle and may cause off-target effects. While
the transgenic technology for hedgehogs is difficult to
achieve, we may use lentivirus with specific
promoters to activate or silence gene expression in
future studies. ATP synthase is the key enzyme for
energy metabolism that participates in oxidative
phosphorylation [35, 36]. Some ATP synthase-related
genes are not expressed in mice but in hedgehogs. The
high expression of these genes may change the
subunit and quantity of ATP synthase and make the
ATP synthase have different functions in hedgehogs.
ATP synthase is involved in the synthesis of ATP
which provides the energy needed for cell
proliferation [18]. Activation of Wnt/{-catenin
signaling in DP cells increases the expression of
proliferation marker PCNA, leading to an increased
hair in length [37]. Therefore, it is reasonable to
speculate that increased expression of ATP synthase
promotes the generation of ATP which provides the
energy necessary for cell proliferation in spine
follicles, leading to a larger spine follicle formation in
hedgehogs.

COX2 inhibitors can inhibit ATP synthesis in rat
liver mitochondria [26]. When COX2 is up-regulated,
it will cause hyperresponsiveness to ATP in guinea
pigs [38]. We also identified that COX2 functions as
the upstream regulator of ATP synthase that regulates
spine follicle size. Inhibition of COX2 led to the
formation of smaller-sized spine follicles and spine in
hedgehogs. COX2 is a mitochondrial gene in
hedgehogs. COX2 is activated at the growth phase to
increase the expression of ATP synthase-related genes
in hedgehogs. This infers that increased ATP synthase
in mitochondria may promote ATP synthesis, leading
to increased cell proliferation and large spine follicle
formation.

ATP synthase can provide energy for the
sodium-potassium pump and power for K+ and Na+
to enter and exit cell, which is crucial for stem cell
differentiation and organogenesis in multicellular
organisms [39]. Dermal papilla cells contain
ATP-sensitive potassium (K(ATP)) channel in human
hair follicles, and minoxidil may promote hair growth
through the K(ATP) channel [40]. In addition,

research has found that hair follicle stem cells (HFSC)
from aged eyelid skin can differentiate into corneal
endothelial-like cells in humans, and these cells can
maintain the electrochemical potential difference
established by sodium/potassium ATPase, indicating
that ATP synthase may play an irreplaceable role in
this process [41]. ATP synthase plays an important
role in human hair follicles and controls hair follicle
growth and hair follicle stem cell differentiation by
providing energy for sodium and potassium channel.
In hedgehog, after inhibiting the myosin II ATPase
activity by Blebbistatin in the spine follicle, the size of
the spine follicle was changed, indicating that ATP
synthase may control the size of the spine follicle by
providing energy for myosin.

Conclusions

In conclusion, the present study reveals a novel
mechanism by which the mitochondrial COX2
regulates ATP synthase to control spine follicle
formation by regulating cell proliferation. Our study
also suggests that, in addition to forming the adaptive
pattern to accommodate the extrinsically ever-
changing environment, the animals also evolve
different intrinsic molecular regulatory systems that
create biodiversity, including but not limited to the
size control of the skin appendages.

Abbreviations

COX2: Mitochondrially encoded cytochrome c
oxidase II; DP: Dermal papillae; PFA: Paraformalde-
hyde; BSA: Bovine serum albumin; PI: Propidium
iodide; DAPI: 4'6'-diamidino-2- phenylindole; LRCs:
Label-retaining cells; HH: Hedgehog; M: Mouse.

Supplementary Material

Supplementary figures.
https:/ /www.ijbs.com/v19p4763s1.pdf

Acknowledgements

This work was supported by the National
Natural Science Foundation of China (82003384,
82203960), Fundamental Research Funds for the
Central Universities (2022CDJYGRH-003, 2023C
DJXY-050), Chongqing Talents: Exceptional Young
Talents Project (cstc2021ycjh-bgzxm0197), Inheritance
and Innovation Team of TCM Treatment of Immune
Diseases, the Innovation and Attracting Talents
Program for College and University ( “111” Project,
B06023), Natural Science Foundation of Chongqing,
China (2022NSCQ-BHX5274), and Scientific Research
Foundation from Chongqing University (022100110
44110), China. Xun Zhou was supported by
Chonggqing City Science and Technology Plan Project
(20212Y023609) and Chongqing Talent Plan Project,

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

4776

Chongqing Municipal Health Commission (CQYC20
200303138).

Author Contributions

MZ and MXL conceived and designed the
experiments. MZ, MYW, WWL, SYZ, DHW, MMW,
ZLX and ZXZ performed the experiment. MZ, JW]J,
XL, RXZ, WQL, JWZ, WX and WW analyzed the data
and prepared figures. MZ and MXL wrote the
manuscript. MXL, QT, WZ, XZ and LY projected
administration. The authors read and approved the
final manuscript.

Ethics Approval and Consent to Participate

The study was approved by the National
Guidelines for Experimental Animal Care and Use
and was permitted by the Ethical Committee of
Experimental Animal Care of Chongqing University.
The identification number is SXYYDW2023-002.

Awvailability of Data and Materials

Data is contained within the article and
supplementary materials.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Chuong CM, Patel N, Lin J, Jung HS, Widelitz RB. Sonic hedgehog
signaling pathway in vertebrate epithelial appendage morphogenesis:
perspectives in development and evolution. Cell Mol Life Sci. 2000; 57:
1672-81.

2. JiS, Zhu Z, Sun X, Fu X. Functional hair follicle regeneration: an updated
review. Signal Transduct Target Ther. 2021; 6: 66.

3. Li L, Ginty DD. The structure and organization of lanceolate
mechanosensory complexes at mouse hair follicles. Elife. 2014; 3: €01901.

4. Li HM, Yang BZ, Zhang X], Jiang HY, Li LM, Ahmad HI, et al.
Transcriptome analysis reveals the genetic basis underlying the
development of skin appendages and immunity in hedgehog (Atelerix
albiventris). Sci Rep. 2020; 10: 13920.

5. Drol CJ, Kennedy EB, Hsiung BK, Swift NB, Tan KT. Bioinspirational
understanding of flexural performance in hedgehog spines. Acta
Biomater. 2019; 94: 553-64.

6. Penzo-Mendez Al, Stanger BZ. Organ-Size Regulation in Mammals.
Cold Spring Harb Perspect Biol. 2015; 7: a019240.

7. Hebert JM, Rosenquist T, Gotz J, Martin GR. FGF5 as a regulator of the
hair growth cycle: evidence from targeted and spontaneous mutations.
Cell. 1994; 78: 1017-25.

8. Harland DP. Introduction to Hair Development. Adv Exp Med Biol.
2018; 1054: 89-96.

9. Yano K, Brown LF, Detmar M. Control of hair growth and follicle size by
VEGF-mediated angiogenesis. ] Clin Invest. 2001; 107: 409-17.

10. Lei M, Guo H, Qiu W, Lai X, Yang T, Widelitz RB, et al. Modulating hair
follicle size with Wntl0b/DKK1 during hair regeneration. Exp
Dermatol. 2014; 23: 407-13.

11. Sharov AA, Sharova TY, Mardaryev AN, Tommasi di Vignano A,
Atoyan R, Weiner L, et al. Bone morphogenetic protein signaling
regulates the size of hair follicles and modulates the expression of cell
cycle-associated genes. Proc Natl Acad Sci U S A. 2006; 103: 18166-71.

12. Chi W, Wu E, Morgan BA. Dermal papilla cell number specifies hair size,
shape and cycling and its reduction causes follicular decline.
Development. 2013; 140: 1676-83.

13. Guerrero-Juarez CF, Plikus MV. Emerging nonmetabolic functions of
skin fat. Nat Rev Endocrinol. 2018; 14: 163-73.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Langan EA, Fink T, Paus R. Is prolactin a negative neuroendocrine
regulator of human skin re-epithelisation after wounding? Arch
Dermatol Res. 2018; 310: 833-41.

Chew EGY, Lim TC, Leong MF, Liu X, Sia YY, Leong ST, et al.
Observations that suggest a contribution of altered dermal papilla
mitochondrial function to androgenetic alopecia. Exp Dermatol. 2022; 31:
906-17.

Li F, Liu H, Wu X, Song Z, Tang H, Gong M, et al. Tetrathiomolybdate
Decreases the Expression of Alkaline Phosphatase in Dermal Papilla
Cells by Increasing Mitochondrial ROS Production. Int J Mol Sci. 2023;
24.

Xiaoyun X, Chaofei H, Weiqi Z, Chen C, Lixia L, Queping L, et al.
Possible Involvement of FIFO-ATP synthase and Intracellular ATP in
Keratinocyte Differentiation in normal skin and skin lesions. Sci Rep.
2017;7: 42672.

Kasahara A, Scorrano L. Mitochondria: from cell death executioners to
regulators of cell differentiation. Trends Cell Biol. 2014; 24: 761-70.
Buzhynskyy N, Sens P, Prima V, Sturgis JN, Scheuring S. Rows of ATP
synthase dimers in native mitochondrial inner membranes. Biophys J.
2007; 93: 2870-6.

Strauss M, Hofhaus G, Schroder RR, Kuhlbrandt W. Dimer ribbons of
ATP synthase shape the inner mitochondrial membrane. EMBO ]. 2008;
27: 1154-60.

Lei M, Schumacher LJ, Lai YC, Juan WT, Yeh CY, Wu P, et al
Self-organization process in newborn skin organoid formation inspires
strategy to restore hair regeneration of adult cells. Proc Natl Acad Sci U S
A.2017; 114: E7101-E10.

von Mering C, Jensen LJ, Snel B, Hooper SD, Krupp M, Foglierini M, et
al. STRING: known and predicted protein-protein associations,
integrated and transferred across organisms. Nucleic Acids Res. 2005; 33:
D433-7.

Di H, Liu H, Xu S, Yi N, Wei G. Network Pharmacology and
Experimental Validation to Explore the Molecular Mechanisms of
Compound Huangbai Liquid for the Treatment of Acne. Drug Des Devel
Ther. 2023; 17: 39-53.

Joshi A, Van Parys T, Van de Peer Y, Michoel T. Characterizing
regulatory path motifs in integrated networks using perturbational data.
Genome Biol. 2010; 11: R32.

Straight AF, Cheung A, Limouze ], Chen I, Westwood NJ, Sellers JR, et
al. Dissecting temporal and spatial control of cytokinesis with a myosin
II Inhibitor. Science. 2003; 299: 1743-7.

Syed M, Skonberg C, Hansen SH. Mitochondrial toxicity of selective
COX-2 inhibitors via inhibition of oxidative phosphorylation (ATP
synthesis) in rat liver mitochondria. Toxicol In Vitro. 2016; 32: 26-40.

Han Y, Chen A, Umansky KB, Oonk KA, Choi WY, Dickson AL, et al.
Vitamin D Stimulates Cardiomyocyte Proliferation and Controls Organ
Size and Regeneration in Zebrafish. Dev Cell. 2019; 48: 853-63 5.
Yosefzon Y, Soteriou D, Feldman A, Kostic L, Koren E, Brown S, et al.
Caspase-3 Regulates YAP-Dependent Cell Proliferation and Organ Size.
Mol Cell. 2018; 70: 573-87 e4.

Pellettieri J, Sanchez Alvarado A. Cell turnover and adult tissue
homeostasis: from humans to planarians. Annu Rev Genet. 2007; 41:
83-105.

Liang J, Balachandra S, Ngo S, O'Brien LE. Feedback regulation of
steady-state epithelial turnover and organ size. Nature. 2017; 548: 588-91.
Lui JC, Baron J. Mechanisms limiting body growth in mammals. Endocr
Rev. 2011; 32: 422-40.

Selovic A, Juresa V, Ivankovic D, Malcic D, Selovic Bobonj G.
Relationship between axial length of the emmetropic eye and the age,
body height, and body weight of schoolchildren. Am J Hum Biol. 2005;
17:173-7.

Zhou G, Williams RW. Mouse models for the analysis of myopia: an
analysis of variation in eye size of adult mice. Optom Vis Sci. 1999; 76:
408-18.

Prashar A, Hocking PM, Erichsen JT, Fan Q, Saw SM, Guggenheim JA.
Common determinants of body size and eye size in chickens from an
advanced intercross line. Exp Eye Res. 2009; 89: 42-8.

Gustafsson CM, Falkenberg M, Larsson NG. Maintenance and
Expression of Mammalian Mitochondrial DNA. Annu Rev Biochem.
2016; 85: 133-60.

Gale M, Li Y, Cao J, Liu ZZ, Holmbeck MA, Zhang M, et al. Acquired
Resistance to HER2-Targeted Therapies Creates Vulnerability to ATP
Synthase Inhibition. Cancer Res. 2020; 80: 524-35.

Ryu YC, Lee DH, Shim J, Park J, Kim YR, Choi S, et al. KY19382, a novel
activator of Wnt/beta-catenin signalling, promotes hair regrowth and
hair follicle neogenesis. Br ] Pharmacol. 2021; 178: 2533-46.

Montano LM, Carbajal V, Vargas MH, Garcia-Hernandez LM,
Diaz-Hernandez V, Checa M, et al. Histamine, carbachol, and serotonin

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

4777

39.

40.

41.

induce hyperresponsiveness to ATP in guinea pig tracheas: involvement
of COX-2 pathway. Pflugers Arch. 2013; 465: 1171-9.

Wang X, Cai L, Xie JX, Cui X, Zhang J, Wang J, et al. A caveolin binding
motif in Na/K-ATPase is required for stem cell differentiation and
organogenesis in mammals and C. elegans. Sci Adv. 2020; 6: eaaw5851.
Shorter K, Farjo NP, Picksley SM, Randall VA. Human hair follicles
contain two forms of ATP-sensitive potassium channels, only one of
which is sensitive to minoxidil. FASEB J. 2008; 22: 1725-36.

Olszewski C, Maassen ], Guenther R, Skazik-Voogt C, Gutermuth A.
Mechanotransductive Differentiation of Hair Follicle Stem Cells Derived
from Aged Eyelid Skin into Corneal Endothelial-Like Cells. Stem Cell
Rev Rep. 2022; 18: 1668-85.

https://www.ijbs.com



