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ABSTRACT

The mammary gland is a dynamic organ with various physiological processes like cellular proliferation,
differentiation, and apoptosis during the pregnancy-lactation-involution cycle. It is essential to under-
stand the molecular changes during the lactogenic differentiation of mammary epithelial cells (MECs,
the milk-synthesizing cells). The MECs are organized as luminal milk-secreting cells and basal myoepi-
thelial cells (responsible for milk ejection by contraction) that form the alveoli. The branching morpho-
genesis and lactogenic differentiation of the MECs prepare the gland for lactation. This process is
governed by many molecular mediators including hormones, growth factors, cytokines, miRNAs, regula-
tory proteins, etc. Interestingly, various signalling pathways guide lactation and understanding these
molecular transitions from pregnancy to lactation will help researchers design further research.
Manipulation of genes responsible for milk synthesis and secretion will promote augmentation of milk
yield in dairy animals. Identifying protein signatures of lactation will help develop strategies for persist-
ent lactation and shortening the dry period in farm animals. The present review article discusses in
details the physiological and molecular changes occurring during lactogenic differentiation of MECs
and the associated hormones, regulatory proteins, miRNAs, and signalling pathways. An in-depth know-
ledge of the molecular events will aid in developing engineered cellular models for studies related to
mammary gland diseases of humans and animals.
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Introduction

Mammary gland comprises various types of cells such as epi-
thelial cells, fibroblast cells, adipocytes, endothelial cells, and
immune cells with the mammary epithelial cells (MECs) serv-
ing as the functional unit of milk production. The develop-
ment of this gland starts from the embryonic stage and most
of its development occurs after birth. This is a dynamic gland
with cellular proliferation, differentiation and apoptosis

occurring in a cyclic manner in the process of pregnancy, lac-
tation, and involution cycle [1]. These physiological processes
have made this gland a suitable model for studying organo-
genesis, epithelial-mesenchymal transition, lactation physi-
ology, and cancer progression. Cellular proliferation occurs
when a cell grows and divides into two daughter cells and in
this process the tissue growth occurs with increase in cell
number exponentially [2]. Cellular differentiation occurs when
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a proliferative cell undergoes molecular and morphological
changes to undergo a special function. The mammary gland
after puberty undergoes major development by the hormo-
nal stimulation and epithelial cell proliferation undergoes to
form the ductal network. Once the pregnancy is initiated,
intensive cell proliferation occurs forming the side branches,
lobules, and alveoli [3]. The alveolar epithelial cells further
undergo differentiation to perform the milk synthesis and secre-
tion. These differentiated luminal epithelial cells are responsible
to maintain the lactation in mammary gland [4,5]. Various hor-
mones such as oestrogen, progesterone, prolactin, and growth
factors like epidermal growth factor (EGF), fibroblast growth fac-
tor (FGF), and insulin-like growth factor (IGF) regulate the devel-
opment of mammary gland. There are six developmental stages
of the mammary gland occurs such as embryonic, prepubertal,
pubertal (the linear phase), pregnancy, lactation, and involution
stage (the cyclic phase) [6,7]. The cyclic phase of the mammary
gland bears wide plasticity under the influence of various hor-
mones, growth factors, and regulatory proteins [8].

The MECs comprise two layers: luminal cells (synthesize
milk) and basal myoepithelial cells (help in milk ejection).
Specific markers characterize these two types of cells: myoe-
pithelial cells express the keratin 5 and 14, and a-smooth
muscle actin (a-SMA); luminal cells express keratin 8 and 18.
Besides, a subset of luminal cells bears the receptors for oes-
trogen, progesterone, and prolactin. These cells mediate the
systemic hormonal signals to local signals like direct, juxta-
crine signalling or paracrine signalling [9]. The secretion of
milk mainly follows apocrine secretion, although few species
show merocrine secretion. In merocrine secretion the cells
release their products by exocytosis and no part of the cell is
damaged, whereas in apocrine secretion the secretory prod-
ucts are accumulated at the apical end of the polarized epi-
thelial cells (e.g. differentiated MECs) and the contents bud
off in the form of extracellular vesicles. Hence, there is loss of
some cytoplasm in the apocrine secretions. The molecular
signalling and morphological changes vary when an epithe-
lial cell is differentiated to show either merocrine or apocrine
mode of secretion [10-12]. A study by Rios et al. showed
that there exists binucleated MECs during lactation as
revealed in five species such as humans, mice, wallabies,
cows, and seals [13]. These polyploid binucleate cells have
more potential for milk synthesis to feed the offspring. It is
concluded that the existence of polyploid binucleate cells
(lacking cytokinesis during cell division) in all mammals is a
conserved process for successful lactation. Two enzymes such
as Aurora kinase A and Polo-like kinase 1 (overexpressed dur-
ing lactogenic switch) seem to promote the binucleate cell
formation through signals from prolactin and epidermal
growth factor. Various regulatory molecules and signalling
pathways are involved in the mammary gland development
and lactogenic differentiation of cells for successful lactation
and many intriguing mechanisms are yet to be elucidated.

The present review article discusses the latest advancement-
sin the molecular events in MEC differentiation, lactogenesis
and persistent lactation in livestock animals with more focus on
cow species, in relevance to the regulatory proteins, extracellular
matrix (ECM) and associated signalling pathways.

Role of ECM in MEC differentiation

ECM plays a crucial role in promoting differentiation of MECs
and rendering the cells responsive towards the lactogenic
hormones. The ECM components such as laminin, integrins
(transmembrane receptors), tenascin, matrix metalloprotei-
nases (MMPs), connective tissue growth factor (CTGF, also
known as CCN2), and clusterin are involved in mammary
gland development and MEC differentiation, as evidenced
from various studies [14-20].

Laminins are the basement membrane’s major compo-
nents, and act as ligands for the heterodimeric transmem-
brane receptors such as integrins. Integrins form
heterodimers with various isoforms of o and B subunits and
execute their functions with varied activity [21]. The MECs
connect to the basement membrane by integrins which
mediate the lactogenic differentiation signal from ECM to the
luminal cells [22,23]. It was observed that absence of P1-
integrin function impeded the translocation of signal trans-
ducer and activator of transcription 5 (STAT5) to the nucleus
and thus affected the casein gene expression [24,25]. The
laminin-binding integrins play a crucial role in maintaining
the functional lactating MECs [14]. The laminin-binding integ-
rin dimers such as a3/B1, a6/B1 and a6/B4 are present in the
MECs during development [15]. The study using mutant mice
(lacking a3 and a6 integrins), showed impeded lobulo-alveo-
lar development and myoepithelial cell morphology was
changed. Moreover, lactation was not maintained in mutant
females and precocious involution of the mammary glands
was observed due to disturbance in luminal cell baso-apical
polarization and early cell death [14]. Interestingly, genetic
suppression of p53 revived the growth but not the differenti-
ation status of MECs which showed that p53 - mediated
pathway is crucial for MEC proliferation and survival down-
stream of the laminin-binding integrin signalling. A study by
Romagnoli et al. revealed that basal mammary cells lacking
laminin-binding integrins exhibit inhibition of clonogenic
activity mediated by p53 activation [26].

Tenascins are ECM glycoproteins, abundantly present in the
growing embryos and there are 4 members (tenascin-C, -R, -X,
and -W) exist in the tenascin gene family [27,28]. A study per-
formed on the HC11 mouse MEC cell line showed laminin and
tenascin to modulate the MEC differentiation [16]. Plating of
HC11 cells on E8 laminin fragments made the cells competent
towards lactogenic hormone response; whereas competent cells
plated on tenascin - coated dishes showed inhibition of lacto-
genic hormone induction. This study showed that tenascin
assembly and B-casein production are opposing effects in the
differentiation of HC11 cells. Tenascin-C (@ member of tenascin
family) is associated with cellular proliferation and motility in
organogenesis and tumorigenesis in the mammary gland. It is
observed that expression of this protein is higher in the growth
phase and lower during differentiation, as studied in mice MECs
[17]. It was found that EGF regulates the expression of tenascin-
C and downregulation of tenascin-C makes the MECs responsive
to lactogenic hormones for differentiation and milk protein
expression. Conversely, [-casein expression in MECs was
reduced in the cultural condition enriched with tenascin-C sub-
strate. It was seen that transforming growth factor- (TGF-f)



which is involved in regulating growth and differentiation in
mammary glands, induces the tenascin-C expression [17].

Morrison and Cutler discussed the role of ECM components in
lactogenesis and highlighted many proteins regulating the MEC
differentiation [18]. The matrix metalloproteinases (MMPs) break-
down the ECM proteins to facilitate the branching morphogen-
esis and MMP-3 plays a crucial role in the side branching of the
terminal end buds (TEBs) [29,30]. The milk components after their
synthesis need to be secreted to the lumen through a polarized
secretion process. This is ensured by the tight junction proteins
such as occludin and zona occludens-1 (ZO-1) [31].

Connective tissue growth factor (CTGF) is an ECM protein
found to upregulate during late pregnancy and early lacta-
tion in mice [19]. To understand the role of this protein in
MEC differentiation, tetracycline-regulated expression of CTGF
in the HC11 MECs revealed many interesting findings [32]. It
was observed that CTGF enhanced the expression of many
markers of lactogenic differentiation and increased B-casein
expression and mammosphere formation (morphologic
marker of MEC differentiation). In addition, the upregulated
CTGF in HC11 MECs reduced the requirement of ECM pro-
teins in the B-casein expression, indicating its role in MEC dif-
ferentiation by regulation of matrix-dependent cell adhesion.
The lactogenic differentiation was promoted by CTGF
through binding to integrin complexes and enhancing the
expression of matrix proteins that culminate in enhanced
integrin functions [32].

A study by Itahana et al. performed on the clusterin in
mice mammary glands, revealed that it plays an important
role in MEC differentiation [20]. The upregulation was found
at two stages such as at the end of pregnancy, and subse-
quently at the initiation of involution. The first upregulation
is induced by laminin, prolactin, and hydrocortisone, whereas
TGF-B1 induces the second upregulation. Clusterin plays a
vital role in milk protein expression which was proved using
siRNA gene silencing. Additionally, clusterin has shown its
role in mammary gland apoptosis which needs further study.

Study with the bovine MEC cell line BME-UV1 grown on
ECM components (matrigel) revealed the role of ECM in lac-
togenesis and stimulated the B-casein expression which is
not observed in 2D culture system. However, prolactin is
required to efficiently produce milk proteins [33]. Similarly,
non-eutherian lactation model (Tammar wallaby) showed the
importance of ECM in regulating the caloric content of milk,
proliferation, differentiation, and apoptosis of MECs [34]. This
study involved the transcriptome analysis of MECs, treated
with ECM of mid and late lactating stage tammar wallaby
mammary gland. Differential gene expressions (in MECs)
related to sugar and lipid metabolism were observed. The
important pathways that were significantly responsive to
ECM were galactose metabolic pathway, cell adhesion mole-
cules (CAM), p53 signalling, and Nod-like receptor signalling
pathways [34]. The MEC culture on the basement membrane
has a better lactogenesis process as compared to the MECs
grown on a plastic substratum [35]. The cells adhered to the
basement membrane show insulin-induced tyrosine phos-
phorylation of insulin receptor substrate-1 (IRS-1) and associ-
ation of PI3K for further signalling. However, the insulin
signalling is affected in the culture done on the plastic
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substratum (lacks basement membrane) due to the higher
expression of RhoA and Rho-associated kinase (ROCK), where
the RhoA and ROCK undergo serine phosphorylation of IRS-1.
This study concluded that RhoA/ROCK pathway impedes the
insulin signalling in the cells lacking proper adhesion to the
basement membrane, as is the case in wounding and mam-
mary gland involution [35]. The study by Barcellos-Hoff et al.
on primary mammary epithelium isolated from mid-pregnant
(11-14day) CD-1 mice and their culture on a reconstituted
basement membrane, revealed tissue-specific vectorial secretion
and formation of functional alveoli-like structures [36]. The MECs
established polarity and showed various polarity features such
as vectorial secretion, apical junctions, a sequestered compart-
ment, and basal lamina formation. Mouse MECs cultured on a
reconstituted basement membrane, showed differentiation fea-
tures with cytoplasmic polarization initiated at 3rd day of cul-
ture and enough casein and lipid synthesis and secretion by
4th day of culture with the development of lumina [37]. The
localization of fB-casein was found to be in the luminal MECs of
in vitro cultured cells. Besides, the stromal-epithelial interaction
has a crucial role in the differentiation of MECs which is very
well supported by the study of Darcy et al. [38]. This research
group showed in a coculture system of mammary fibroblasts
and epithelial cells that fibroblasts promote the MEC differenti-
ation with casein accumulation, although ductal morphogenesis
was not significantly visible. In addition to the above functions
of ECM components, it was also revealed that ECM molecules
facilitate the induction of histone acetylation and transcription
factor binding to the B-casein promoter by cooperating with
the prolactin molecules, and enhancing the expression of
[-casein genes [39].

Role of hormones in branching morphogenesis and
lactation

The hypothalamus-anterior pituitary gland-mammary gland axis
is a complex system that is critical in regulating lactation and
other reproductive functions (Figure 1) [40]. The axis involves a
series of hormonal signals originating in the hypothalamus,
travelling to the anterior pituitary gland, and stimulating the
mammary gland to produce and secrete milk. The hypothal-
amus is a region of the brain that plays a critical role in regu-
lating homeostasis, including regulating reproductive functions.
The hypothalamus produces and releases several hormones,
including gonadotropin-releasing hormone (GnRH) and prolac-
tin-releasing hormone (PRH) [40]. GnRH stimulates the release
of luteinizing hormone (LH) and follicle- stimulating hormone
(FSH) from the anterior pituitary gland, which are critical for
regulating reproductive functions, including ovulation and
spermatogenesis. PRH stimulates the release of prolactin (PRL)
from the anterior pituitary gland, which is critical for lactation
[41]. The anterior pituitary gland is a small gland located at the
base of the brain that secretes several hormones in response
to signals from the hypothalamus. In addition to LH and FSH,
the anterior pituitary gland also secretes PRL in response to
PRH stimulation [41]. PRL acts on the mammary gland to
stimulate milk production and secretion. In addition, PRL also
plays a role in regulating reproductive functions, including
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Figure 1. The hypothalamus-anterior pituitary gland-mammary gland axis
showing regulation of prolactin secretion and milk production. The prolactin-
releasing hormone (PRH) from the hypothalamus signals the anterior pituitary
for prolactin (PRL) secretion, which further binds to PRLR in MECs to signal the
milk protein synthesis.

ovulation and sexual behaviour [42]. During pregnancy, the
mammary gland undergoes extensive development, preparing
for the production and secretion of milk. PRL stimulates the
mammary gland to produce and secrete milk, which is critical
for nourishing the newborn infant. The hypothalamus-anterior
pituitary gland-mammary gland axis is a tightly regulated sys-
tem critical for maintaining reproductive function and lactation.
Disruptions in any part of the axis can lead to a range of repro-
ductive and lactation disorders, including infertility, menstrual
irregularities, and lactation failure [43]. Hormonal therapies tar-
geting the axis, such as GnRH agonists or PRL antagonists, can
treat these disorders and restore normal reproductive and lac-
tation function [44].

Hormones play a crucial role in branching mammary
gland’s morphogenesis and initiating the lactogenesis pro-
cess [45]. The events in the MECs before parturition is divided
into two phases such as secretory initiation phase (stage |,
where initiation of milk component synthesis occurs) and

activation phase (stage Il, where massive synthesis and secre-
tion of milk occurs) [46]. The functional events that occur in
these two stages are mainly governed by hormonal stimula-
tion, structural rearrangements, and signalling from the ECM.
It is observed that besides prolactin being the primary hor-
mone inducing the lactogenic changes, mechanical stimula-
tion also acts synergistically to enhance the lactogenesis in
stage | [47].

Prolactin is the major hormone in lactation initiation,
which binds to the prolactin receptor and induces the JAK-
STAT signalling pathway to carry the message for casein syn-
thesis (Figure 2). In a review article, Pang and Hartmann have
thoroughly discussed the biochemical and endocrinological
processes that are involved in the initiation of lactation [48].
Lactation initiation has two stages: secretory differentiation
and secretory activation in humans. The secretory differenti-
ation stage involves the differentiation of MECs during preg-
nancy to synthesize milk constituents under the influence of
lactogenic hormone complex. The secretory activation stage
involves the copious secretion of milk with change in milk
composition. Progesterone withdrawal induces the activation
stage with the involvement of prolactin, insulin and cortisol
hormones. A study by Mida et al. on lactogenesis in HC11
MECs, showed that of the three lactogenic hormones (insulin,
prolactin and hydrocortisol) insulin plays a vital role in the
compositional changes in the membrane lipids of MECs [49].
Insulin enhanced the phosphatidylethanolamine and phos-
phatidylinositol and reduced sphingomyelin and cholesterol.
Insulin addition to the culture medium enhanced the total
fatty acid content by 50% and monounsaturated fatty acids
by 12%, reducing saturated fatty acids by 35%. All three hor-
mones combinedly induced the B-casein synthesis, indicating
the coordinated function of the lactogenic hormones in the
differentiation and lactogenesis in MECs. Lactogenic hor-
mones stimulate the expression of lipogenic genes and milk
protein genes but do not induce the expression of GLUT
genes (GLUT1, GLUTS8, and GLUT12) in the bovine mammary
gland during the onset of lactation [50]. The in vitro study
with mouse HC11 MECs and bovine primary MEC cultures
showed similar results. Moreover, lysosomal biogenesis is also
activated upon lactogenic hormone treatment (observed in
HC11 cells) and there is upregulation of lysosomal-associated
membrane glycoprotein 1 (LAMP1) during the lactogenesis
which can act as a marker of MEC differentiation [51]. The
increased lysosomal vesicle number and their content might
have intracellular and extracellular remodelling functions, an
important feature of cellular differentiation. The overexpres-
sion of insulin-induced genes INSIG1 and INSIG2 using
adenoviral transfection method in goat MECs, resulted in
decrease of triacyl glycerol content, total cholesterol content,
and lipid droplet accumulation, along with downregulation
of genes such as SREBF1, ACACA, FASN, SCD1, GPAM, DGAT2,
ATGL, and HSL genes [52]. It was found that triacyl glycerol
synthesis is primarily regulated by INSIG2, whereas, both
INSIG1 and INSIG2 regulate the total cholesterol synthesis.
The INSIG1 and INSIG2 were found to regulate the lipid
metabolism in goat MECs by synergistic action through
modulation of expression of genes involved in lipid metabol-
ism. However, more studies are required to understand the
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Cell growth + milk protein gene
expression

Figure 2. STAT5 and Ras signalling pathway regulating the expression of milk protein genes and cell growth. Prolactin binds to the prolactin receptor (PRLR) pre-
sent on the cell surface of MECs and induces the STAT5 pathway for milk protein gene expression. The RAS signalling pathway is activated by growth factors and
cytokines that bind to their receptors on the cell surface and activates a cascade of protein kinases, including the RAF-MEK-ERK pathway. The activated ERK protein
kinase induces the transcription of target genes involved in cell proliferation, differentiation, and survival.

mechanism, which can help in manipulation of fat content in
milk [52]. A study on human MECs cultured on mouse ECM
components (to provide a 3D model for the growth of cells)
showed that insulin is inducing the mammosphere formation
which is the typical morphologic marker of MEC differenti-
ation [53]. Microarray analysis of the mammospheres revealed
upregulation of genes associated with cell-cell junction, dif-
ferentiation, and cytoskeletal organization. It is suggested
that mammosphere formation is induced through the integ-
rin-linked kinase (ILK) signalling by which integrin interacts
with the ECM proteins to induce MEC differentiation and
mammosphere formation. Besides, the comparative study on
the role of insulin and insulin-like growth factor-l (IGF-I) on
the mammosphere formation, revealed that IGF-I induced the
spherical structure formation. Still, MECs were not polarized
appropriately and induction of milk protein genes was also
lacking. In contrast, insulin played crucial role in mammary
acinar development for secretory function. It is indicated that
women with obesity and gestational diabetes mellitus might
have decreased lactational potential due to inappropriate
insulin signalling [53].

A study by Gallego et al. on the role of prolactin, growth
hormone (GH) and EGF in mouse mammary gland develop-
ment and differentiation revealed that prolactin receptors
exert their function in MECs [54]. In contrast, GH receptors
and EGF receptors exert their function through the mesen-
chymal compartment of the mammary gland. A study on the
role of autocrine GH in MEC differentiation in mice, showed
that GH prevents the lactogenic differentiation of MECs.
Maximum expression of GH occurred during puberty and the
level was reduced in late pregnancy and lactation, indicating
its role in cellular proliferation rather than cellular differenti-
ation. In an in vitro model (HC11 cells), similar findings were
observed where the forced differentiation of MECs resulted in
reduced GH expression and conversely, forced expression of
GH abrogated the lactogenic differentiation as evidenced by
decreased B-casein expression and loss of lateral epithelial
localization of E-cadherin [55].

The steroidal hormones are found to have significant role
in proliferation and differentiation of MECs. A study on rat
MECs about the effect of hydrocortisone and progesterone on
proliferation, morphogenesis, and differentiation, revealed that
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hydrocortisone induced alveolar and multi-lobular branching
morphogenesis and enhanced casein accumulation. However,
the lobulo-ductal branching morphogenesis was suppressed
by hydrocortisone [56]. Progesterone is necessary for the
induction of proliferation, multi-lobular branching and lobulo-
ductal branching but suppresses casein accumulation. The
study with the Saanen goats on the effects of cortisol on milk
yield and expression pattern of crucial genes (with role in lac-
tation) in MECs, revealed many interesting findings [57]. In vivo
administration of ACTH enhanced the cortisol release (acute
release) which subsequently increased the milk yield through
overexpression of prolactin receptor (PRLR) and growth hor-
mone receptor (GHR) genes. Higher cortisol level in the MECs
(derived from mammary gland of goats) in the in vitro study
(chronic treatment) showed increased expression of gluco-
corticoid receptor (NR3C1), GHR, PRLR, and BAX (pro-apoptotic)
genes and decreased expression of IGF1 and insulin receptors.
The in vitro study revealed that chronic treatment of cortisol
induces apoptosis of MECs thereby decreasing the number of
MECs [57]. The HC11 cells showed that androgens promote
cell proliferation and differentiation through the androgen
receptors. It needs further study to unravel the proliferative
and differentiating properties of androgens [58]. The retinoid
RE80 enhanced the casein expression in rat MECs cultured
in vitro within a reconstituted basement membrane [59].
Moreover, RE80 acted as an anti-progestin by removing the
inhibitory effect of progesterone on casein accumulation and
showed anti-proliferative effects on the MECs in the appropri-
ate culture condition. This study showed that retinoids could
facilitate the transcription of casein genes through direct acti-
vation of the binding of retinoid receptors to the casein pro-
moter or indirectly by regulating the effect of other hormones.

The serotonin (5-hydroxy tryptamine) derived from the
mammary gland appears to maintain the body's calcium
homeostasis by communicating to bone through the expres-
sion of parathyroid hormone-related protein (PTHrP) in the
mammary gland during lactation. The PTHrP secreted from
the MECs reaches the bones, releasing calcium for the syn-
thesis of milk (rich in calcium) [60,61]. A study by Sheftel and
Hernandez showed that serotonin stimulated the PTHrP pro-
duction in the MECs by transglutaminase-dependent seroto-
nylation, with RhoA being the potential serotonylation target
protein [62].

Signalling pathways involved in lactogenic
differentiation

It is well established that prolactin pathway is the major dif-
ferentiation pathway to induce lactogenesis in MECs (Figure
2). Two important signalling pathways in the prolactin path-
way are the STAT5 and RAS signalling pathways. The STAT5
signalling pathway is activated by prolactin binding to its
receptor on the surface of target cells [63]. Once activated,
the receptor undergoes a conformational change, activating
the Janus kinase (JAK) family of kinases. The activated JAKs
then phosphorylate the STAT5 proteins, leading to their
dimerization and translocation to the nucleus. In the nucleus,
the STAT5 dimer binds to specific DNA sequences, known as

STAT5 response elements (SREs). It activates the transcription
of target genes involved in cell proliferation, differentiation,
and survival [63]. The RAS signalling pathway, on the other
hand, is activated by growth factors and cytokines that bind
to their receptors on the cell surface [64]. Once activated, the
receptor recruits and activates a series of downstream pro-
teins, including the RAS GTPase, which activates a cascade of
protein kinases, including the RAF-MEK-ERK pathway. The
activated ERK protein kinase then translocates to the nucleus,
activating the transcription of target genes involved in cell
proliferation, differentiation, and survival [64]. In the prolactin
pathway, the RAS signalling pathway is activated by prolactin in
a JAK2-independent manner. Prolactin stimulates the activation
of the RAS pathway through the recruitment and activation of
the adaptor protein SHC, which activates the RAS-RAF-MEK-ERK
pathway [65]. The activation of the RAS pathway, in turn, leads
to the phosphorylation of STAT5, enhancing its transcriptional
activity and leading to the upregulation of target genes
involved in lactation and other reproductive functions [65].

In summary, both STAT5 and RAS signalling pathways play
critical roles in the regulation of prolactin secretion and the
maintenance of reproductive function. While the STAT5 path-
way is directly activated by prolactin binding to its receptor,
the RAS pathway is indirectly activated by prolactin through
the recruitment and activation of SHC, leading to the activa-
tion of the RAS-RAF-MEK-ERK pathway and the phosphoryl-
ation of STAT5. The PTEN and AKT signalling pathways are
also important regulators of the prolactin pathway and play
important roles in regulating lactation and other reproductive
functions [66]. The PTEN pathway acts as a negative regulator
of the AKT pathway, preventing its activation and promoting
cell death. In contrast, the AKT pathway is activated down-
stream of the RAS pathway and plays a role in regulating cell
growth and survival. The interplay between these signalling
pathways is complex and can have important implications for
developing and progressing breast cancer and other dis-
eases [66].

The JAK-STAT pathway, activated by prolactin for milk com-
ponent synthesis involves the molecular axis such as prolactin
receptor — mediated activation of Janus kinase 2 (tyrosine kin-
ase) which further phosphorylates the STAT5A transcription
factor. The activated STAT5A reaches the nucleus and induces
transcription of milk protein genes including the B-casein
gene [67-69]. Moreover, the STAT5A is also activated by
another receptor tyrosine kinase (RTK) ERbB4 (a member of
the epidermal growth factor receptor RTK family) for lactogen-
esis in MECs. The ErbB family of RTKs regulates mammary
gland development in various ways [70]. There are four family
members of ErbB RTKs, namely ErbB1, ErbB2, ErbB3, and
ErbB4. ErbB4 mediates a crucial role in MEC differentiation;
whereas other isoforms are involved in MEC proliferation
[70,71]. MEC differentiation requires signalling from both pro-
lactin and ErbB4 dependent pathways and both these path-
ways ultimately activate STAT5A for further transcription of
milk protein genes. The study by Muraoka-Cook et al. on the
role of ErbB4 receptor ligand heparin-binding epidermal
growth factor (HB-EGF) on HC11 cultured cells differentiation
in 3D culture system, revealed that both prolactin and HB-EGF
could induce the STAT5A activation and lumen formation with



enhanced expression of differentiation markers [72]. The intra-
cellular domain of ErbB4 seemed to mediate the differenti-
ation signal of MECs [72]. It is observed that the activity of
ErbB4 is increased during pregnancy and lactation in the
alveolar MECs as that of STAT5A. Knock out studies of ErbB4
showed the impaired function of STAT5A, decreased terminal
differentiation of MECs and defective lactation, which indicates
the importance of ErbB4 in lactogenesis [73-75]. Two splice
variants of ErbB4 such as Cyt1 and Cyt2 show opposing effects
on the growth and differentiation of MECs. The expression of
s80<"" and s80“Y* in HC11 MECs and their growth on three-
dimensional matrices revealed distinct effects. The s80°"'
decreased growth of MECs but increased the lumen formation,
whereas s80<* increased cellular proliferation but did not
promote lumen formation. These two isoforms vary by a 16-
aminoacid intra-cellular sequence (present in Cyt1 but absent
in Cyt2) [76]. The ErbB3 protein promotes MEC survival and
differentiation during pregnancy and lactation [77]. The cell
survival ability is mediated by PI3K/AKT pathway and ErbB3
knockout mouse study revealed impaired Akt phosphorylation
and impaired activation of STAT5A, suggesting the involve-
ment of ErbB3 in cell survival and lactogenesis [77].

It is found that loss of PRLR expression in hormone
response-positive MCF-7 cells and HER2-enriched SKBR-3 breast
cancer cells promote cellular viability, migration and invasive-
ness [78]. The loss of PRLR increased the HER2-driven tumori-
genesis, cellular invasion leading to metastasis, and cancer cells
developing resistance to therapeutics. Conversely, PRL/PRLR
pathway being major differentiating pathway can drive differ-
entiation in breast cancer cells and can be adopted as a thera-
peutic strategy in the future with more in-depth studies in this
regard. A study using the pathway-specific inhibitors, optical
imaging technique and HC11-Lux cell model (a subclone of
COMMA-1D cells) found that JAK2/STAT5A pathway and
PI3K/Akt pathway primarily promote the lactogenic differenti-
ation; whereas Raf1/MEK/MAPK pathway is responsible for the
cellular proliferation. In this study, the B-casein promoter activ-
ity was detected by the light emitted and real — time imaging
through the optical imaging system [79]. AKT is a serine-threo-
nine protein kinase that is activated by various signals through
the PI3K-dependent pathway and regulates many functions
such as growth, proliferation, cellular migration etc. [80]. The
three isoforms of AKT1, AKT2, and AKT3 play prominent roles
in the mammary gland development during pregnancy, lacta-
tion and involution, as observed in mice [81]. The ablation of
AKT1 showed a delay in the differentiation of MECs during
pregnancy and lactation and promoted cellular apoptosis lead-
ing to involution, whereas ablation of AKT2 showed the oppos-
ite effect with inhibition of apoptosis and delay in the
involution process. Ablation of AKT3 showed minor defects in
the MEC differentiation and lactation. The study revealed that
AKT1 ablation hampers the phosphorylation of STAT5a and
thus impedes the prolactin signalling through the JAK-STAT
pathway for milk protein synthesis. Taken together, AKT1 plays
a crucial role out of the three isoforms, for functional differenti-
ation of MECs during pregnancy and lactation [81].

It has been found that EGF block the lactogenic differenti-
ation through RAS/MEK/ERK pathway and phosphatidylinosi-
tol-3-kinase (PI-3-kinase) pathway [82-83]. It is observed that
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EGF activates AKT and subsequent downstream proteins such
as p70S6 kinase, RPS6, elF4E and 4E-BP1 through the PI3
kinase/Akt signalling pathway. Moreover, inhibition of PI3 kin-
ase, AKT, or mammalian target of rapamycin (mTOR) reverts
the EGF-induced differentiation block in HC11 cells [83]. The
mMTOR is a downstream effector of PI3/Akt pathway and regu-
lates both proliferation and differentiation of MECs through
the induction of helix-loop-helix 1d1 and Id2 transcriptional
regulatory proteins [84]. The proliferative action by mTOR is
induced by Id1 and differentiating action is induced by Id2
protein. A study by Shan et al. on Id4 expression in rat mam-
mary gland and in the HC11 cells reveal that this protein
might contribute to carcinogenesis through inhibition of MEC
differentiation and stimulation of MEC proliferation [85]. The
Id1 protein seemed to negatively affect the differentiation of
MECs as studied in murine MEC cell line SCp2 [86]. This pro-
tein was observed to be refractory to differentiation signals
but receptive to proliferative signals, possibly due to the
inactivation of one or many basic helix-loop-helix proteins
that regulate growth and differentiation in MECs [86].

Inhibition of mTOR by rapamycin in the HC11 MECs and
mice mammary glands reduced B-casein expression even in
the presence of lactogenic hormones. A study by Wang et al.
with the bovine MECs upon lactogenic differentiation
revealed that prolactin/STAT5 and AKT1/mTOR pathways play
significant role in milk protein gene transcription and transla-
tion, respectively [87]. There was higher expression of phos-
phorylated proteins such as p-STAT5, P-AKT1, and p-mTOR
proteins in the differentiated cells compared to the control
cells. Moreover, there was a synchronized upregulation or
downregulation of these three proteins as observed through
RNA silencing technique of STAT5 or AKT1 protein. These
findings revealed these two pathways to synchronize to regu-
late transcription and translation of milk proteins in bovine
MECs [87].

A study by Jeon et al. on the effect of D-methionine (D-Met)
and methionine precursor 2-hydroxy-4-methylthiobutanoic acid
I (HMBi) on milk protein synthesis in the immortalized bovine
MECs (MAC-T), found that both these components stimulated
protein synthesis through induction of various metabolic path-
ways [88]. The HMBi supplementation enhanced the milk pro-
tein synthesis by inducing eukaryotic translation initiation factor
3 subunit protein required for the translation initiation process.
Pathway analysis revealed that D-Met stimulates fructose-galact-
ose metabolism, glycolysis pathway, phosphoinositide 3 kinase,
and pyruvate metabolism; whereas, HMBi stimulates pentose
phosphate pathway and glycolysis pathway. Analysis of metab-
olite production showed that D-Met enhanced the level of
seven metabolites and reduced uridine monophosphate (UMP)
level and HMBi enhanced the level of 3 metabolites and
reduced UMP and N-acetyl-L-glutamate levels. The upregulated
metabolites contributed to the increased milk protein synthesis
in the MAC-T cells compared to the control ones.

The expression pattern of caveolin-1 (a 22-kDa integral
membrane protein) in various stages of mouse mammary
gland development, showed that its level is decreased during
late pregnancy and lactation. Conversely, its level is increased
during involution [89]. Recombinant expression of caveolin-1
in HC-11 MECs (treated with lactogenic hormones) revealed
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that it suppresses the B-casein promoter activity and thus
impedes the milk protein synthesis. Similarly, treatment of
human MECs (hTERT-HME1) with lactogenic hormones
showed prolactin primarily mediating the downregulation of
caveolin-1 protein. This study unravelled the mechanism of
caveolin-1 expression regulation and showed that prolactin
undergoes the negative regulation of caveolin-1 during lacta-
tion through the ras-dependent signalling pathway [89].

WNT1 is a mammary oncogene that induces transcription
through the beta-catenin/TCF complexes. Twist is a transcrip-
tion factor of basic helix-loop-helix class and it is observed
that Twist expression is regulated by the WNT/beta-catenin
signalling and both the Twist and WNT1 do not promote the
lactogenic differentiation of MECs which might promote the
cells towards tumorigenesis [90].

Bone morphogenic proteins (BMPs) are the members of
the TGF-B superfamily and the corresponding receptors after
activation, phosphorylating the SMAD proteins (SMAD1/5/8),
the DNA-binding proteins. Each of these SMAD proteins
upon heterodimerization with SMAD4, translocate into the
nucleus and regulate the transcription of downstream genes
[91]. It was observed that the BMP receptor-1A (BMPR-1A)
pathway plays a vital role in the lactogenic differentiation of
the MECs as studied in HC11 cells [92]. The BMPR1A-
SMAD1/5/8 pathway is found to be active in undifferentiated
MECs as compared to the differentiated one. The knockdown
of BMPR-1A resulted in decreased B-casein expression during
lactogenic differentiation by hormonal treatment. Moreover,
addition of BMP antagonist noggin also prevented the B-casein
expression. These findings showed BMP-BMPR1A-SMAD1/5/8
signalling pathway is essential for B-casein expression which is
the marker of MEC differentiation [92].

Proteins upregulated during lactation

There are many proteins found to be upregulated during the
lactation process with direct or indirect influence on lacto-
genesis. Various researchers have deciphered the mechanism
of action of many upregulated proteins. However, in-depth
studies are required for many such proteins that facilitate lac-
tation. The heparan sulphate interacting protein (HIP) is iden-
tical to ribosomal protein L29 (RPL29) and found to be highly
expressed in MECs during pregnancy and lactation [93]. The
HIP/RPL29 levels are significantly increased during lactation,
although their levels are low in virgin mammary gland and
during involution. Their levels were more in the cytoplasm of
lactating MECs. In vitro study with COMMA-D cells (cell line
derived from mid-pregnant mouse mammary gland) showed
no alteration in HIP/RPL29 level upon differentiation with
lactogenic hormones, which indicates that its expression is
not induced by lactogenic stimulation; however, it needs fur-
ther investigation.

The neuronal guidance molecule netrin-1 is expressed in
mouse mammary glands and has a crucial role in promoting
lactogenic differentiation [94]. It promotes cellular adhesion
between the cap cells and body epithelial cells (nhonneuronal
cells) in the growing TEBs by interacting with neogenic and
thus stabilizes the multipotent progenitor cap cells during

mammary gland morphogenesis and provides an adhesive
role (rather than the guidance role) in the nonneuronal
organogenesis [95]. Besides, netrin-1 is observed to antagon-
ize the action of Cripto-1 protein (EGF-like protein and is a
target gene for Oct-4 and Nanog pluripotent genes, and
responsible for epithelial-mesenchymal transition) that indu-
ces the invasion and migration of MECs in vitro [96]. Strizzi
et al. studied the mammary glands of virgin CR-1 transgenic
mice and early pregnant FVB/N mice to unravel the role of
netrin-1 in mammary gland development and morphogenesis
[94]. It was observed that netrin-1 expression was higher;
whereas Crypto-1 and Nanog expression were lower during
lactation in the FVB/N mice. Moreover, a study with HC-11
MECs showed that netrin-1 increased the effect of lactogenic
hormones significantly.

The expression pattern of connexin30 (a gap junction pro-
tein) at different developmental stages of the mouse mam-
mary gland revealed its upregulation during pregnancy and
lactation with maximum expression at the onset of lactation.
These data were supported by experiments with cultured
MECs showing connexin30 expression in MECs upon induc-
tion by lactogenic hormones [97]. These findings reveal a
higher level of connexin30 in mammary glands during lacta-
tion. However, its role in lactogenesis is underexplored and
needs further study.

Mist1 is a transcription factor of helix-loop-helix/basic
helix-loop-helix (HLH/bHLH) protein family, associated with
MEC differentiation and lactogenesis, as studied in mouse
and human mammary glands [98]. Mist1 knockout lactating
mammary gland showed impaired lobulo-alveolar organiza-
tion, shedding of cells to the alveolar lumen and premature
activation of STAT3 transcription factor (STAT3 mediates
mammary gland involution).

Chemerin (a chemokine, produced primarily by hepato-
cytes and adipocytes) shows its function by regulating insulin
sensitivity and adipocyte differentiation. The study on the
effect of chemerin on MAC-T cells differentiation and lacto-
genesis, showed upregulation of chemerin receptors such as
chemokine like-receptor 1 (CMKLR1) and chemokine (C-C
motif) receptor-like 2 (CCRL2) along with the upregulation of
genes involved in fatty acid synthesis, glucose absorption,
insulin signalling and casein synthesis [99]. However, there
was a downregulation of CMKLR1 in the MAC-T cells by the
lactogenic hormones, adiponectin and TNF-oo which needs
further investigation.

The protein sterol regulatory element binding protein 1
(SREBP1) plays vital role in promoting de novo synthesis of
fatty acid and accumulation of triacyl glycerol in goat MECs,
and notably the liver X receptor (LXR) protein regulates the
transcription of genes which are involved in milk fat synthesis
in goat MECs, through transactivation of the SREBP1 tran-
scription factor [100-101]. The protein peroxisome prolifer-
ator- activated receptor gamma (PPAR-y) was found to be
the central molecule in regulating the lipid metabolism
(enhances lipid accumulation) in goat MECs and it mediates
its function by controlling the expression of adipocyte differ-
entiation-related protein (ADRP) gene [102]. Shi et al. studied
on the role of ADRP on synthesis of matured cytosolic lipid
droplet synthesis in goat MECs and found that enhanced



expression of ADRP resulted in increased lipid droplet accu-
mulation and triacyl glycerol content [103]. Moreover, ADRP
was found to stabilize the triacyl glycerol in the cytosolic
lipid droplets by preventing the access to lipase enzyme
action. Thus, ADRP plays crucial role in synthesis and stabil-
ization of cytosolic lipid droplets in goat MECs [103].

Taxreb107 is a leucine zipper DNA-binding protein (tran-
scription factor) the expression of which was upregulated in
mouse MECs (SCp2 and HC11 cells) while induced for differ-
entiation by the lactogenic hormones [104]. Similarly, a study
with the mouse mammary gland revealed higher expression
of Taxreb107 in the mid and late pregnancy. The expression
level was persistently high during lactation, indicating that
taxreb107 is a hormone-responsive gene involved in MEC dif-
ferentiation and lactogenesis [104].

Haematopoietic PBX-interacting protein (HPIP, also known
as PBXIP1) is an oestrogen receptor (ER) interacting protein
that primarily regulates the oestrogen — mediated cancerous
cell proliferation and tumorigenesis. A study by Dwivedi et al.
revealed that HPIP is essential for lactogenic differentiation
induced by prolactin in the in vitro system. It is observed
that prolactin induces the expression of HPIP through the
STAT5a in the mouse mammary gland [105]. HPIP promotes
the acini development, B-casein expression, and lipid droplets
formation through the prolactin-induced lactogenesis process
and its function is mediated through the activation of
PI3K/AKT pathway. Besides, HPIP also regulates the autocrine
prolactin signalling in MECs and its function is inhibited by
the miR-148a.

A study performed on primary cultures of mouse MECs by
Lochrie et al. revealed that IGFBP-5 is over-expressed in both
the differentiated (lactogenic hormone-induced cells) as well
as apoptotic MECs (apoptosis induced by TGF-3 treatment)
[106]. However, in the HC11 mouse MEC cell line there was
no up regulation of IGFBP-5 when induced by TGF-B3 either
under serum-free culture or with the dexamethasone, insulin,
and prolactin (DIP-lactogenic hormones also represented as
DIP) supplemented culture, although there was decreased
B-casein synthesis. These findings indicate further studies are
needed to confirm the role of IGFBP-5 in lactogenic differen-
tiation and during the involution stage of the mammary
glands.

The macrophage colony-stimulating factor (CSF-1) and its
receptor (CSF-1R) expression level was found to be regulated
by the lactogenic hormones. Study with the human breast
biopsy, in vitro organ culture and MEC cell line culture
revealed that CSF-1 and CSF-1R expression is enhanced dur-
ing lactogenic differentiation, showing their involvement in
the lactation initiation, which needs further study [107].

The nascent proteins after their synthesis, need to be
folded properly in the endoplasmic reticulum (ER) to undergo
their function. This folding process can be disrupted by
ischaemic conditions or due to the overproduction of abnor-
mal proteins from mutated genes and ER stress [108].
Unfolded protein response (UPR) is a defense process against
the ER stress to maintain homeostasis in the cell and this
process is highly conserved in eukaryotes [109]. The knock-
down of the UPR-related gene ATF4 (transcription factor)
resulted in the suppression of lactogenic hormone receptor

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY 499

(glucocorticoid and insulin receptors) expression in MAC-T
cells [110]. A study with the mouse MECs also revealed the
lowered expression of lactogenic hormone receptors in the
ATF4 knockdown which indicates the involvement of this
protein in lactation [111]. Expression pattern study of the
UPR-related genes (spliced XBP1, ATF4, and C/EBP homologous
protein (CHOP)) in bovine mammary gland tissue during preg-
nancy and lactation revealed the increased expression of these
3 proteins immediately after parturition as compared to that of
50days before parturition [110]. These findings revealed that
the MECs might be under ER stress due to increased production
of milk proteins and cells undergo homeostasis through expres-
sion of UPR-response related genes. The CHOP protein is a tran-
scription factor and induces apoptosis of the cells where severe
ER stress persists and UPR genes not able to revive the homeo-
stasis. In this condition, ATF4 induces the CHOP that promotes
apoptosis [112]. An in-depth study is required to delineate the
function of UPR genes in molecular details during lactogenic
differentiation.

The enzyme isocitrate dehydrogenase (IDH1, cytosolic
NADP*' dependent) is responsible for the production of NADPH
in the cytosol which is further used for fatty acid synthesis in
the mammary gland. Its expression is increased dramatically
during early lactation in the bovine mammary gland. In parallel,
the BME-UV MECs (in vitro study) also showed enhanced IDH1
expression under the influence of ECM and lactogenic hormone.
However, insulin and foetal calf serum decreased its expression,
which was further reversed by prolactin treatment. The prolac-
tin-induced IDH1 expression was mediated by MAPK and JAK-
STAT pathway and the metabolic effectors also regulated the
IDH1 expression in bovine MECs [113].

The CCAAT/enhancer-binding proteins (C/EBPs) bind to
the sites in the promoter region of B-casein and their expres-
sion level varies during different stages of mammary glands
development. It is observed that C/EBP plays a vital role in
the functional differentiation of mouse mammary glands with
ductal morphogenesis, lobular and alveolar development,
and lactogenic differentiation of MECs in mice, whereas
C/EBPa had no significant effect on the differentiation charac-
teristics [114].

Proteins that downregulate the lactogenic
differentiation

Many proteins are found to downregulate the lactogenic differ-
entiation of MECs, or conversely, some proteins are downregu-
lated during this process, thus making the cellular transition as
highly regulated event. A study by Anand et al. on mammary
gland protein — 40 (MGP-40) in buffalo mammary epithelial cell
line (BUMEC), showed its inhibitory effect on the MEC differenti-
ation and induction of epithelial to mesenchymal transition
(EMT) - like features [115]. Overexpression of this protein in
BUMECs reduced dome formation, acinar polarization and casein
synthesis. In addition, this protein seemed to have a protective
role on the cells in serum-free conditions by inducing cell prolif-
eration and protecting from apoptosis.

It is found that B-casein expression (induced by lactogenic
hormones) is blocked by the addition of EGF to the
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lactogenic hormone - containing medium [116]. Besides, in
the HC11 MECs that are transformed by oncogene and dis-
play autocrine activation of EGF receptor, the prolactin —
induced differentiation is blocked [117,118]. The study by
Horsch et al. on the mechanism behind effect of EGF on pro-
lactin — induced MEC differentiation, revealed that EGF dras-
tically reduces the JAK2 kinase activation. This effect of EGF
is mediated by a cytosolic protein tyrosine phosphatase -
PEST (proline glutamine serine threonine-rich sequences)
which is upregulated in HC11 cells treated with EGF.
Reduction of phosphorylated JAK2 ultimately impedes the
JAK2-STAT5 signalling and thus inhibits the differentiation
process [119].

The AP-2 family transcription factors involve cellular prolif-
eration, apoptosis and differentiation It is observed that
during lactation the transcription factors AP-2alpha and AP-
2gamma are downregulated and their overproduction in
transgenic mice hampered lactation. A study by Jager et al.
with HC11 cell line to understand the relevance of the down-
regulation of these transcription factors during lactogenic dif-
ferentiation revealed that the MEC differentiation is not
necessarily dependent on the downregulation of AP2 tran-
scription factors. However, this phenomenon in the in vitro
study may not be reflected in the in vivo condition which
needs further investigation [120].

The enzyme AMP-activated protein kinase (AMPK) senses
the cellular energy level to maintain a balance between
energy demand and supply by controlling cell metabolic
processes [121]. A study on the role of AMPK in lipid and lac-
tose synthesis in the bovine MECs revealed that allosteric
activation of AMPK (by glucose deprivation) induces a
decrease in lipid synthesis accompanied by enhanced phos-
phorylation of ACCa and expression of FABP3. Moreover,
AMPK activation decreased the lactose synthesis and SLC2A1
expression in the bovine MECS, indicating a tight regulation
of milk component synthesis as per the availability of precur-
sors to maintain cellular homeostasis [122]. Another study
revealed that AMPK activation inhibits protein synthesis in
mammary cells through mTOR complex 1 in MAC-T cells
(immortalized bovine mammary epithelial cells) [123]. Study
revealed that goat mammary gland adapts to high glucose
level by inducing de novo fatty acid synthesis and enhancing
milk fat content [124,125]. Both the in vitro (goat MECs iso-
lated from lactating Saanen goats) and in vivo (lactating
Guanzhong dairy goats) study showed that the de novo fatty
acid synthesis by glucose, is mediated by AMPK-ChREBP axis.
The AMPK in mammals is activated by low glucose concen-
tration through AMP/ATP and ADP/ATP ratios [126]. Similarly,
the carbohydrate-response element binding protein (ChREBP)
is a glucose sensor which gets activated and binds to target
genes (fatty acid synthase and acetyl CoA carboxylase) to
promote lipogenesis [127].p130Cas is an adaptor molecule
that acts as a scaffold for many interacting proteins and
mediates various cellular processes. It is overexpressed in
many human cancer diseases [128]. The overexpression of
p130Cas in murine mammary epithelial cells showed
impaired lactogenic differentiation and hyperactivation of the
tyrosine kinase C-kit [129]. The C-kit activity is deregulated by
p130Cas leading to impaired differentiation of MECs.

Interestingly, the downregulation of C-kit reinstated the dif-
ferentiation process in the MECs overexpressed with
p130Cas. The overexpression of p130Cas may lead to the
plasticity of luminal cells and priming these cells to develop
into cancerous cells [129].

The leptin (a protein hormone produced by adipose cells)
was found to regulate the mammary gland development and
study by Li et al. in Chinese Guan Zhong dairy goat mam-
mary gland showed that its expression (along with its long
form receptor) is lower during lactation but higher during
involution and pregnancy [130]. Leptin was seen to promote
ductal epithelial cell proliferation and differentiation during
pregnancy by JAK-MAPK signalling, modulate [-casein
expression in cultured MECs by regulating JAK-STAT5 signal-
ling, and induce apoptosis during involution through JAK-
STAT3 signalling pathway. The complex interaction of leptin
and its long form receptor regulates the functional mammary
gland development in different stages, which needs further
study [130]. Besides its expression in adipocytes, leptin is also
found in MECs and its expression is reduced in bovine MECs
under the influence of GH and lactogenic hormones [131].

The AU-rich elements (AREs) - binding proteins (AUBPs)
promote the rapid degradation of mRNAs which have AU-
rich elements and thus mediate the post-transcriptional regu-
lation [132]. ARE/poly(U)-binding/degradation factor 1 (AUF1)
is one of the well -studied AUBPs that showed an important
role during MEC differentiation [133]. The HC11 MECs
induced by lactogenic hormones revealed downregulation of
AUF1 protein and enhanced p-casein expression; whereas
overexpression of AUF1 inhibited the effects of lactogenic
hormone stimulation in these MECs. Moreover, AUF1 protein
localization was in the nucleus and not in the cytoplasm, dur-
ing the lactogenic switch of MECs and ound to the c-myc
RNA, not the B-casein RNA; thus milk protein synthesis is
enhanced [133].

Comparative genomics and proteomics studies
highlighting molecular events involved in lactation

Various studies on comparative genome and proteome ana-
lysis have identified gene or protein signatures of lactation.
Comparative proteomic analysis of proliferative and differen-
tiated mouse HC11 MECs showed 60 differentially expressed
proteins between these two stages. Bioinformatic analysis of
the findings showed differential expression of cytoskeletal
components, chaperones, regulating proteins in protein fold-
ing and stability, calcium - binding proteins, and proteins of
RNA processing pathways [134]. A study by Jaswal et al.
revealed novel protein signatures involved in lactogenic dif-
ferentiation in buffalo MECs. TMT-based mass spectrometry
analysis of the differentiated MECs at day 3, 6, 12, and 15
identified 4934 proteins in total and 681 differentially
expressed proteins [135]. Out of them, approximately 307
DEPs attained the highest expression on day 12 of differenti-
ation. Bioinformatic analysis revealed the differentially
expressed proteins associated with many signalling pathways
that induce the MEC differentiation.



The comparative transcriptome profiling of HC11 MECs at
three different stages such as undifferentiated, primed
(treated with glucocorticoids), and differentiated (treated
with glucocorticoid and prolactin) and their comparison with
the murine embryonic stem cells by next-generation mRNA
sequencing revealed many stage-specific genes and signal-
ling pathways involved in lactation [136]. There is a downre-
gulation of Pou5f1 and Sox2 genes (pluripotent genes) in the
differentiated MECs and an upregulation of the epigenetic
regulator Cited4 gene which is required in the lactation stage.
Terminal differentiation of the MECs occurred upon treatment
with both glucocorticoid and prolactin and there was upre-
gulation of Xbp? and Cbp genes required for the cellular
growth and differentiation. Moreover, this study revealed the
expression of chromatin modulators such as Dnmt3/ and
Chd9 which play a vital role in the lactogenic differentiation
of MECs.

Microarray analysis of differentially expressed genes
between differentiated HC11 MECs and the normal control
cells revealed 998 genes upregulated with more than two-
fold expression than the control one [137]. Many signalling
pathways are involved in differentiation by undergoing tran-
scriptional regulation. The genes like CTGF/CCN2 and osteo-
pontin were highly expressed in differentiated HC11 cells
in vitro. Similar results were found in vivo in the pregnant
and lactating mouse mammary gland and decreased during
involution, which suggests their role during lactogenic differ-
entiation [137].

Proteins facilitating JAK-STAT pathway

Studies revealed many proteins facilitating the JAK-STAT
pathway and enhancing the milk component synthesis. The
GTPases of the RAB family are critical regulators, controlling
the transport of various biomolecules through vesicles and
membrane trafficking in eukaryotic cells. These GTPases
recruit the effector molecules and undergo molecular trans-
port among the vesicles by intracellular localization [138].
The RAB6 proteins such as RAB6A and RAB6A’ are abundantly
found GTPases involved in Golgi apparatus transport [139]. A
study on the function of these two proteins in the mammary
gland revealed their vital role in secretory function in the
MECs. This study showed that lactogenic differentiation, mat-
uration and secretory function of MECs are affected in the
absence of RAB6A GTPase, which ultimately impaired the lac-
tation process [140]. The RAB6A protein seems to promote
the trafficking of prolactin receptors in the luminal MEC lin-
eage membrane, thus facilitating the prolactin - induced sig-
nalling mechanism to activate STAT5 (transcription factors
which induce expression of casein genes) proteins.

Kitayama et al. found a novel cell adhesion apparatus (dis-
tinct from desmosomes and gap junctions) at the boundary
between luminal alveolar epithelial cell and basal myoepithe-
lial cell [141]. Nectin-1 protein in the basal cells forms the
apparatus through trans-interaction with the nectin-4 protein
in the luminal cell. The nectin-4 further undergoes cis-inter-
action with prolactin receptor of luminal cell and promote
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the JAK-STAT signalling for alveolar development and lacto-
genic differentiation [141].

The compound 2-Amino-1-methyl-6-phenylimidazo([4,5-b]
pyridine (PhIP) was found to enhance the B-casein expression
in the HC11 MECs that have been treated with lactogenic
hormones [142]. Moreover, this study showed that PhIP medi-
ates its lactogenic function through the enhanced phosphor-
ylation of STAT5A and bears antiapoptotic properties as
evidenced by the enhanced expression of Bcl-2 gene and
reduced expression of Bax gene.

Study performed in a rat model with the fruit Hordei
Fructus Germinatus (HFG, the raw and processed fruit water
decoctions of Hordeum vulgare L. used in the experiment)
demonstrate that raw HFG increases the milk yield by regu-
lating the prolactin-mediated JAK-STAT signalling path-
way [143].

The homeobox gene family proteins have sequences
called homeodomain (DNA-binding domain), and many of
these proteins act as transcription factors that regulate nor-
mal body development and tumorigenesis [144]. Many
homeobox genes are found to play crucial role in mammary
gland development during lobulo-alveolar growth [145,146].
Zinc finger homeobox 3 (ZFHX3) is one of the homeobox
gene family member having 23 zinc fingers and 4 homeodo-
mains and has dynamic biological functions [147]. A study by
Zhao et al. revealed that ZFHX3 protein is crucial for lacto-
genic differentiation through the maintenance of prolactin
signalling pathway [8]. It maintains the prolactin receptor
expression and thus promotes the JAK2-STATS5 signalling
pathway induced by prolactin signalling. The JAK2-STAT5
pathway is primarily responsible for the synthesis of milk
components by regulating transcription of corresponding
genes. Studies show that Zfhx3 expression level varies in dif-
ferent mammary glands’ developmental stages, with the
highest level during the lactation stage [148]. Moreover, it is
found that oestrogen and progesterone induce the expres-
sion of ZFHX3 in human and mice mammary epithelial cells
[149,150].

Circadian clocks seem to regulate the body physiology by
setting a daily rhythm of gene expression and maintaining
the cellular homeostasis. The mammary epithelial circadian
clock also plays a crucial role in mammary gland develop-
ment and lactation. A study by Casey et al. showed that the
core circadian clock transcription factor BMAL1 regulates
MEC growth, differentiation, and milk component synthesis
[151]. Identification of transcriptional targets of BMAL1
through ChIP-Seq method of undifferentiated and differenti-
ated HC11 MECs showed 2773 genes unique to the differenti-
ated cells. The experiment with BMALT-knockout cultured
HC11 cells showed lowered cell density and decreased
expression of prolactin receptors and beta casein gene
expression in the knocked-out cells, which suggests that
BMAL1 is essential for MEC differentiation and lactogenesis
by mediating the action of prolactin (through enhancing the
prolactin receptors) through the JAK-STAT pathway for milk
protein synthesis [151].

The transcription factor EIf5 is very much involved in the
development of the mammary gland as evidenced in the
study with mammary-glands specific EIf5 conditional
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knockout mice [152]. The MECs lacking EIf5 showed reduced
STATS level and failure of STATS5 activation, leading to retard-
ation in functional differentiation. This study showed that
EIf5 is crucial in regulating the expression of genes that
mediate the PrIR/Jak2/Stat5 signalling pathway.

Lee et al. studied the effect of vitamin A derivative retinoic
acid on the lactogenesis of MAC-T cells and found that a
combination of retinoic acid and prolactin had a synergistic
effect on the expression of the casein gene than that of pro-
lactin alone [153]. Interestingly, treatment with only retinoic
acid showed an inhibitory effect on the proliferation of MAC-
T cells, but the combination with prolactin increased lacto-
genic differentiation. Expression of a-s1 casein (3.9 fold), a-s2
casein (4.5 fold) and B-casein (4.4 fold) were enhanced signifi-
cantly than the control with the combinatorial treatment.

Role of miRNAs and non-coding RNAs in MEC
differentiation and lactation

The miRNAs are also found to be involved in regulating gene
expression of the lactogenic differentiation process. A study
with the cultured BMECs that are differentiated by lactogenic
hormones (dexamethasone, insulin, and prolactin) revealed
that miRs like miR-21-5p, miR-26a, and miR-320a have
decreased expression in the differentiated cells [154]. The
miR-148a level was increased in the cell culture medium
derived from differentiated cells indicating its involvement in
lactogenic differentiation and synthesis of milk components
[154]. The ratio (culture medium: cells) of expression was
higher for miR-103, miR-148a, and miR-223 in the differenti-
ated BMEGCs, suggesting the lactogenic differentiation-
induced secretion of these miRNAs.

The miR-200a promotes epithelial cell differentiation in
the mammary gland as evidenced by the study in mice [155].
The level of miR-200a is increased gradually from mid-preg-
nancy till lactation. The in vitro study using EpH4 mouse
MECs revealed that lactogenic hormones (used for differenti-
ation of MECs) stimulated the expression of miR-200a along
with the induction of B-casein gene (differentiation marker)
and E-cadherin gene (epithelial cell marker) expression.
Interestingly, the knockdown of miR-200a showed decreased
B-casein and E-cadherin expression and increased ZEB1
(marker of epithelial-mesenchymal transition) expression,
indicating and increasing ZEB1 (marker of epithelial-mesen-
chymal transition) expression, indicating that this miR posi-
tively regulates the lactogenic differentiation of MECs and
promotes lactation. The miR chi-miR-3031 was found to acti-
vate the PI3K/AKT-mTOR pathway and enhance the expres-
sion of B-casein by downregulating the expression of IGFBP5
gene in goat MECs [156]. Studies with goat MECs showed
that miR-27a suppresses triacyl glycerol accumulation by sup-
pressing PPAR-y protein levels [157], whereas miR-103
increases milk fat synthesis, triacyl glycerol accumulation, and
lipid droplet synthesis [158]. The miR-24 found to enhance
the unsaturated fatty acid concentration in milk by targeting
the fatty acid synthase gene in goat MECs [159]. The miR-24
also accumulates milk fat droplets and enhances triacyl gly-
cerol level in goat MECs. The expression of miR-27a, and

miR-103 were found to be highest during the mid lactation
period, and that of miR-24 was highest during peak lactation
in dairy goats [157-159].

Noncoding RNAs (ncRNAs) play a crucial role in regulating
metabolic processes during development. More specifically,
the long ncRNAs (IncRNAs) have shown their regulatory func-
tion in many developmental processes and disease condi-
tions [160-162]. The pregnancy-induced ncRNA (PINC) is
found to be associated with polycomb repressive complex 2
(PRC2) and regulates the differentiation of MECs [163]. This
study revealed that in the mouse mammary gland after
puberty, the PINC IncRNA is enriched in luminal and alveolar
progenitor cells. Moreover, its level increases throughout
pregnancy but decreases in early lactation when the terminal
differentiation of alveolar cells occurs. In vitro study with a
mouse HC11 cell line (MEC cell line) showed that overexpres-
sion of mouse PINC RNA blocks lactogenic differentiation.
Furthermore, its level is decreased when the HC11 cells are
induced to differentiate and undergo lactogenesis [163]. It is
deduced from these findings that PINC IncRNAs inhibit ter-
minal differentiation during the pregnancy period and thus
inhibit milk component formation. These findings proved
that PINC IncRNA regulates the lactogenic differentiation pro-
cess through changes in its expression level during late preg-
nancy and early lactation.

In vitro models used to study the lactogenic
differentiation

In vitro models are used to studyphysiological processes, dis-
eases, and drug behaviour studies. The HC11 mouse MEC cell
line is a popular in vitro model used to study lactogenic dif-
ferentiation. The degree of lactogenic differentiation in the
cultured HC11 cells was measured by morphological markers
such as the formation of dome-shaped cell structures (mam-
mospheres). Although there are many molecular markers to
assess the degree of differentiation in MECs, phenotypic
changes are a good measure of differentiation in the 2D cul-
ture system and milk proteins are accumulated in the domes
due to the differentiation induced by lactogenic hormones
dexamethasone, insulin, and prolactin [164].

Gordon et al. developed the KIM-2 cell line, a conditionally
immortal mammary epithelial cell line derived from a mid-
pregnant mouse mammary gland [165]. It carries transgene
comprising the ovine f-lactoglobulin gene promoter that
drives the expression of a temperature-sensitive variant of
SV-40 large T antigen. This temperature - sensitive cell line
can differentiate at semi-permissive 37 °C temperature upon
the influence of lactogenic hormones and form polarized
dome-like structures with tight junctions and express milk
protein genes. Upon withdrawal of hormones, the cells
undergo apoptosis as observed by nuclear morphology and
flow cytometry. At permissive 33 °C temperature cells exhibit
elongated spindle-like morphology and are transformed dur-
ing prolonged culture. These cells can differentiate exten-
sively in the absence of a basement membrane and can be
used as a suitable cell model for differentiation and apoptosis
study of MECs in response to physiological signals.



Jin et al. developed an in vitro model of human primary
mammary epithelial cells isolated from normal breast tissue
and having heterogenous morphologic features upon propa-
gation [166]. The cultured cells showed CK-18, desmoglein-3
and CK-19 positive luminal cells and vimentin, p63 and CK-14
positive myoepithelial cells, mimicking the in vivo heterogen-
eity of mammary gland tissue. Moreover, the cultured pri-
mary cells were found to retain the Er-o. expression property
and respond to oestrogen stimulation. The conditional
reprogramming of normal MECs in two-dimensional (2D) and
3-dimensional (3D) culture systems maintained the cellular
heterogeneity. More importantly, in the 3D condition, the CK-
8 positive cells enclosed a lumen with ability to produce.
More importantly, in the 3D condition, the CK-8 positive cells
enclosed a lumen with the ability to produce the milk com-
ponents upon lactogenic stimulation.

MAC-T cells have been widely used as an in vitro model to
study the lactogenic differentiation in bovine MECs by the hor-
mones such as dexamethasone, insulin, and prolactin. However,
many other factors also have a role in lactogenesis. A study by
Johnson et al. on the effect of GH on lactogenesis revealed that
GH induced the production of a-s1 casein and a-lactaloumin
[167]. Moreover, GH also altered the lipid composition by affect-
ing the proportion of triacylglycerol and sphingomyelin.

A study on the effect of STAT5 activation on the genetic-
ally engineered mouse model with breast cancers and the
human breast cancer cell line revealed that precancerous
MECs become lactogenic with suppression of EMT and reduc-
tion of the metastatic potential of the cancerous cells [168].

Future perspectives

Study on the molecular events occurring during lactogenic dif-
ferentiation holds tremendous potential in exploring many new
proteins and their role in regulating the differentiation process
and lactation. Protein signatures of lactation will facilitate devel-
oping the strategies for persistency and avoidance of truncated
lactation in farm animals. Manipulation of the crucial proteins
and signalling pathways that regulate the milk synthesis and
maintenance of lactation would positively affect the augmenta-
tion of milk yield and the socio-economic upliftment of dairy
farmers. Understanding the molecular dynamics will aid in
developing in vitro models that suitably represent the mammary
gland features during lactation. The disease of the mammary
glands such as mastitis that occurs during lactation, has caused
a substantial economic loss to the dairy industry and has
affected the milk quality. Consumption of cow milk from
infected animals will cause human disease with antibiotic resi-
dues in milk. Antibiotic therapy is the widely used treatment
strategy so far. Understanding the molecular physiology of lac-
tation will pave the way for alternative therapeutic strategies
that can aid in regaining the milk-synthesizing potential of the
mammary glands in subsequent lactations.

Conclusion

Mammary gland is a dynamic organ during pregnancy and
lactation, during which the gland undergoes massive
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molecular and physiological changes to synthesize and
secrete milk. The cellular processes like proliferation and
branching morphogenesis during pregnancy, lactogenic dif-
ferentiation, polarization of MECs and milk secretion during
lactation, and apoptosis during involution follow a cyclic pat-
tern in each pregnancy-lactation-involution cycle. Hormones,
growth factors, cytokines, miRNAs, and many other regulatory
proteins regulate the cyclic pattern. In-depth study on the
molecular dynamics of mammary gland function and the sig-
nalling pathways involved, will pave the way for manipula-
tion of genes to enhance the milk yield in dairy animals. The
present review is focused on the involvement of several pro-
teins during lactogenic differentiation and identifying the
protein signatures of lactation. Various studies have been
done on lactogenic differentiation of MECs and functional
mammary gland; however, many proteins already identified
so far, but their role during lactation needs further study. The
present study will be helpful to the researchers working in
this area to design their research work better with updated
information on lactogenesis.
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