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Abstract

Background Mammary gland development is a critical process in mammals, crucial for their reproductive success
and offspring nourishment. However, the functional roles of key candidate genes associated with teat number, includ-
ing ABCD4, VRTN, PROX2, and DLST, in this developmental process remain elusive. To address this gap in knowledge,
we conducted an in-depth investigation into the dynamic expression patterns, functional implications, and regulatory
networks of these candidate genes during mouse mammary gland development.

Results In this study, the spatial and temporal patterns of key genes were characterized in mammary gland develop-
ment. Using time-series single-cell data, we uncovered differences in the expression of A bcd4, Vrtn, Prox2, and Dist

in cell population of the mammary gland during embryonic and adult stages, while Vrtn was not detected in any
cells. We found that only overexpression and knockdown of Abcd4 could inhibit proliferation and promote apoptosis
of HC11 mammary epithelial cells, whereas Prox2 and Dist had no significant effect on these cells. Using RNA-seq

and gPCR, further analysis revealed that Abcd4 can induce widespread changes in the expression levels of genes
involved in mammary gland development, such as Igfbp3, Ccl5, Tir2, and Prir, which were primarily associated

with the MAPK, JAK-STAT, and PI3K-AKT pathways by functional enrichment.

Conclusions These findings revealed ABCD4 as a candidate gene pivotal for requlating mammary gland develop-
ment and lactation during pregnancy by influencing PRLR expression.
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Introduction

Mammalian mammary gland development is essential
for offspring survival and reproductive success, ena-
bling the production and provision of milk, which serves
as a critical source of nutrition and immune protection
for newborns. Epithelial cell proliferation and apoptosis
are fundamental processes that orchestrate the intricate
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development of the mammary gland across various
reproductive stages [1, 2]. Beginning in embryonic devel-
opment, epithelial cell proliferation drives the formation
of mammary placodes and subsequent bud invagination
[3]. Hormonal cues during puberty stimulate epithelial
cell proliferation, resulting in the elongation and branch-
ing of ductal networks [4]. Elevated epithelial cell pro-
liferation during pregnancy forms alveolar structures
necessary for milk synthesis, while lactation involves
ongoing proliferation to meet heightened milk demand
[5, 6]. Subsequently, involution entails significant epithe-
lial cell apoptosis, facilitating glandular regression and
returning to a quiescent state [2, 7]. This delicate balance
between epithelial cell proliferation and apoptosis is vital
for establishing functional mammary tissue, ensuring
successful milk production to support offspring growth
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and survival. Therefore, understanding of the develop-
mental processes of the mammary gland and the underly-
ing molecular mechanisms holds significant importance
for enhancing animal production efficiency and genetic
advancements.

Using a low-coverage whole-genome sequencing (LCS)
approach, we identified a robust quantitative trait locus
(QTL) associated with total teat number on chromosome
7 [8], which explains a significant proportion of pheno-
typic variation and corroborates findings from previous
studies [9-11]. Subsequent fine-mapping efforts deline-
ated this region into two narrow linkage disequilibrium
(LD) blocks housing four candidate genes: ABCD4,
VRTN, PROX2, and DLST [8]. However, there is cur-
rently insufficient evidence to suggest their involvement
in mammary gland development, necessitating thorough
investigation into their functions. Notably, studies indi-
cate parallels between piglet and mouse mammary gland
morphological changes across embryonic, pubertal, and
gestational stages [12, 13]. Given the conservation of
ABCD4, VRTN, PROX2, and DLST in mammals (Sup-
plementary Figure S1-S4), and the extensive understand-
ing of mouse mammary gland morphogenesis [14, 15],
exploring the roles of these genes in mouse mammary
development could help confirm and narrow down the
range of functional genes that influence pig teat number.

To systematically identify these candidate genes poten-
tially involved in mammary gland development, we char-
acterized the expression profiles of four genes across
mammary gland cell types in mice using the single-cell
RNA sequencing (scRNA-seq) dataset. Furthermore, we
revealed the gene function and regulatory network of
Abcd4 in mammary epithelial cells of mice through cell
proliferation and apoptosis, as well as RNA-seq analysis.
Through our study, we aimed to elucidate their contribu-
tions to mammary gland morphogenesis and lactation,
shedding light on essential mechanisms underlying mam-
mary development in mammals.

Material and methods

Analysis of scRNA-seq data

To delineate the expression pattern of candidate genes
in mammary gland cells, we utilized a published mouse
scRNA-seq dataset [16]. Raw reads were aligned to the
mouse genome sequence (GRCm38) with Cell Ranger
(v.5.0.1). Data quality control was performed with Seu-
rat (v.3.0) [17]. The raw count of each library for genes
expressed in>3 cells and cells with >200 detected genes
was used for downstream analyses. Matrices were
merged, excluding cells with>2,500 expressed genes
and mitochondrial gene percentages>5%. The expres-
sion matrix was normalized and linearly scaled using
the NormalizeData and ScaleData functions. Principal
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component analysis (PCA) was performed with the Run-
PCA function based on 2,000 genes. Subsequently, cell
clustering analysis was carried out using the FindNeigh-
bors and FindClusters functions. For downstream visu-
alization using the uniform manifold approximation and
projection (UMAP) technique, the top 20 dimensions
were selected. The data was integrated and analyzed fol-
lowing the pipeline outlined in the previous study [16].

Mice and sample collections

All mice used in this study were C57BL/6 wild-type mice
procured from Vital River Laboratories (Beijing, China).
The mice were housed in environmentally controlled
rooms on a 12-h light—dark cycle and had free access to
food and water. Cervical dislocation was employed for
euthanasia. Mammary tissues were collected during 11
critical periods of mammary gland development, includ-
ing late embryonic stages: embryonic E16.5 (n=6) and
E18.5 (n=4); postnatal stages: postnatal 1 day (n=5), 1
week (n=3) and 1 month (#=5); mid to late pregnancy
stages: 13.5 days (n=3), 16.5 days (n=4) and 18.5 days
(n=5) of pregnancy; lactation period stages: 1 day (n=3),
1 week (n=5) and 1 month (n=3) of lactation. Skin tis-
sues containing the mammary gland were meticulously
collected and promptly frozen in liquid nitrogen. A small
amount of head tissue was used for sex identification
with a TransDirect Animal Tissue PCR Kit (TransGen
Biotech, Beijing, China, AS201-02). Sex identification
relied on the expression of the male-specific gene Sry,
and only the mammary glands from female mice were
retained for subsequent investigations.

Cell culture and treatment

HC11 mouse mammary epithelial cells were cultured in
RPMI-1640 medium with 10% fetal bovine serum (FBS),
5 mg/mL insulin (Sigma, 15500), 10 ng/mL epidermal
growth factor (EGF; GIBCO, Grand Island, NY, USA,
PGHO0315), and 5 mg/mL gentamycin sulfate. Cells were
incubated in a cell culture incubator with 5% carbon
dioxide (CO,) at 37 °C. Transfection was performed when
cells reached 60% confluency using FuGENE HD trans-
fection reagent (Promega, Madison, WI, USA, E2311).
Each treatment group was performed on the same plate
with at least three replicates.

Plasmid construction and overexpression

The entire coding region of each candidate gene was
amplified using forward primers containing the EcoRI
site and a reverse primer containing the Notl site.
Phanta Super Fidelity DNA Polymerase (Vazyme, Nan-
jing, China, P505) was used for high-fidelity amplifica-
tion. PCR fragments were generated by double enzyme
digestion and ligated with pcDNA3.1 expression vectors
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using T4 DNA ligase (NEB, Beverly, MA, USA, M0201),
followed by transformation into DH5a competent cells
(Cwbio, Beijing, China, CW0808). Sequencing verified all
plasmid constructs to exclude mutations, and these plas-
mids were then transfected into HC11 cells. After 24—48
h, cells were collected for further analysis or experiments.

Cell proliferation and apoptosis analysis

Cell proliferation was evaluated using the BeyoClick™
EdU (5-ethynyl-2’-deoxyuridine) Cell Proliferation Kit with
Alexa Fluor 488 (Beyotime, Shanghai, China, C0071)
according to the manufacturer’s protocol. HC11 cells
were seeded into 6-well plates. 48 h post-transfection,
cells were incubated in a medium containing 10 uM EdU
solution at 37 °C for 2 h. EdU-abeled cells were digested
with trypsin and transferred to a 1.5 ml centrifuge tube.
Subsequently, cells were fixed with 4% paraformaldehyde
for 15 min, washed twice, and incubation with 500 pL
permeation solution (Beyotime, Shanghai, China, P0106)
for 15 min. After two additional washes, cells were incu-
bated with Click Additive Solution for 30 min in the
dark. Following three washes, cells were analyzed by flow
cytometry within 1 h.

The apoptosis rate was asswssed using the Annexin
V-FITC Detection Kit (Beyotime, Shanghai, China,
C1062). Cells were seeded into 12—well tissue culture
plates. After treatment, 5x10% cells/sample were col-
lected, washed with PBS, and resuspended in 195uL
Annexin V-FITC binding buffer. Then, 5yl Annexin
V-FITC and 10pL propidium iodide (PI) were added to
the buffer, and the cells were incubated at room tempera-
ture in the dark for 10-20 min. Subsequently, cells were
analyzed by flow cytometry within 1 h, and data were
processed using Flow]o software.

RNA extraction and quantitative real-time PCR

Total RNA from the cultured cells or tissues was isolated
using a Total RNA Kit I (Omega, Norcross, GA, R6834),
followed by conversion to complementary DNA (cDNA)
with a PrimeScript”" RT Reagent Kit (TaKaRa, Tokyo,
Japan, RR047A). qRT-PCR was conducted on an ABI
7500 using TB Green® Premix Ex Taq"™ (TaKaRa, Tokyo,
Japan, RR420A) in accordance with the manufacturer’s
instructions. The Gapdh gene served as the internal con-
trol, and the primer sequences for all candidate genes are
listed in Supplementary Table S1.

RNA-seq analysis

Six replicates were performed for RNA-seq analysis. The
RNA library was constructed following Illumina library
preparation protocols and was sequenced on the DNB-
T7 platform. Raw reads were filtered with Trimmomatic
(v.0.39) [18] and then mapped to the mouse reference
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genome (GRCm38) using HISAT2 (v2.0.5) [19]. Htseq-
count (v.0.12.3) generated the count matrix. Differentially
expressed genes (DEGs) were identified with DESeq2
(v1.32.0) [20] using thresholds of baseMean (mean
of normalized counts of all samples)>10, padj value
(adjusted P value)<0.05 and |log, (Fold change)|>1.
Gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGGQ) analysis were performed with the
Metascape online tool (http://metascape.org).

Statistical analysis

Statistical analyses were carried out using SPSS 22.0
(SPSS, Chicago, IL, USA). The data are expressed as
mean = SD (standard deviation) and were analyzed using
a two-tailed Student’s t-test. At least three replicates were
conducted in multiple independent experiments, and
differences were considered statistically significant at a
P-value <0.05.

Results

Expression of candidate genes in the mammary gland

To characteristic the expression profiles of the four can-
didate genes in mammary cells, we analyzed scRNA-seq
data from mice mammary gland published by Giraddi
et al. [16]. The scRNA-seq data include four developmen-
tal periods: embryonic day 16 (E16), E18, postnatal day
4 (P4), and the adult stage (Adu). All cells were clustered
into 22 cell clusters using UMAP (Supplementary Fig-
ure S5). According to the expression of classical marker
genes [16], mammary gland cells were classified into fetal
mammary stem cells (fMaSC), basal cells, a mixed mam-
mary precursor/progenitor (MMPr), mature luminal
cells (HRT Lum), and alveolar luminal cells (HR™ Lum)
(Supplementary Figure S5). Analysis of candidate gene
expression in each cell subtype revealed that the expres-
sion level of Prox2 was very low, with a small amount of
expression in alveolar luminal cells. Abcd4 was mainly
expressed in mature luminal cells and alveolar luminal
cells. DIst was mainly expressed in mammary stem cells,
mammary precursor/progenitor and alveolar luminal
cells, and was also sporadically expressed in mature lumi-
nal cells and basal cells (Fig. 1A). Vrtn expression was not
detected in the sequencing results of any cells (data not
shown). Additionally, the expression of Abcd4, Prox2 and
Dist was not significantly different among the four peri-
ods examined (Fig. 1B).

To determine the dynamic expression pattern of can-
didate genes during mammary gland development, we
collected mammary tissues from 11 critical periods of
mammary gland development (Fig. 1C). The expression
of the candidate genes at different stages of mammary
gland development showed that the expression patterns
of Abcd4 and Prox2 were relatively similar, with the
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Fig. 1 Expression of candidate genes in the mammary gland. A Single-cell sequencing analysis of the relative expression of candidate genes

in subpopulations. The blue dots indicate the cells with gene expression. B The expression of candidate genes in E16, E18, P4 and adult in mouse
mammary gland cells. C gPCR analysis of candidate genes mRNA expression at different stages of mammary gland development. Different colors
in the figure represent different stages. The values are the means + SEMs for at least three independent experiments

expression levels gradually increasing with individual
development from the embryonic stage, reaching the
highest level at late pregnancy (16.5 days of pregnancy),
and then decreasing. The expression of the Dlst gene was
highest at late embryonic stage and puberty. Overall, we
characterized the expression patterns of these candidate
genes during mammary gland development.

Effects of genes on proliferation and apoptosis of HC11
cells

To assessed whether the candidate genes could affect
mammary gland development, we used an overexpres-
sion vector to regulate the expression of these genes in
HC11 cells. The fold change of average overexpression

in Abcd4, Prox2, and Dist is 444, 4,375, and 11, respec-
tively. The expression of all three genes increased sig-
nificantly, and the lower the background expression of
the candidate genes in the mammary gland, the more
significant the overexpression effect (Fig. 2A). Moreover,
flow cytometric EAU analysis of HC11 cell proliferation
was performed following overexpression of candidate
genes. Edu-labeled cells had a higher proportion of green
fluorescence (488 fluorescence) positive cells, showing
two peaks of green fluorescence negative (weak stain-
ing) and positive (strong staining), corresponding to
non-proliferating and proliferating cells, respectively.
The results suggested that overexpression of Abcd4 sig-
nificantly inhibited cell proliferation (Fig. 2B-C). Further
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Fig. 2 Overexpression of ABCD4 affects the proliferation and apoptosis of HC11. A Fold change analysis of candidate gene overexpression. B Flow
cytometric EdU analysis of HC11 cells proliferation following overexpression of candidate genes. Only one treatment is shown for each group,
and the full data are shown in Supplementary Figure S6. The line segment indicates the area of proliferating cells. C Percentage of proliferating
cells after candidate gene overexpression treatment. D Flow cytometric Annexin-FITC/Pl analysis of HC11 cells apoptosis following overexpression
of candidate genes. Only one treatment is shown for each group, and the full data are shown in Supplementary Figure S6. E Percentage

of apoptosis cells after candidate gene overexpression treatment. The values are the means+ SEMs. * represents P < 0.05, ** represents P<0.01

and *** represents P<0.001

observation by flow cytometric Annexin-FITC/PI analy-
sis indicated that overexpression of Abcd4 significantly
promoted HC11 apoptosis (Fig. 2D-E), while overexpres-
sion of Prox2 and Dist had no significant effect on cell
proliferation and apoptosis (Fig. 2B-E, Supplementary
Figure S6).

Analysis of the expression profile of HC11 cells
overexpressing Abcd4

To understand how Abcd4 affects the proliferation and
apoptosis of HC11, RNA-seq was performed to identify

differentially expressed genes (DEGs) after overex-
pression of Abcd4 in HC11 cells. Principal component
analysis (PCA) and cluster dendrogram showed a clear
separation between Abcd4 overexpression and control
groups (Fig. 3A, B), suggesting high reproducibility of
the transcriptomic profile of Abcd4 overexpression.
A total of 16,633 genes were evaluated (Supplemen-
tary Table S2), and compared with the control group,
248 genes showed significant changes in expression
in response to the overexpression of Abcd4, of which
203 were up-regulated and 45 were down-regulated
(Fig. 3C, D).
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Fig. 3 RNA-seq identification of differentially expressed genes following Abcd4 overexpression. A PCA for RNA-seq. The points represent biological
replicates. B Clustering tree for control and Abcd4 overexpression samples. C Volcano plot of DEGs between control and Abcd4 overexpression
groups. Blue denotes downregulated genes, and red denotes upregulated genes. D Heatmap of the top 50 DEGs via hierarchical cluster analysis.
Different rows correspond to different genes, and red and blue stripes represent up- and downregulation, respectively

To better categorize and characterize the consequences
of the Abcd4 overexpression, enrichment analysis was
performed to identify the biological processes by GO
terms and KEGG. A total of 20 terms were established by
DEGs cluster, among them, the cellular response to lipid
(G0O:0071396) was enriched by the highest number of
DEGs (28 genes) (Fig. 4A). In addition, positive regula-
tion of MAPK cascade (GO:0043410), positive regulation
of JAK-STAT cascade (GO:0046427), positive regulation
of NF-kappaB transcription factor activity (GO:0051092),
PI3K-Akt signaling pathway (ko04151) and TNF signal-
ing pathway (ko04668), which play important roles in
mouse mammary gland development, were also signifi-
cantly enriched (Fig. 4A, Supplementary Table S3). Fur-
thermore, the lipid response, MAPK, TNF, JAK-STAT,
NF-xB and PI3K-AKT pathways share a large number
of DEGs, i.e., the same gene exists in multiple pathways
(Fig. 4B). The protein—protein interaction (PPI) analysis
of candidate genes in the above pathways revealed exten-
sive interactions among most of the genes, except for a
few genes (Fig. 4C).

Then, we focused on the DEGs within the above path-
ways, and detected the expression of 12 functionally rel-
evant genes by qRT-PCR, including Igfbp3, Ccl5, Sorbs3,
TlIr2, Prlr, Cxcl5, Tgfbr3, Fgt7, Pik3cd, Birc3, Acodl, and
Cd14. The gene expression pattern observed in qRT-PCR
was consistent with the results of RNA-seq (R=0.98,
Fig. 4D, E). Among these genes, the expression of Prir
also changed significantly, a crucial regulatory genes in
mammary gland development, milk secretion, and func-
tional teat number [21, 22]. These results indicated that
Abcd4 may play a pivotal role during mammary gland
development in mice by interacting with Prir.

Discussion

Altough ABCD4, VRTN, PROX2, and DLST were showed
to be important candidate genes related to pig teat
number [8, 23-25], their functions in mammary gland
development are unclear. In this study, we conducted
expression and functional analyses on these candidate
genes, and discovered that ABCD4 plays a crucial role in
mammary gland development during pregnancy.
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ABCD4 belongs to the ATP-binding cassette trans-
porter superfamily, and is involved in the metabolism of
vitamin B12, which is necessary for the formation of red
blood cells [26, 27]. Previous studies have not reported
its involvement in gland development. However, in our
study, we observed that Abcd4 was mainly expressed in
mature luminal cells and alveolar luminal cells during
late pregnancy. Alveoli exhibit increased secretory activ-
ity during late pregnancy, transforming into lobules that
secrete milk during lactation. To prepare for lactation,
the mammary gland undergoes gland maturation and
alveologenesis, characterized by a substantial increase in
ductal branching, proliferating epithelial cells generating
alveolar buds, and differentiation into different alveoli
[13]. Our findings demonstrated that Abcd4 significantly
inhibits the proliferation of mammary epithelial cells and
promote apoptosis. Consequently, we hypothesized that
Abcd4 may influence alveolar luminal cell maturation and
lactation.

Prolactin is the main source of lactation capacity dur-
ing pregnancy, and its biological effects are mediated
by its interaction with the prolactin receptor (Prir) [28,
29]. Prir acts both indirectly through the regulation of
ovarian progesterone secretion and directly through its
effects on mammary epithelial cells, controlling mam-
mary gland development, milk secretion, and the expres-
sion of milk protein genes [21, 30, 31]. In this study, Prir
expression significantly increased with Abcd4 overex-
pression. Prir belongs to the same family as the growth
hormone receptor (Ghr) and is part of the cytokine
receptor superfamily, leading to the activation of many
signaling pathways, including Jak/stat, map kinase, and
phosphatidylinositol (PI)3 kinase [32]. For example, the
Jak2/stat5 cascade has been proven essential for alveo-
lar development during gestation, and activated Stat5
can crosstalk with PI3K/AKT to jointly mediate the pro-
liferation of alveolar progenitor cells and the survival of
their functionally differentiated progeny in the mammary
gland [33-36]. Consistent with this, RNA-seq of Abcd4
overexpressing cells in this study revealed that the dif-
ferentially expressed genes were significantly enriched in
MAPK, JAK-STAT, and PI3K-AKT pathways, and there
is a wide range of interactions among these DEGs. These
results suggest that Abcd4 may play a role in mammary
gland development and lactation during pregnancy by
affecting Prir expression.

From an animal breeding perspective, our prior study
identified the most significant locus associated with teat
number in the ABCD4 region [8], a finding supported
by recent research [25]. Meanwhile, polymorphisms of
the PRLR gene have been associated with reproductive
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traits and milk production traits in pigs, goats, sheep
and dairy cattle [37—-40]. Specifically, animals with dif-
ferent PRLR genotypes show significant differences in
the number of functional teats, age at first estrus, lit-
ter size, and litter average [22, 41]. Data on litter size
and live piglets were not collected in this study, but in
swine breeding, a greater number of functional teats
usually means a greater number of live piglets [42]. This
is because piglets find a specific teat (or pair of teats)
within the first few hours of birth and then consistently
return to that teat/pair every time they suck, exhibit-
ing "teat fidelity" [43]. Therefore, when the number of
litters exceeds the number of teats, teat competition
occurs, leading to increased mortality in piglets that
cannot have access to normal teats [44, 45]. In this con-
text, we speculate that ABCD4 plays a role in mammary
gland development and lactation during pregnancy, and
affects reproductive performance by affecting the num-
ber of functional teats in pigs.

In summary, we delved into the expression patterns
and regulatory pathways governing four candidate genes
implicated in mammary gland development. Notably, our
results highlight the potential involvement of ABCD4 in
orchestrating the developmental processes within the
mammary gland. By elucidating the roles of these genes,
our study contributes to bridging existing knowledge
gaps and enhancing comprehension regarding their func-
tions in mammary development. These insights hold
promise for the validation of gene functions in other
mammalian models and offer valuable guidance for the
identification of causative genes and mutations associ-
ated with teat number variation in pigs. Nevertheless, it
is imperative to acknowledge the limitations of our study.
Specifically, the translational relevance of our findings
between murine and porcine systems remains ambigu-
ous. Furthermore, the establishment of a functional
nexus between the identified candidate genes and teat
number in pigs warrants further investigation.

Conclusions

In this study, we investigated the roles of VRTN, ABCD4,
PROX2, and DLST in mammary gland development.
Notably, we provided novel evidence indicating the piv-
otal involvement of the ABCD4 gene in mammary gland
development and lactation during pregnancy for the first
time. Our findings reveal that ABCD4 exerts significant
effects by inhibiting the proliferation of mammary epi-
thelial cells and facilitating apoptosis through its interac-
tion with PRLR. These results underscore the importance
of ABCD4 in mammary gland development.
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