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Abstract: In order to reveal the distribution and expression characteristics of the pulmonary ionocyte-
related factors CFTR, ATP6V0D2, and ATP6V1C2 in the lungs of yaks of different ages. Explore
the possible regulation of these pulmonary ionocyte-related factors in the yak lung for adaptation
to high-altitude hypoxia. The localization and expression of CTFR, ATP6V0D2, and ATP6V1C2 in
the lungs of newborn, juvenile, adult, and elderly yaks were studied using immunohistochemistry,
quantitative reverse transcription PCR, and Western blotting. Immunohistochemistry showed that
CFTR, ATP6V0D2 and ATP6V1C2 were mainly localized in the ciliated cells and club cells of the
epithelial mucosal layer of the bronchus and its branches in the lungs. For the qRT-PCR, expression
of CFTR, ATP6V0D2 and ATP6V1C2 in the yak lungs varied according to age. For Western blotting,
CFTR expression in the newborn group was significantly higher than in the other three groups.
ATP6V0D2 expression of the adult group was significantly higher. ATP6V1C2 expression was the
highest in the juvenile group (p < 0.05). This study showed that ciliated cells and club cells were
related to the pulmonary ionocytes in yaks. CFTR, ATP6V0D2, and ATP6V1C2 were related to
adaptations of yak lungs to high altitude hypoxia, through prevention of airway damage.
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1. Introduction

Pulmonary ionocytes are a type of cell that were first discovered in the lungs of humans
and mice in 2018 [1,2]. These cells have expression profiles similar to those of ionocytes in
the skin of Xenopus laevis and zebrafish [3,4] and account for about 1% of the composition
of human and mouse tissue cell populations [1]. They are the main source of cystic-fibrosis
transmembrane conductance regulator (CFTR) gene activity, as they highly express the
CFTR protein [1,2] and have unique immunoreactivity to ATP6V0D2 [2]. Pulmonary
ionocytes play a key role in the mechanism of pulmonary cystic fiber formation [5] and
in the damage and tissue repair of many airway diseases, including asthma, chronic
obstructive pulmonary disease, and bronchitis [1,2].

Cystic fibrosis (CF) is a common lethal single-gene disorder in Caucasians that is
caused by a mutation of the gene on chromosome 7 encoding a transmembrane con-
ductance regulator protein, CFTR [6]. The CFTR-encoding gene is located on the long
arm of chromosome 7, is approximately 250 kb in length, and consists of 27 exons and
26 introns. The CFTR protein is composed of two globular nucleotide binding domains,
nucleotide-binding domains 1 and 2 (NBD1 and NBD2) and a central regulatory region
(which consists of nine phosphorylation sites of proteinase kinase A and phosphorylation
sequences of other kinases such as protein kinase C/adenosine monophosphate kinase [7])
that interact with each other [8]. The abnormal function of CFTR causes many diseases,
mainly manifesting as chronic sinusitis, coughing, wheezing and other types of airway
inflammation, end-stage airway damage, and fibrosis of lung parenchyma, in addition to
pathological phenomena such as sweating, hyperchlorhidrosis, and poor sperm release in
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the reproductive system [9]. Moreover, the CFTR membrane protein plays a significant role
in regulating fluid transport and mucus concentration.

Vascular ATP hydrolase (V-ATPase) is a multi-subunit enzyme. As a member of the
ATPase family, it is an ATP-driven proton pump, and it may be involved in regulating the
secretion of pulmonary surfactants [10], in ATP hydrolysis, and in proton pump transport.
The varied physiological functions of V-ATPase in different cells are established using
specific subunits and subtypes [11], including the transmembrane V0 domain and the
extramembrane V1 domain. V0 comprises four subunits (A, B, C, and D) for proton transfer.
V1 includes eight subunits (A, B, C, D, E, F, and G) that play a role in hydrolyzing ATP to
provide energy [12]. The subunit D of V0 exists as two subtypes, ATP6V0D1 and ATP6V0D2,
that have 82% sequence identity [13].

The yak (Bos grunniens) is an endemic cattle species distributed in the Qinghai-Tibet
plateau and the adjacent alpine and sub-alpine regions. In addition to China, the countries
that raise yaks include Mongolia, Kyrgyzstan, Tajikistan, Bhutan, Sikkim, Afghanistan,
Pakistan, and Kashmir [14]. Yaks are highly adaptable to the environment of alpine
grasslands >3000 m above sea level and are extremely tolerant to severe cold, low oxygen
levels, and year-round grazing conditions, forming a series of unique ecological and
physiological characteristics [14,15] that are mainly manifested in the chest, heart, and
well-developed lungs. Under normal conditions, the yak body obtains sufficient oxygen to
adapt to the conditions of high altitude, low air pressure, and low oxygen content in the
air [16]. A low-oxygen environment, like many lung diseases, can cause pulmonary fibrosis
and a series of pathological changes in the body. Although the yak has been living in a harsh
and low-oxygen environment for a long time, its lungs experience no pulmonary fibrosis
caused by hypoxia. It is unclear whether the yak also has pulmonary ionocytes similar to
those in human and mouse lungs to help adapt to the low-oxygen environment and prevent
pulmonary fibrosis. Because the existing research on pulmonary ionocytes is limited to
humans and mice, there are no reports for other animals living in hypoxic environments,
and this lack of information includes the factors CFTR, ATP6V0D2, and ATP6V1C2. Hence,
this study examined the localization and relative expression levels of CFTR, ATP6V0D2, and
ATP6V1C2 in yak lungs by using immunohistochemistry, fluorescence-based quantitative
PCR, and Western blotting. These methods were used to explore the possible roles of
these factors in the adaptation of yak lungs to altitude hypoxia and to examine whether
pulmonary ionocytes present in yak lungs are uniquely immunoreactive to ATP6V0D2.
This study provides a research basis for follow-up investigations.

2. Materials and Methods
2.1. Experimental Animals and Materials

The yak lung tissues used as the research materials were collected from healthy
newborn (1–7 days old), juvenile (1–2 years old), adult (3–6 years old), and elderly
(7–10 years old) yaks (n = 3 animals per group). The lung samples of newborn yaks were
from Gannan Tibetan Autonomous Prefecture, Southern Gansu Province, China. The lung
samples of juvenile and elderly yaks were from Xining City, Quinghai Province, China. The
lung samples of adult yaks were from Linxia Autonomous Prefecture of Gansu Province,
China. After all yaks were sacrificed by carotid bloodletting, the lung tissues were quickly
dissected and fixed in 4% paraformaldehyde solution for immunohistochemistry; the
lung tissues for Western blotting and quantitative reverse transcription PCR (qRT-PCR)
were dissected and rapidly placed in liquid nitrogen and eventually stored at −80 ◦C for
later use.

2.2. Immunohistochemistry

The fixed and paraffin-embedded lung tissues were sectioned to 4 µm thickness fol-
lowed by conventional deparaffinization, hydration, and antigen retrieval in citrate buffer
for 15 min. The sections were then stained using the SP Kit (Beijing Biosynthesis Biotech-
nology, Beijing, China) according to the manufacturer’s instructions. The tissue sections
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were labeled with primary antibodies, including rabbit anti-CFTR primary antibodies
(bs-1277, Beijing Biosynthesis Biotechnology), rabbit anti-ATP6V0D2 primary antibod-
ies (bs-12548R, Beijing Biosynthesis Biotechnology), and rabbit anti-ATP6V1C2 primary
antibodies (ab176771, Abcam) after dilution. The negative control tissue sections were incu-
bated with 0.01 mol/L PBS instead of the primary antibodies followed by color developing
using a diaminobenzidine (DAB) kit purchased from Beijing Golden Bridge Biotechnology
(Beijing, China). The tissue sections were subjected to nuclear staining with hematoxylin
solution followed by dehydration, clearing in xylene solution, and neutral resin mounting.
After DAB color development, the sections with dark-brownish yellow staining were con-
sidered to have strong positive expression; the sections with light-brownish yellow staining
were considered to have positive expression, and the sections showing the background
color or colorless staining were considered as negatively stained. An Olympus BX51 micro-
scope was used for section observation, and an Olympus DP71 Microphotography unit
was used for immunohistochemical analysis.

2.3. qRT-PCR

The NCBI database was used to retrieve the yak’s β-actin (NM 173979.3), CFTR (NM
174018.2), ATP6V0D2 (NM 001046101.1), and ATP6V1C2 (XM 024998456.1) sequences. The
Primer 6 software was used to design the primers, and these were synthesized by BGO
Tech (Beijing, China; see the detailed primer sequences listed in Table 1).

Table 1. Primer information for qRT-PCR.

Primer Name Sequence Annealing (◦C) Length (bp)

CFTR F: AAGTTGCAGATGAGGTCGGA
R: GAGCACTGGGTTCATCAAGC 57.5 174

ATP6V0D2 F: ACCCCTAGCTCCGTTCTTTC
R: TGATGATAAAAGCACGCCGG 57.5 197

ATP6V1C2 F: CCAAATATCCCGCCAAGCAG
R: TCCGAGTGAAGAGGTTTCCC 57.5 165

β-actin F: GCAATGAGCGGTTCC
R: CCGTGTTGGCGTAGAG 60 141

The total RNA of the yak lung tissues of the four different age groups was extracted
using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions, followed by reverse transcription for cDNA synthesis. The cDNA was stored
at −80 ◦C for later analysis. The extracted total RNA samples with optical density (OD)
of 1.8–2.0 were uniformly diluted to 200 ng/µL before the reverse transcription using the
corresponding Promega kits. β-actin was used as internal reference gene for the PCR
of the target genes CFTR, ATP6V0D2, and ATP6V1C2 using the reaction system of 2 µL
cDNA template, 0.5 µL forward primer and 0.5 µL reverse primer of the individual target
gene, 10 µL Taq PCR Master Mix (C06-01003, Beijing Biosynthesis Biotechnology, Beijing,
China), and 7 µL double-distilled H2O. The reaction conditions of the PCR were: 95 ◦C
pre-denaturation for 3 min, 40 cycles of 95 ◦C denaturation for 30 s, 58 ◦C annealing for 30 s,
72 ◦C elongation for 12 s, and 4 ◦C for product storage. The Lightcycler96 (Roche, South San
Francisco, CA, USA) was used for the fluorescence-based qRT-PCR with the reaction system
of 10 µL 2×SYBR Green II PCR mix (C0-01007, Beijing Biosynthesis Biotechnology, Beijing,
China), 1 µL cDNA template, 0.8 µL forward primer, 0.8 µL reverse primer of the individual
target gene, and 7.4 µL double-distilled H2O. The reaction conditions were as follows: 95 ◦C
pre-denaturation for 5 min, 40 cycles of 95 ◦C denaturation for 30 s, 58 ◦C annealing for
30 s, 72 ◦C elongation for 15 s, and 4 ◦C for products storage. Three replicates were set for
each lung sample. According to the cycle threshold (Ct) of each sample, the 2−∆∆Ct method
was used to analyze the data. All data are presented as mean ± standard error.
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2.4. Western Blotting

The frozen lung tissues of the four age groups of yaks were ground in liquid nitrogen
followed by adding 0.1 g of tissue into a new centrifuge tube and subsequently adding
1 mL Radioimmunoprecipitation assay (RIPA) buffer and 10 µL PMSF. After 2.5 h shaking
in an ice box, each lysate sample was centrifuged at 12,000 rpm for 10 min at 4 ◦C, and the
supernatant was collected into a new and sterile RNase-free centrifuge tube and stored
at −20 ◦C for later use. The extracted total protein was prepared according to the ratio
of protein: 4×SDS Buffer (3:1) followed by denaturing in a metal bath for 10 min. Equal
amounts of protein samples were separated by SDS-PAGE followed by transferring the
protein gel to a polyvinylidene difluoride (PVDF) membrane and blocking the protein
membrane with 5% skim milk. The protein membranes were independently incubated with
the primary antibodies N21123 anti-β-actin mouse antibody purchased from TransGen
Biotech (Beijing, China), ab2784 mouse anti-CFTR antibody (Abcam), ab236375 rabbit
anti-ATP6V1C2 (Abcam), and ab176771 rabbit anti-ATP6V1C2 (Abcam) at 4 ◦C overnight
followed by incubation with 1:5000 N21009 goat anti-mouse immunoglobulin (Ig) G (H + L)
or N20915 goat anti-rabbit IgG (H + L) secondary antibodies at room temperature for 1 h
before development in the chemiluminescence assay. Image J software was used to analyze
the target protein bands followed by calculation of the relative protein expression based
on the measured gray values. SPSS 19.0 software (IBM, Armonk, NY, USA) was used for
statistical analysis in this study.

3. Results
3.1. Immunohistochemical Analysis
3.1.1. CFTR Localization in Yak Lungs at Different Ages

CFTR was mainly localized in the epithelial cells, smooth muscle cells, and vascular
smooth muscle cells of the pulmonary arteries of the bronchus and its branches in the
lungs. It was strongly expressed in the bronchiolar epithelial cells, smooth muscle cells, and
vascular smooth muscle cells of the pulmonary arteries in the newborn group (Figure 1a,b).
CFTR was localized in the epithelial cells of the terminal bronchioles (Figure 1c), bronchiolar
epithelial cells, smooth muscle cells, and vascular smooth muscle cells of the pulmonary
arteries (Figure 1d) and was most strongly expressed in the juvenile group. CFTR was
localized in the bronchiolar epithelial cells (Figure 1e) and the submucosal glands (Figure 1f)
and was positively expressed in the adult group. In the elderly group, CFTR was localized in
bronchiolar epithelial cells, smooth muscle cells, vascular smooth muscles of the pulmonary
arteries (Figure 1g), and smooth muscle cells of terminal bronchioles and respiratory
bronchioles (Figure 1h). Figure 1i–l shows the blank controls for different age groups.
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Figure 1. CFTR localization in yak lungs at different ages. (a) Bronchioles and pulmonary arteries
of yak lungs in the newborn group (100×). (b) Bronchioles and pulmonary arteries of yak lungs
in the newborn group (200×). (c) Terminal bronchioles of yak lungs in the juvenile group (200×).
(d) Bronchioles and pulmonary arteries of yak lungs in the juvenile group (200×). (e) Bronchioles
of yak lungs in the adult group (200×). (f) Bronchioles of yak lungs in the adult group (100×).
(g) Bronchioles and pulmonary arteries of yak lungs in the elderly group (200×). (h) Terminal
bronchioles and respiratory bronchioles of yak lungs in the elderly group (100×). (i) Blank control of
bronchioles of yak lungs in the newborn group (200×). (j) Blank control of bronchioles of yak lungs
in the juvenile group (200×). (k) Blank control of terminal bronchioles and respiratory bronchioles
of yak lungs in the adult group (200×). (l) Blank control of bronchioles and pulmonary artery of
yak lungs in the elderly group (200×). B—bronchiole; TB—terminal bronchiole; RB—respiratory
bronchiole; PA—pulmonary artery.

3.1.2. ATP6V0D2 Localization in Yak Lungs at Different Ages

ATP6V0D2 was localized and expressed in varying degrees in the yak lungs at different
ages. It was mainly localized in the ciliated cells and club cells of the epithelium and mucosa
of the bronchus and its branches in the lung. ATP6V0D2 was also strongly expressed in both
the adult and elderly groups. In the newborn group, ATP6V0D2 was strongly expressed
and localized in bronchiolar epithelial cells (Figure 2a) and epithelial cells of the terminal
bronchioles (Figure 2b). In the juvenile group, ATP6V0D2 was only localized in bronchiolar
epithelial cells (Figure 2c,d), showing weak-positive expression. The localization and
expression of ATP6V0D2 in the elderly group were similar to those in the adult group,
present in the bronchiolar epithelial cells (Figure 2e,g) and epithelial cells of the terminal
bronchioles (Figure 2f,h) and having strongly positive signals in the immunohistochemistry
assay. Figure 2i–l shows the blank controls of different age groups (Figure 2).
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Figure 2. ATP6V0D2 localization in yak lungs at different ages. (a,b). Bronchioles of yak lungs in the
newborn group (400×). (c) Bronchioles of yak lungs in the juvenile group (400×). (d) Small bronchi
in the juvenile group (100×). (e) Bronchioles of yak lungs in the adult group (100×). (f) Bronchioles
of yak lungs in the adult group (400×). (g) Bronchioles of yak lungs in the elderly group (400×).
(h) Terminal bronchioles of yak lungs in the elderly group (400×). (i) Blank control of bronchioles of
yak lungs in the newborn group (200×). (j) Blank control of bronchioles of yak lungs in the juvenile
group (200×). (k) Blank control of bronchioles of yak lungs in the adult group (200×). (l) Blank
control of bronchioles of yak lungs in the elderly group (200×). SB—small bronchi; B—bronchiole;
TB—terminal bronchiole.

3.1.3. ATP6V1C2 Localization in Yak Lungs at Different Ages

ATP6V1C2 was mainly localized in the epithelial cells of the bronchus and its branches
in the lungs, the smooth muscle cells, the fibroblasts in elastic fibers, and fibroblasts in the
elastic fibers of the pulmonary arteries. It was expressed in both the juvenile and adult
groups. In the newborn group, ATP6V1C2 was expressed and localized in ciliated cells,
club cells, fibroblasts in the elastic fibers of the mucosa of small bronchi (Figure 3a), and
fibroblasts in the elastic fibers of the pulmonary arteries (Figure 3b). In the juvenile group,
ATP6V1C2 was strongly expressed and localized in ciliated cells, club cells, fibroblasts in
the elastic fibers of the bronchiolar mucosa (Figure 3c,e), and fibroblasts in the elastic fibers
of the pulmonary arteries (Figure 3d,f). In the elderly group, ATP6V1C2 was expressed in
the ciliated cells, club cells, elastic fibers in the bronchiolar mucosa, fibroblasts in the elastic
fibers of the pulmonary arteries (Figure 3g), the ciliated cells and club cells in the mucosa of
terminal bronchioles, and the fibroblasts in the elastic fibers (Figure 3h). Figure 3i–l shows
the blank controls of different age groups.
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Figure 3. ATP6V1C2 localization in yak lungs at different ages. (a) Small bronchi of yak lungs in the
newborn group (200×). (b) Small bronchi and pulmonary arteries of yak lungs in the newborn group
(200×). (c) Bronchioles of yak lungs in the juvenile group (400×). (d) Bronchioles and pulmonary
arteries of yak lungs in the juvenile group (400×). (e) Bronchioles of yak lungs in the adult group
(400×). (f) Pulmonary arteries of yak lungs in the adult group (400×). (g) Bronchioles and pulmonary
arteries of yak lungs in the elderly group (400×). (h) Terminal bronchioles of yak lungs in the elderly
group (400×). (i) Blank control of small bronchi and pulmonary arteries of yak lungs in the newborn
group (200×). (j) Blank control of bronchioles and pulmonary arteries of yak lungs in the juvenile
group (200×). (k) Blank control of bronchioles of yak lungs in the adult group (200×). (l) Blank
control of bronchioles of yak lungs in the elderly group (200×). SB—small bronchi; B—bronchiole;
TB—terminal bronchiole; PA—pulmonary artery.

3.2. Fluorescence-Based qRT-PCR

After the conventional PCR amplification, the PCR products were separated by 2%
agarose gel electrophoresis to obtain a single band that matched with the expected band
(Figure 4). Using qRT-PCR to detect the expression of CFTR, ATP6V0D2 and ATP6V1C2
in the yak lungs at different ages, with single melting curve peaks and primer specificity
meeting the test requirements (Figure 5). The results showed that the mRNAs of CFTR,
ATP6V0D2 and ATP6V1C2 were expressed to varying degrees in the yak lungs at different
ages. The mRNA expression of CFTR was the highest in the adult group followed by the
elderly group, and the mRNA expression of CFTR was the lowest in the yak lungs of the
juvenile group. The mRNA expression of CFTR varied significantly among different ages
(p < 0.05). The mRNA expression of ATP6V0D2 was the highest in the newborn group and
showed significant differences between the newborn and the juvenile groups (p < 0.05) and
between the juvenile and adult groups (p < 0.05), but not between the adult and elderly
groups (p > 0.05). The mRNA expression of ATP6V1C2 in different age groups showed the
same trend as the mRNA expression of CFTR (Figure 6).
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ages. A. Relative expression of CFTR mRNA in the yak lungs. B. Relative expression of ATP6V0D2
mRNA in the yak lungs. C. Relative expression of ATP6V1C2 mRNA in the yak lungs. Note:
Different lowercase letters indicate significant differences (p < 0.05), and the same letters indicate
non-significant differences (p > 0.05).
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3.3. Western Blotting

The expressions of CFTR, ATP6V0D2, and ATP6V1C2 proteins in the yak lungs varied
at different ages (Figure 7). The CFTR protein expression of the newborn group was signifi-
cantly higher than in the other three groups (p < 0.05). Pairwise comparisons showed no
significant differences in CFTR protein expression between the juvenile, adult, and elderly
groups (p > 0.05, Figure 7B). The ATP6V0D2 protein expression was the highest in the adult
group (p < 0.05) followed by the newborn group, and the ATP6V0D2 protein expression
was the lowest in the juvenile group (Figure 7C). The ATP6V1C2 protein expression was the
highest in the newborn group (p < 0.05) followed by the adult group, and the ATP6V1C2
protein expression was the lowest in the juvenile group. Pairwise comparisons showed
significant differences in the ATP6V1C2 protein expression among all age groups (p < 0.05,
Figure 7D).
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4. Discussion
4.1. Pulmonary Ionocytes

Pulmonary ionocytes were discovered by Danie and Linsey in the mouse and human
airway tissues of the lungs. The cells play a key role in the biological mechanisms un-
derlying the formation of pulmonary fibrosis and the repair of airway-damaged tissues,
accounting for 1% of the epithelial cell population in mouse and human airways. The gene
expression pattern of pulmonary ionocytes is similar to those of ionocytes in fish gills and
in frogs [1,2] and is an important regulatory point for the maintenance of ion balance in fish.
The main functions of pulmonary ionocytes involve Cl− secretion, Na+ diffusion across
membranes, ion absorption in low-salinity solutions, and ion secretion in high-salinity
solutions [17]. Because ion transport across the epithelium is an energy-consuming process,
all ionocytes require sufficient mitochondria to produce large amounts of ATP. Compared
with the surrounding cells, ionocytes have a higher density of mitochondria in the cyto-
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plasm [16]. On the basolateral membrane, ionocytes have specific transport carriers or
channels to ensure the directional movement of ions. Danie believes that ionocytes express
CFTR [1]. The study by Lindsey showed that these cells co-expressed multiple subunits of
forkhead box L1 (Foxl-1), vacuolar-type H+-ATPa (V-ATPase), and CFTR and had unique
immunoreactivity to ATP6V0D2 [2]. Studies in recent years have shown that V-ATPase and
CFTR not only play important roles in the tumorigenesis and progression of many cancers,
such as esophageal cancer [18], but also are involved in distal renal tubular acidosis [19].

4.2. CFTR

Since the discovery of CF approximately three decades ago, more than 2000 CFTR
mutations and variants have been identified. CFTR transgenic animal models are currently
available for mice [20], CF rabbits [21], CF pigs [22], CF sheep, and CF ferrets [21]. This
study used yaks that live in a hypoxic environment as the research subjects to explore the
possible relationship between CFTR and lung adaptation. Mutations in CFTR affect the
normal physiological functions of the epithelial tissues of the gastrointestinal tract and
the respiratory system, affecting epithelial cells of the airway, small intestine, pancreas,
liver, and reproductive tracts, and are expressed in the epithelial cells at the top of the
plasma membranes of the airway, digestive tract, and reproductive tract [8]. Although these
diseases affect multiple organs, the most serious and life-threatening pathology occurs in
the lungs. In 1992, Engelhardt et al. [23] reported that submucosal glands were the main
part of the lungs expressing CFTR. Adult lungs had the highest expression levels of CFTR
protein in the submucosal acini. The study of Trezise et al. [24] showed low CFTR mRNA
and protein expression in the epithelial cells of human lungs. In contrast, high CFTR
expression was found in the epithelial cells of the submucosal glands, and these epithelial
cells were usually confined to the proximal airway supported by cartilage. These findings
differed from the present results. In this study, the immunohistochemistry assays showed
that CFTR was mainly localized in the ciliated and club cells in the mucosa of the bronchus
and its branches and the surrounding smooth muscle cells in yak lungs. CTFR was also
localized in the vascular smooth muscle cells in the pulmonary arteries. Jiang et al. [25]
studied the cellular heterogeneity of pulmonary CFTR expression and function and showed
that non-ciliated cell subpopulations expressed CFTR protein and mRNA at extremely high
levels, suggesting a different function from ciliated cells in maintaining the composition
of airway surface fluid and electrolytes. Our results showed that there was a difference
between the expression levels of CTFR protein and mRNA. In terms of mRNA levels, the
adult group had the highest mRNA expression of CTFR followed by the elderly group. In
terms of protein levels, the newborn group had the highest protein expression of CTFR, a
level that was significantly higher than in the other three groups (p < 0.05). No significant
differences in CTFR protein expression were found between the juvenile, adult, and elderly
groups in the pairwise comparisons (p > 0.05), suggesting that this was related to the
formation of physiological structures in the yaks to adapt to the hypoxic environment.
The tunica media of the pulmonary arteries of yaks at different ages are thicker than
those of animals living at lower altitudes. With increasing age, the yak lungs gradually
adapt to the high-altitude hypoxic environment, and the thickness of the tunica media
of the pulmonary arteries gradually decreases [16]. In addition, the expression level in
yaks of the newborn group was higher than in the other three groups, while only small
differences in the expression level were found in the remaining three groups in both the
immunohistochemistry assays and Western blotting.

4.3. V-ATPase

As a member of the ATPase family, V-ATPase is an ATP-driven proton pump that is
widely distributed in the membranes of various types of cells (e.g., osteoclasts, goblet cells,
and renal tubular epithelial cells) and organelles (e.g., lysosomes and secretory vesicles) [11].
V-ATPase plays an important role in membrane trafficking, protein degradation, viral and
toxin entry, bone resorption, pH homeostasis, and tumor cell invasion [26]. Its structure
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includes the peripheral V1 domain that hydrolyzes ATP, the complete V0 domain that
transports hydrogen ions [12,27], and the additional Ac45 protein in eukaryotes (with
proton-pump activity) [26], in which the C1 subunit is commonly expressed and the C2
subunit is only detected in the kidneys and lungs. The D2 subunit is present in the kidneys,
lungs, and osteoclasts [19]. V-ATPase may be involved in regulating the secretion of
pulmonary surfactants and maintaining their acidic pH [9]. The different physiological
functions of V-ATPase in different cell membranes are established using specific subtypes
of subunits [28] that have been identified in different tissues and cell types and have
different functions. In mammalian cells, the V1 and V0 domains are reversibly dissociated
in response to consumption of glucose or to insect cell molting, and this may also be a means
of preserving ATP in cells [26]. The results of immunohistochemistry assays in this study
showed that ATP6V0D2 was commonly expressed in the epithelial cells of the bronchial
branches in the yak lungs and was strongly expressed in the lungs of adult and elderly yaks.
It was not specifically expressed in a single cell type. Previous studies also supported our
result that ATP6V0D1 was widely expressed, while D2 was mainly expressed on the cell
surface of human kidneys and osteoclasts [29]; ATP6V0D2 is also overexpressed in most
cancer tissues such as in melanoma, pancreatic cancer, and kidney cancer [30]. The results
of a study by Xia et al. [13] showed that ATP6V0D2 was also expressed in macrophages
and was regulated by lipopolysaccharide stimulation. Nishi et al. isolated cDNA encoding
subtype D from mice (D2) and found that it was mainly expressed in the kidney, lung,
testis, skeletal muscles, heart, and spleen [31].

In this study, qRT-PCR showed that ATP6V0D2 had the highest mRNA expression
level in the lungs of the newborn yaks, followed by juvenile yaks, adult yaks, and elderly
yaks (p < 0.05). No significant difference in ATP6V0D2 mRNA expression was found
between the adult and elderly yaks (p > 0.05). Western blotting showed that ATP6V0D2
was expressed to varying degrees in the yak lungs at different ages. ATP6V0D2 protein
expression was the highest in the adult groups (p < 0.05) followed by the newborn group, the
elderly group, and the juvenile group. There was a difference between the gene and protein
expression of ATP6V0D2. This difference may be caused by low-level translation of genes or
by rapid turnover of proteins. Similar results were found via both immunohistochemistry
and Western blotting. Yang et al. [32] showed that the fetus does not breathe in the
mother during the embryonic development of yaks, but rather forms a hypoxic adaptive
structure, indicating that the formation of this structural characteristic is regulated by genes.
ATP6V0D2 was distributed to a certain extent in the lungs of the newborn group. The
juvenile period is important for structural adaptation of the heart and lungs to a high-
altitude and low-oxygen environment. Our previous research showed that 3–6 months of
age is critical for the development and changes of the heart and lung structures in yaks.
With increasing age, the proliferation, migration, cell metabolism, and anti-damage ability
of epithelial cells in the yak lungs also increased. Thus, the expression of ATP6V0D2
gradually increased and reached a maximum in the adult group in this study. As the yaks
aged, the physiological functions of the lungs declined, and the expression of ATP6V0D2
was reduced. This study showed that ATP6V0D2 was localized to varying degrees in
ciliated cells and club cells in the epithelial mucosal layer of the bronchioles and their
branch tracheal tubes in the yak lungs. These cells in the yak lungs may have functions
similar to those of pulmonary ionocytes and may be correlated with pulmonary ionocytes.
However, it was not possible to detect pulmonary ionocytes in yak lungs using only
ATP6V0D2. The expression of ATP6V0D2 in yaks of different ages was basically in line
with the formation and mechanism of adaptive structures of yak lungs under a hypoxic
environment. However, the underlying mechanism of the adaptation to a high-altitude
hypoxic environment and the prevention of airway damage or repair in the yak lungs need
further investigation.

Feng et al. [10] isolated rat alveolar type II cells and detected the expression of
ATP6V1C2 in vitro. The in situ hybridization showed that ATP6V1C2 was expressed
in bronchioles and pulmonary alveolar epithelium cells. Multiple tissue Northern blotting
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showed that ATP6V1C2 was uniquely expressed in the lungs, kidneys, and testis. In this
study, we also confirmed that ATP6V1C2 was mainly localized in mucosal epithelial cells
and smooth muscle cells of the bronchus and its branches, fibroblasts in elastic fibers, and fi-
broblasts in the elastic fibers of the pulmonary arteries. In addition, ATP6V1C2 was strongly
expressed in the juvenile and the adult groups. A study by Sun-Wada et al. [11] reported
that the V-ATPase V1 domain C2 subunit gene (ATP6V1C2) was mainly expressed in mouse
lungs and kidneys. Some researchers [13] have shown that ATP6V1C2 was expressed in
the kidneys and placenta in humans but not in human lungs. The currently available data
also demonstrate tissue-specific expression of ATP6V1C2 in rats. ATP6V1C2 was mainly
expressed in the lungs and slightly expressed in the kidneys and testis. In the yak lungs,
the expression of ATP6V1C2 in different age groups had the same trend as the expression
of CFTR. Both adult and elderly groups had higher expression of ATP6V1C2, especially the
adult group. Western blotting results showed that ATP6V1C2 protein expression was the
highest in the juvenile group (p < 0.05) followed by the adult group, and the ATP6V1C2
protein expression was the lowest in the newborn group. These findings may be related to
the pathological characteristics of adult yak lungs without typical pulmonary fibrosis or
pulmonary hypertension related to the hypoxic adaptability and physiological function of
yak lungs during the entire growth process, especially in the adult group. Under regulation
by various factors, the impact of hypoxia on the lung structure of yaks gradually weakened
with increasing age.

5. Conclusions

This study is the first to investigate the pulmonary ionocyte-related factors CFTR,
ATP6V0D2, and ATP6V1C2 in yak lungs. CFTR, V-ATPase subunit genes, ATP6V1C2,
and ATP6V0D2 were localized in the ciliated cells and club cells of bronchioles and their
branches in the lungs of yaks of different ages. The differences in the gene expression levels
at different ages were consistent with the growth and development of yaks and were related
to the process of adaptability to a low-oxygen environment. However, mRNA expression
and the corresponding protein expression were inconsistent. The differential expression
was adapted to the role of individual factors in different age groups. The above cells had
the same characteristics as pulmonary ionocytes mentioned by Danie’s and Linsey’s groups
but were widely distributed and were present in larger numbers. These cells may have
functions similar to those of pulmonary ionocytes and thus may help prevent pulmonary
fibrosis. However, the relationship between these cells and pulmonary ionocytes requires
further exploration.

Author Contributions: Methodology, J.H.; software, Y.W.; validation, J.H., Y.W., Y.C. and Q.Z.;
formal analysis, J.H. and Y.W.; investigation, J.H. and Y.W.; resources, Y.C.; data curation, J.H. and
Y.W.; writing—original draft preparation, J.H.; writing—review and editing, J.H.; visualization, J.H.;
supervision, J.H., Y.W., Y.C. and Q.Z.; funding acquisition, J.H. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number
31960687.

Institutional Review Board Statement: The animal study was reviewed and approved by the Ex-
perimental Animal Ethics Committee of Gansu Agricultural University (Ethic approval file No.
GSAU-Eth-VMC-2022-23).

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors affirm that all data necessary for confirming the conclu-
sions of the article are present within the article, figures, and tables.

Acknowledgments: The authors would like to thank all the reviewers who participated in the review.

Conflicts of Interest: All authors declare no conflict of interest.



Genes 2023, 14, 597 13 of 14

References
1. Plasschaert, L.W.; Žilionis, R.; Choo-Wing, R.; Savova, V.; Knehr, J.; Roma, G.; Klein, A.M.; Jaffe, A.B. A single-cell atlas of the

airway epithelium reveals the CFTR-rich pulmonary ionocyte. Nature 2018, 560, 377–381. [CrossRef] [PubMed]
2. Montoro, D.T.; Haber, A.L.; Biton, M.; Vinarsky, V.; Lin, B.; Birket, S.E.; Yuan, F.; Chen, S.; Leung, H.M.; Villoria, J.; et al. A revised

airway epithelial hierarchy includes CFTR-expressing ionocytes. Nature 2018, 560, 319–324. [CrossRef] [PubMed]
3. Quigley, I.K.; Stubbs, J.L.; Kintner, C. Specification of ion transport cells in the Xenopus larval skin. Development 2011, 138, 705–714.

[CrossRef] [PubMed]
4. Esaki, M.; Hoshijima, K.; Nakamura, N.; Munakata, K.; Tanaka, M.; Ookata, K.; Asakawa, K.; Kawakami, K.; Wang, W.; Weinberg,

E.S.; et al. Mechanism of development of ionocytes rich in vacuolar-type H(+)-ATPase in the skin of zebrafish larvae. Dev Biol.
2009, 329, 116–129. [CrossRef] [PubMed]

5. National Health Commission of the People’s Republic of China. Bulletin of the National Health Commission of the People’s Republic of
China; National Health Commission of the People’s Republic of China: Beijing, China, 2018; pp. 15–19. (In Chinese)

6. Kerem, B.; Rommens, J.M.; Buchanan, J.A.; Markiewicz, D.; Cox, T.K.; Chakravarti, A.; Buchwald, M.; Tsui, L.C. Identification of
the cystic fibrosis gene: Genetic analysis. Science 1989, 245, 1073–1080. [CrossRef]

7. Gentzsch, M.; Boyles, S.E.; Cheluvaraju, C.; Chaudhry, I.G.; Quinney, N.L.; Cho, C.; Dang, H.; Liu, X.; Schlegel, R.; Randell, S.H.
Pharmacological Rescue of Conditionally Reprogrammed Cystic Fibrosis Bronchial Epithelial Cells. Am. J. Respir. Cell Mol. Biol.
2017, 56, 568–574. [CrossRef] [PubMed]

8. Liu, F.; Zhang, Z.; Csanády, L.; Gadsby, D.C.; Chen, J. Molecular Structure of the Human CFTR Ion Channel. Cell 2017, 169,
85–95.e8. [CrossRef]

9. Cutting, G.R. Cystic fibrosis genetics: From molecular understanding to clinical application. Nat. Rev. Genet. 2015, 16, 45–56.
[CrossRef]

10. Feng, N.H.; Lin, H.I.; Wang, J.S.; Chou, S.T.; Ma, H.K.; Rooney, S.A.; Lu, J.F. Differential expression of a V-type ATPase C subunit
gene, Atp6v1c2, during culture of rat lung type II pneumocytes. J. Biomed. Sci. 2005, 12, 899–911. [CrossRef]

11. Sun-Wada, G.H.; Murata, Y.; Namba, M.; Yamamoto, A.; Wada, Y.; Futai, M. Mouse proton pump ATPase C subunit isoforms
(C2-a and C2-b) specifically expressed in kidney and lung. J. Biol. Chem. 2003, 278, 44843–44851. [CrossRef]

12. Shen, L.; Hu, P.; Zhang, Y.; Ji, Z.; Shan, X.; Ni, L.; Ning, N.; Wang, J.; Tian, H.; Shui, G.; et al. Serine metabolism antagonizes
antiviral innate immunity by preventing ATP6V0d2-mediated YAP lysosomal degradation. Cell Metab. 2021, 33, 971–987.e6.
[CrossRef]

13. Xia, Y.; Liu, N.; Xie, X.; Bi, G.; Ba, H.; Li, L.; Zhang, J.; Deng, X.; Yao, Y.; Tang, Z.; et al. The macrophage-specific V-ATPase subunit
ATP6V0D2 restricts inflammasome activation and bacterial infection by facilitating autophagosome-lysosome fusion. Autophagy
2019, 15, 960–975. [CrossRef] [PubMed]

14. Chen, Q.; Feng, X.; Jiang, S. Study on the structure of adaptability of yak lung in plateau. Sci. Agric. Sin. 2006, 39, 2107–2113.
(In Chinese)

15. Zhang, R. Yak of China; Gansu Science and Technology Press: Lanzhou, China, 1989. (In Chinese)
16. He, J.; Yu, S.; Cui, Y. Characteristics of lung structure in different age plateau yak. Acta Vet. Zootech. Sin. 2009, 40, 748–755.

(In Chinese)
17. Ivanis, G.; Braun, M.; Perry, S.F. Renal expression and localization of SLC9A3 sodium/hydrogen exchanger and its possible role

in acid-base regulation in freshwater rainbow trout (Oncorhynchus mykiss). Am. J. Physiol. Regul. Integr. Comp. Physiol. 2008, 295,
R971–R978. [CrossRef] [PubMed]

18. Qi, M.; Liu, D.M.; Ji, W.; Wang, H.L. ATP6V0D2, a subunit associated with proton transport, serves an oncogenic role in esophagus
cancer and is correlated with epithelial-mesenchymal transition. Esophagus 2020, 17, 456–467. [CrossRef]

19. Smith, A.N.; Borthwick, K.J.; Karet, F.E. Molecular cloning and characterization of novel tissue-specific isoforms of the human
vacuolar H(+)-ATPase C, G and d subunits, and their evaluation in autosomal recessive distal renal tubular acidosis. Gene 2002,
297, 169–177. [CrossRef] [PubMed]

20. Guilbault, C.; De Sanctis, J.B.; Wojewodka, G.; Saeed, Z.; Lachance, C.; Skinner, T.A.; Vilela, R.M.; Kubow, S.; Lands, L.C.; Hajduch,
M.; et al. Fenretinide corrects newly found ceramide deficiency in cystic fibrosis. Am. J. Respir. Cell Mol. Biol. 2008, 38, 47–56.
[CrossRef] [PubMed]

21. McCarron, A.; Donnelley, M.; Parsons, D. Airway disease phenotypes in animal models of cystic fibrosis. Respir. Res. 2018, 19, 54.
[CrossRef]

22. Rogers, C.S.; Stoltz, D.A.; Meyerholz, D.K.; Ostedgaard, L.S.; Rokhlina, T.; Taft, P.J.; Rogan, M.P.; Pezzulo, A.A.; Karp, P.H.;
Itani, O.A.; et al. Disruption of the CFTR gene produces a model of cystic fibrosis in newborn pigs. Science 2008, 321, 1837–1841.
[CrossRef]

23. Engelhardt, J.F.; Yankaskas, J.R.; Ernst, S.A.; Yang, Y.; Marino, C.R.; Boucher, R.C.; Cohn, J.A.; Wilson, J.M. Submucosal glands are
the predominant site of CFTR expression in the human bronchus. Nat. Genet. 1992, 2, 240–248. [CrossRef]

24. Trezise, A.E.; Chambers, J.A.; Wardle, C.J.; Gould, S.; Harris, A. Expression of the cystic fibrosis gene in human foetal tissues.
Hum. Mol. Genet. 1993, 2, 213–218. [CrossRef]

25. Jiang, Q.; Engelhardt, J.F. Cellular heterogeneity of CFTR expression and function in the lung: Implications for gene therapy of
cystic fibrosis. Eur. J. Hum. Genet. 1998, 6, 12–31. [CrossRef]

http://doi.org/10.1038/s41586-018-0394-6
http://www.ncbi.nlm.nih.gov/pubmed/30069046
http://doi.org/10.1038/s41586-018-0393-7
http://www.ncbi.nlm.nih.gov/pubmed/30069044
http://doi.org/10.1242/dev.055699
http://www.ncbi.nlm.nih.gov/pubmed/21266406
http://doi.org/10.1016/j.ydbio.2009.02.026
http://www.ncbi.nlm.nih.gov/pubmed/19268451
http://doi.org/10.1126/science.2570460
http://doi.org/10.1165/rcmb.2016-0276MA
http://www.ncbi.nlm.nih.gov/pubmed/27983869
http://doi.org/10.1016/j.cell.2017.02.024
http://doi.org/10.1038/nrg3849
http://doi.org/10.1007/s11373-005-9020-3
http://doi.org/10.1074/jbc.M307197200
http://doi.org/10.1016/j.cmet.2021.03.006
http://doi.org/10.1080/15548627.2019.1569916
http://www.ncbi.nlm.nih.gov/pubmed/30681394
http://doi.org/10.1152/ajpregu.90328.2008
http://www.ncbi.nlm.nih.gov/pubmed/18667717
http://doi.org/10.1007/s10388-020-00735-8
http://doi.org/10.1016/S0378-1119(02)00884-3
http://www.ncbi.nlm.nih.gov/pubmed/12384298
http://doi.org/10.1165/rcmb.2007-0036OC
http://www.ncbi.nlm.nih.gov/pubmed/17656682
http://doi.org/10.1186/s12931-018-0750-y
http://doi.org/10.1126/science.1163600
http://doi.org/10.1038/ng1192-240
http://doi.org/10.1093/hmg/2.3.213
http://doi.org/10.1038/sj.ejhg.5200158


Genes 2023, 14, 597 14 of 14

26. Cotter, K.; Stransky, L.; McGuire, C.; Forgac, M. Recent Insights into the Structure, Regulation, and Function of the V-ATPases.
Trends Biochem. Sci. 2015, 40, 611–622. [CrossRef] [PubMed]

27. Liu, N.; Luo, J.; Kuang, D.; Xu, S.; Duan, Y.; Xia, Y.; Wei, Z.; Xie, X.; Yin, B.; Chen, F.; et al. Lactate inhibits ATP6V0d2 expression in
tumor-associated macrophages to promote HIF-2α-mediated tumor progression. J. Clin. Invest. 2019, 129, 631–646. [CrossRef]
[PubMed]

28. Pietrement, C.; Sun-Wada, G.H.; Silva, N.D.; McKee, M.; Marshansky, V.; Brown, D.; Futai, M.; Breton, S. Distinct expression
patterns of different subunit isoforms of the V-ATPase in the rat epididymis. Biol. Reprod. 2006, 74, 185–194. [CrossRef] [PubMed]

29. Smith, A.N.; Francis, R.W.; Sorrell, S.L.; Karet, F.E. The d subunit plays a central role in human vacuolar H(+)-ATPases. J. Bioenerg.
Biomembr. 2008, 40, 371–380. [CrossRef]

30. Yang, J.; Guo, F.; Yuan, L.; Lv, G.; Gong, J.; Chen, J. Elevated expression of the V-ATPase D2 subunit triggers increased energy
metabolite levels in KrasG12D -driven cancer cells. J. Cell. Biochem. 2019, 120, 11690–11701. [CrossRef]

31. Nishi, T.; Kawasaki-Nishi, S.; Forgac, M. Expression and function of the mouse V-ATPase d subunit isoforms. J. Biol. Chem. 2003,
278, 46396–46402. [CrossRef]

32. Yang, K.; Yu, S.; He, J.; Cui, Y. Morphological study on fetal lung development in yak. Acta Theriol. Sin. 2012, 32, 346–355.
(In Chinese)

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.tibs.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26410601
http://doi.org/10.1172/JCI123027
http://www.ncbi.nlm.nih.gov/pubmed/30431439
http://doi.org/10.1095/biolreprod.105.043752
http://www.ncbi.nlm.nih.gov/pubmed/16192400
http://doi.org/10.1007/s10863-008-9161-y
http://doi.org/10.1002/jcb.28448
http://doi.org/10.1074/jbc.M303924200

	Introduction 
	Materials and Methods 
	Experimental Animals and Materials 
	Immunohistochemistry 
	qRT-PCR 
	Western Blotting 

	Results 
	Immunohistochemical Analysis 
	CFTR Localization in Yak Lungs at Different Ages 
	ATP6V0D2 Localization in Yak Lungs at Different Ages 
	ATP6V1C2 Localization in Yak Lungs at Different Ages 

	Fluorescence-Based qRT-PCR 
	Western Blotting 

	Discussion 
	Pulmonary Ionocytes 
	CFTR 
	V-ATPase 

	Conclusions 
	References

