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Abstract
The prolactin/STAT5 and AKT1/mTOR pathways play a key role in milk protein transcription and translation, respectively.
However, the correlation between them in bovinemammary epithelial cells remains unclear. Here, mRNA and protein expression
levels of AKT1, STAT5, and mTOR and the phosphorylation of these proteins were determined. Cell proliferation and viability
were examined using the CASY-TT assay. Purified bovine mammary epithelial cells were cultured in differentiation media for
different periods. The basic differentiationmedium contained a lactogenic hormone cocktail of insulin (5μg/mL), hydrocortisone
(1 μg/mL), and prolactin (5 μg/mL). The cells cultured in this medium grew slowly and expressed higher levels of p-STAT5, p-
AKT1, and p-mTOR (activated form) than those of control cells. Although the phosphorylation ratio was not increased, tran-
scription and translation of these proteins were upregulated by the addition of insulin-like growth factor-1 or growth hormone,
which further increased β-casein mRNA expression. Furthermore, the three proteins were upregulated or downregulated syn-
chronously, even after RNA interference silencing of either Stat5 or Akt1. These findings indicate that a few hormones and other
factors play lactogenic and galactogenic roles by promoting two key lactogenic signaling associatedwith milk protein expression.
We provide evidence of prolactin/STAT5 and AKT1/mTOR synchronization, establishing a direct correlation between transcrip-
tion regulation and translation regulation of milk protein in bovine mammary epithelial cells.
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Introduction

Classic lactation studies have shown that a lactogenic pheno-
type can be induced in mammary epithelial cells (MECs) by a
combination of glucocorticoids (GCs), insulin (INS), and pro-
lactin (PRL) and assessed based on milk protein production
(Johnson et al. 2010). This lactogenic combination has been
considered necessary for milk protein production (whether
murine or ruminant) in vitro, because it induces milk protein
mRNA transcription. However, only β-casein-encoding gene
(CSN2) expression has been well studied because few stable
mammary epithelial cell lines are available, in addition to
murine HC11 and bovine MAC-T cells that produce only β-

casein (Huynh et al. 1991; Choi et al. 2004; Zhou et al. 2008;
Sornapudi et al. 2018; Qian and Zhao 2014). Moreover, as
mentioned by Tucker (2000) and Hovey et al. (2002), there
are major differences in the hormonal regulation of
mammogenesis and lactation in rodents, cattle (ruminants),
and humans (Tucker 2000; Hovey et al. 2002). This highlights
the need for bovine-specific research models.

Several specific signaling pathways involved in milk pro-
tein synthesis are worth studying; stimulation by a single hor-
mone or growth factor alone generally activates multiple sig-
naling pathways, sometimes synchronously (Wartmann et al.
1996). However, analyses of single signaling have indicated
that information on interactions among them is missing (Qian
and Zhao 2014).

Milk protein expression can be initiated by activated
prolactin/STAT5 signaling, and the maximum expression oc-
curs in fully differentiated alveoli in vivo (Riley et al. 2010).
Among them, CSN2 expression is regulated by active STAT5
induced by prolactin bound with its receptor (prolactin/STAT5
signaling) (Gouilleux et al. 1994; Faraci-Orf et al. 2006). In
recent years, interactions between STAT5 and a 63-ku serine-
phosphorylated protein have been identified; this unknown
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protein was later confirmed to be AKT (Dinerstein-Cali et al.
2000; Chen et al. 2010).More recently, AKT1/mTOR signaling
has been shown to play an important role in milk protein syn-
thesis by controlling the translation of a few main milk proteins
in cattle. Morrison and Cutler (2009) found that prolactin com-
plexes cultured with HC11 mouse cells for 3–5 days promoted
cell differentiation and protein synthesis . In addition, Burgos
et al. (2010) stimulatedmTOR signaling with different nutrients
and a combination of dexamethasone (a type of GC), insulin,
and prolactin, which is abbreviated as DIP, and determined
changes in milk protein synthesis rate and mTOR signaling.
They revealed that milk protein synthesis may be enhanced
by hormones other than DIP (Burgos and Cant 2010). Similar
results have been found following exogenous growth hormone
(GH) or insulin-like growth factor 1 (IGF-1) treatment. DIP
increased growth hormone receptor (GHR) mRNA expression,
and GH might have acted directly on transfected GHR-
overexpressing MAC-T cells (in contrast to native MAC-T,
which shows low expression of GHR) to stimulate the tran-
scription of major milk protein genes (Sakamoto et al. 2005;
Zhou et al. 2008). IGF-1 mainly participates by binding with
IGF-1R. The PI3K/AKT pathway is activated by IGF-1/IGF-
1R, and IGF-1 stimulated global protein synthesis in MAC-T
cells through changes in the phosphorylation and association
state of components of the mTORC1 signaling pathway
(Burgos et al. 2010; Kfir and Barash 2019).

Although a few lactogenic stimulants can activate specific
signaling, their effects are often temporary, as shown in nu-
merous experiments in vitro. One cause for this may be an
imbalance in positive and negative regulatory factors and dys-
regulation of mRNA transcription (prolactin/STAT5) and pro-
tein translation (AKT1/mTOR). Sufficient expression and sta-
ble activity of key signal proteins are needed to induce and
maintain lactation, particularly in dairy animal mammary
glands (Qian and Zhao 2014).

In the present study, we aimed to detect the expression and
activity of STAT5, AKT1, and mTOR through positive hor-
mone stimulation or negative gene knockdown to evaluate the
correlation between prolactin/STAT5 and AKT1/mTOR sig-
naling in milk protein production in bovine mammary epithe-
lial cells (BMECs). A comprehensive understanding of the
synchronization ofmilk protein expression signalingmay help
improve mammary epithelial cell models for studies on lacta-
tion function.

Materials and Methods

Cell preparation and treatments Primary BMECs were ob-
tained from parenchymal tissues of lactation Holstein dairy
cows. The cells were purified according to a method by
Zhao et al. (2015). In brief, cells were placed in culture flasks
and digested using trypsin to purify mammary epithelial cells.

Purified cells plated in six-well plates at 1 × 105 cells/well
with growth medium consisting of DMEM/F12 (Gibco,
Grand Island, NY), 10% fetal bovine serum, penicillin
(100 U/mL), and streptomycin (0.1 mg/mL) until 80% con-
fluent. We performed lactogenic differentiation of MECs as
described earlier. In brief, 80% confluent native and logarith-
mic growing cells were treated with differentiation medium
consisting of DMEM/F12, penicillin/streptomycin (100 U/mL
and 0.1 mg/mL, respectively), a HIP combination including
1 μg/mL hydrocortisone (Sigma-Aldrich), 5 μg/mL insulin
(bovine, Sigma-Aldrich, St. Louis, MO), and 5 μg/mL prolac-
tin (ovine, Sigma-Aldrich), and either bovine GH (ProSpec,
St. Louis, MO; 0 or 100 ng/mL) or IGF-1 (Sigma-Aldrich,
MO; 0 or 100 ng/mL) for various periods (0 h, 0.25 h, 1 h,
24 h).

To obtain cell growth curves in growth medium and differ-
entiation medium, the cells grown in each medium were col-
lected every 12 h for 6 d and counted. Based on these curves,
the start times for RNA interference and differentiation induc-
tion were established.

Immunocytochemistry Purified cells were cultured on glass
coverslips in six-well plate and incubated with 10% FBS
growth medium for 48 h until 80% confluence. After two
PBS washes, cells were covered with 1 mL of methanol pre-
cooled for 10 min at 4°C. Cells were then immersed in 5%
BSA in PBS for 1 h at 37°C followed by incubation with
rabbit anti-cytokeratin 18 polyclonal antibody (1:50; Bioss,
Beijing, China, bs-2043R-AF488), mouse anti-prolactin re-
ceptor monoclonal antibody (1:100; Novus, Littleton, CO,
NB300-561) in PBS for 1 h at 37°C. PBS was used instead
of primary antibody as the control. Lastly, cells were washed
three times in PBS for 5 min each. Nuclei were stained by
DAPI. Images were acquired and analyzed with a Leica TCS
SP2 Confocal Laser Scanning Microscope.

Small interfering RNA-mediated gene knockdown Small in-
terfering RNAs (siRNAs) against Akt1 or Stat5 and neg-
ative control RNA oligonucleotides were chemically
synthesized by GenePharma Co., Ltd. (Shanghai,
China). Gene knockdown was achieved by transient
transfection with Akt1 or Stat5 siRNA or a negative
control using Lipofectamine 2000 (LF2000, Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol.
To investigate the effects of Akt1 and Stat5 knockdown
on milk protein synthesis, the medium was changed to
DMEM/F12 with different lactogenic hormone combina-
tions after a 24-h transfection period. After 24 h of
treatment, the cells were collected for further analysis.

Cell viability and proliferation Cell viability and proliferation
were assessed in parallel cultures grown as described above.
After transfection treatment, the cells were differentiated for
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24 h with HIP alone, HIP + 100 ng/mL GH, or HIP + 100 ng/
mL IGF-1 and assessed using the CASY TTAnalyser System
(Schärfe System GmbH, Reutlingen, Germany) according to
instrument manual.

Quantitative real-time PCR The total RNA from BMECs was
extracted using TriZol reagent (Invitrogen) according to the
manufacturer’s protocol. RNA samples were identified by
agarose gel electrophoresis. Then, the total RNA (1 μg) was
transcribed into cDNA using PrimeScript™ reverse transcrip-
tase (TaKaRa, Dalian, China) according to the manufacturer’s
protocol. Quantitative real-time polymerase chain reaction (q-
PCR) was carried out using the TB Green™ Premix Ex Taq™
II Kit. ACTB (β-actin gene) was used as the reference gene.
The primers sequences are shown in Table 1. The 2−△△CT
method was used to calculate the relative expression.

Western blotting The total protein was extracted from cells
subjected to various treatments. Cell pellets were homoge-
nized with RIPA buffer to which protease inhibitors had been
added as previously described (Woodward et al. 1998).
Protein content was determined using a bicinchoninic acid
(BCA) protein assay (Bio-Rad Laboratories, Inc., Berkeley,
CA). Proteins (20 μg) were separated on 10% SDS-PAGE
gel and transferred onto nitrocellulose (NC) membranes.
After blocking with 5% non-fat milk in TBS/T (0.1%
Tween-20), the blots were probed with primary antibodies
for mTOR (Cell Signaling Technology, Danvers, MA),
phospho-mTOR (p-mTOR, Cell Signaling Technology,
Danvers, MA), and β-actin (Santa Cruz Biotechnology,
Santa Cruz, CA). This was followed by a second incubation
with the secondary antibodies, goat anti-rabbit IgG with HRP
and goat anti-mouse IgG with HRP (ZSGB-BIO, Beijing,
China). Gray-scale scans of western blots were detected using
Super ECL Plus and analyzed using ImageJ.

Statistical analysis All experiments were conducted in tripli-
cates. The results are reported as mean ± standard error (SE).
Data were normalized by log transformation and were tested

using the one-way analysis of variance (ANOVA) with SPSS
19.0 software.

Results

Identification and characteristic of purified BMECs Purified
bovine mammary cells were visualized under a confocal laser
scanning microscope and exhibited a normal epithelial cell
shape. More than 90% of cells were strong positive staining
for luminal epithelial marker cytokeratin 18 and moderate
positive staining for prolactin receptor (PRLR) (Fig. 1). It
confirmed that purified cells are BMECs with responsiveness
to prolactin.

By comparing the growth of BMECs in differentiation me-
dium (with HIP) with that of BMECs in growth medium, we
found that the number of cells in serum-free differentiation
medium did not change until cell death over a longer culture
time. Proliferation was most apparent in growth medium con-
taining 10% FBS. In fact, proliferation of MECs in vitro was
hardly affected by stimulation with the combination of lacto-
genic hormones, because regulated withdrawal from the cell
cycle is required for cells of any kind to differentiate, which
showed sporadic and slow growth during lactation because
the majority of MECs (normal and differentiated) were
arrested in the G0/G1 stage during lactogenic differentiation
(Sornapudi et al. 2018). Subsequent treatments were adminis-
tered for 24 h, during which the cell number was stable, and
the results were not influenced by cell proliferation (Fig. 1).

Effects of lactogenic stimulation on lactogenic signaling in
BMECs To investigate whether lactogenic signaling is regulat-
ed in this study, mRNA and protein expression of a few vital
signal molecules in BMECs cultured for various times was
measured by q-PCR and western blotting, respectively. The
q-PCR results revealed that each lactogenic stimulant induced
a significant increase in mRNA expression of all three signal
molecules within 24 h. As shown in Fig. 2, there were small
differences in mRNA and protein levels of STAT5 with HIP
alone, but with a sharp rise in the total p-STAT5 level due to a
significant increase of phosphorylation ratio (Fig. 2). A large
increase was apparent within the first hour, with a small in-
crease observed from 1 to 24 h. The addition of IGF-1 induced
a significant increase in Stat5 mRNA levels and an extremely
significant increase in Akt1 mRNA levels compared with
those in cells cultured with HIP alone. There was no signifi-
cant difference in mTORmRNA abundance between the con-
trol culture and cultures with IGF-1. The addition of GH
showed a positive effect on Stat5, Akt1, and mTOR mRNA
expression. There was a significant increase in AKT1 mRNA
levels, a moderate increase in Stat5 mRNA levels, and a mar-
ginal increase in mTOR mRNA levels between cells cultured
with GH or HIP alone.

Table 1. Primers for q-PCR

Gene Primer (5′—3′) Amplicon size (bp)

ACTB F: AAGGACCTCTACGCCAACACG
R: TTTGCGGTGGACGATGGAG

249

Akt1 F: TGGAGAACCTCATGCTGGACA
R: GCCGCACATCATCTCGTACAT

206

mTOR F: ATGCTGTCCCTGGTCCTTATG
R: GGTCAGAGAGTGGCCTTCAA

178

Stat5 F: CCCTTCCCGTGGTTGT
R: ATGCCGTTGTAGTCCTC

265

CSN2 F: CAAGCAGCGAGGAATCAA
R: GAAAGGGACAGCACGGAC

249

The q-PCR analysis was conducted using the 2−ΔΔCT method
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The protein expression profiles were similar to the
mRNA expression profiles (Fig. 2). In brief, the addi-
tion of IGF-1 marginally increased total STAT5 protein
level, but did not significantly affect the total p-STAT5
levels compared with that in cells treated with HIP
alone. The larger increase in AKT1, mTOR, and total
phosphorylated protein of them implies that IGF-1 pref-
erentially regulates AKT1/mTOR over prolactin/STAT5.
However, adding GH had a stronger positive effect on
BMECs than IGF-1. When the total protein or total

phosphorylated protein of AKT1, mTOR, and STAT5
was increased significantly, GH displayed an enhanced
induction of both AKT1/mTOR and prolactin/STAT5
pathways; however, both the addition of GH and IGF-
1 had no additional effects on their phosphorylated ratio
compared with HIP alone.

As shown in Fig. 2 (k to m), the highest phosphorylated
ratios of AKT1 and mTOR appeared at 0 h followed by the
lowest level significantly at 0.25 h, because AKT1/mTOR
signaling was also vital to cell growth and retained a higher

Figure 1. Characteristics of
purified bovine mammary
epithelial cells. (a) Purified
bovine mammary epithelial cells
(× 400). (b) Cytokeratin 18
staining of BMECs (× 800). (c)
Primary antibody negative control
(× 400). (d) Prolactin receptor
staining of BMECs (× 400). (e)
The growth curve of BMECs in
growth medium. (f) The growth
curve of BMECs in
differentiation medium.
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activity with 10% FBS; therefore, they would be downregu-
lated when serum deprivation until the effects of the new
stimulations appeared. However, the phosphorylated ratio of
STAT5 was low at the present of serum during cell growth and
was easily increased by HIP treatment (Wartmann et al. 1996;
Finucane et al. 2008).

Taken together, these results suggest that IGF-1, GH, and
HIP are needed for induction, and that the maximum lacto-
genic effect usually required a combination of lactogenic hor-
mones or factors.

Effect of Akt1 and Stat5 gene knockdown on cell viability and
proliferation AKT1 and STAT5 are key members of the
AKT1/mTOR and prolactin/STAT5 signaling pathways, re-
spectively. In this assay, we assessed their roles on the viability

and proliferation of BMECs. The data revealed that Akt1 or
Stat5 gene knockdown significantly decreased the viability
and number of BMECs at 48 h post-transfection with the
mimic compared with that of the control groups (Fig. 3).
These results confirm that AKT1 and STAT5 are also vital
positive regulators of cell growth and survival in BMECs
during lactation differentiation. The addition of IGF-1 or GH
reversed this decrease in cell viability and proliferation com-
pared with that by HIP alone. As described above, both of
them might induce higher Akt1 and Stat5 gene expression.

Effect of gene knockdown on lactogenic signaling in BMECs
According to the q-PCR analysis of all treatment groups, Akt1,
mTOR, Stat5, and CSN2mRNA expression in the interference
groups decreased significantly in comparison with that in the

Figure 2. (a–m) Induced lactogenic signaling in BMECs cultured for various periods. n = 3, data from the same group with different letters are
significantly different, P < 0.05; asterisks indicate significant differences between different groups (vs. HIP),*P < 0.05, **P < 0.01.
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control. Namely, the synthesis of milk protein mRNA was
reduced following the inhibition of lactogenic signaling by
the knockdown of key genes. Notably, key signal molecule
gene expression in another pathway was inhibited when either
Akt1 or Stat5 was silenced by RNA interference.

The mRNA expression in BMECs treated with HIP+IGF-1
or HIP+GHwas compared with that in the groups treated with
HIP alone, and there were significant differences in the corre-
sponding mRNA levels in the blank control, negative control,
and interference groups, but no difference in the mRNA levels
between the blank and negative controls with the same treat-
ment (Fig. 3).

As shown in Fig. 3, the abundance of silenced Akt1 and
Stat5 mRNA following 24-h treatment with HIP alone de-
creased by 30–40%, demonstrating RNA interference effi-
ciency. Although other undisturbed genes showed a smaller
decrease (approximately 20%), it is possible that synchroniza-
tion of reduced mRNA expression related to two vital lacto-
genic signaling genes resulted in a significant decrease of 60–
80% in β-casein transcription by a superposition effect. On the
contrary, the addition of IGF-1 or GH resulted in higher
mRNA expression with similar RNA interference efficiency
in almost all treatment groups compared with that in the HIP
control, confirming their galactogenic action resisting im-
paired differentiation and reduced milk protein expression.

The protein expression profiles resembled that of their tran-
scripts, but there was a smaller decrease in protein levels than
in mRNA levels in the interference groups (Fig. 4). This may
be because of the time delay from gene transcription to protein
translation and a difference in the optimum interference times
to affect mRNA and protein expression. Total phosphorylated
protein levels decreased synchronously with total protein
leve l s ; however, phosphory la ted ra t io changed
unsynchronously and irregularly, it was possible that there
was the compensatory increase due to a rapid protein reduc-
tion (Fig. 4). Independent of gene knockdown, the application
of exogenous IGF-1 or GH resulted in the increase of all three
target phosphorylated proteins (Figs. 2 and 4).

In summary, these data indicate that single-gene knockdown
by siRNA negatively affected the expression of two undis-
turbed genes other than the target gene, resulting in the down-
regulation of their expression and total phosphorylated protein.

Discussion

Lactogenic stimulation can synchronously enhance lactogen-
ic signaling in BMECs The microarray results indicated that
upregulation of genes implicated in milk synthesis is concom-
itant with the inhibition of those related to cell proliferation in

Figure 3. Effect of Akt1 and Stat5 gene knockdown by RNA interference
on cell viability, proliferation, and lactogenic signaling molecule
transcription. (a, c) Cell viability after gene interference. (b, d) The
number of viable cells after gene interference. (e–h) Akt1 gene

knockdown by RNAi. (I–L) Stat5 gene knockdown by RNAi. n = 3;
data from the same group with different letters are significantly
different, P < 0.05; asterisk indicates a significant difference between
different groups (vs. HIP), P < 0.05.
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bovine mammary glands at the onset of lactation (Finucane
et al. 2008). In fact, basal and lactogen-inducedCSN2 promot-
er activities were found to be elevated in MAPK inhibitor-

treated cells, and HC11 cells transformed by potent activators
of the MAP kinase pathway were found to no longer synthe-
size β-casein in response to lactogenic hormones (Wartmann

Figure 4. (a–p) Effect of Akt1 and Stat5 gene knockdown by RNA
interference on lactogenic signaling molecule translation and activity.
n = 3; data from the same group with different letters are significantly

different, P < 0.05; asterisk indicates significant differences between
different groups (vs. HIP), P < 0.05.
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et al. 1996). This may be due to impairment of prolactin-
induced Stat5 DNA-binding activity in the transformed
HC11 cells. This led to our hypothesis that slow proliferation
or growth arrest is a prerequisite for functional differentiation
of BMECs. Here, we showed that differentiation mediumwith
HIP alone had no significant mitogenic effect (Fig. 1), which
was the first step in regulating lactation function in our
experiment.

In addition to inhibited proliferation, mammary gland dif-
ferentiation requires the coordinated action of hormones and
growth factors that contribute to morphological development
and milk protein production in the lactating glands (Wartmann
et al. 1996). A lactogenic phenotype is generally induced in
BMECs by a HIP or DIP combination and has typically been
assessed by milk protein production (Shao et al. 2013).
Nevertheless, GH and IGF-1 are believed to have a positive
regulatory effect on mammary development and lactation
(Lee et al. 2013; Sciascia et al. 2013; Qian and Zhao 2014).
Some in vitro studies have shown that their roles are associat-
ed with prolactin/STAT5 and PI3K/AKT1/mTOR (Zhou et al.
2008; Burgos and Cant 2010; Johnson et al. 2010; Qian and
Zhao 2014; ; Akers 2017).

It has been elaborated how lactogenic hormone combina-
tions can positively regulate the transcription of milk protein
genes. However, there has been no clear conclusion on the
translation of milk proteins, especially in cattle. This is partly
due to inexplicable results in studies; for example, the change
in mRNA and protein expression being inconsistent. One of
the reasons is inappropriate detection time, which is suitable
for the transcription of mRNA from DNA and transient, but
not enough for translation, which is a delayed second major
step in protein expression (Qian and Zhao 2014; Akers 2017).
Therefore, we set a time gradient in the experiments to screen
suitable time points for transcription, translation, and long-
term stable protein phosphorylation (Fig. 2). According to
our data, both gene and protein expression changed signifi-
cantly within several hours of exposure to the lactogenic com-
pounds, and higher levels were maintained until 24 h post-
treatment in most experiment groups. Therefore, we used 24 h
as the detection time.

Upregulation or activation of prolactin/STAT5 signaling,
which is essential for milk protein mRNA transcription, is
insufficient to sustain stable high-level milk protein translation
(Qian and Zhao 2014; Akers 2017). Differential rates of ex-
pression of the major milk proteins in mammary secretory
epithelial cells support this view. The rate of secretion of
αs2-casein in bovine milk is approximately 25% that of β-
casein, yet the expression of their respective mRNA tran-
scripts (csn1s2 and csn2) in mammary glands is not different.
This is because the translational efficiency of csn2 is five
times that of csn1s2 (Kim et al. 2015). In fact, the effects of
nutritional regulation and management measures on bovine
milk production are likely to occur at the post-transcriptional

and translational levels rather than increasing the abundance
of transcripts (Burgos and Cant 2010; Kim et al. 2015; Akers
2017 Li et al. 2017). Optimal ratios of essential amino acids
can stimulate β-casein synthesis via the activation of mTOR
signaling in MAC-T cells and bovine mammary tissue ex-
plants (Li et al. 2017).

Synergistic enhancement of both transcription and transla-
tion signaling induced by a combination of hormones and
factors was observed in this study. Our research showed that
whether HIP was used individually or in combination with
GH or IGF-1, all treatments promoted the synchronous upreg-
ulation of CSN2 expression. Furthermore, it has been reported
that lactogenic hormones significantly affected the negative
regulators of these two pathways (Qian and Zhao 2014;
Akers 2017).

Synchronous changes in lactogenic signaling by gene knock-
down in BMECs As a transcription factor, STAT5 is directly
related to the expression of transcription promoter genes of a
few major milk proteins, especially β-casein. Furthermore,
regulation of STAT5 expression involving multiple levels—
transcription, translation, and phosphorylation—is essential to
evaluate lactation ability in an in vitro cell model (Radler et al.
2017). However, the dominant role of STAT5 in milk protein
expression has been challenged recently (Qian and Zhao
2014; Akers 2017). Many unexpected results may be tempo-
rary positive effects rather than stable long-term effects on
milk proteins that reflect inadequate translation and failed se-
cretion in vitro, even if STAT5 is increased and activated
(Qian and Zhao 2014; Akers 2017).

A competitor of prolactin/STAT5 has emerged,
AKT1/mTOR, which is closely associated with protein syn-
thesis. Because milk protein production is a complex process
and has distinct and specific inhibitors/negative regulators, the
lack of positive lactogenic hormones and growth factors and
unrestrained negative regulators may hinder milk protein gene
expression. Both AKT1/mTOR and prolactin/STAT5 with
sustained activation can promote milk protein production.
Our data show that additional GH and IGF-1 can positively
and synergistically regulate AKT1/mTOR and prolactin/
STAT5 by mediating AKT1, mTOR, and STAT5 expression
resulting in the increase of total phosphorylated proteins, how-
ever, phosphorylation ratio unchanged. Therefore, what is the
negative regulatory effect of single gene knockdown? Are
there synergies? With such questions, we conducted RNA
interference of the Akt1, mTOR, and Stat5 genes, and the re-
sults showed that transcription and translation of the three
genes were always synchronous (Figs. 3 and 4).

This finding is consistent with the latest research on
crosstalk between the JAK2/STAT5 and PI3K/AKT1 path-
ways to mediate the proliferation of alveolar progenitors and
survival of their functionally differentiated descendants in the
mice mammary glands (Radler et al. 2017). STAT5 induces
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the transcription of the Akt1 gene from a novel promoter and
controls the expression of regulatory and catalytic subunits of
PI3K (p85 and p110), as well as directly regulates PI3K kinase
activity by binding to the p85 subunit SH2 domain of PI3K to
significantly augment signaling via the prosurvival PI3K/
AKT pathway (Abell and Watson 2005; Sakamoto et al.
2007; Creamer et al. 2010; Schmidt et al. 2014; Singh et al.
2016; Radler et al. 2017). Therefore, ATK1 is an essential
mediator for the biological function of STAT5 as a survival
factor (Chen et al. 2010; Radler et al. 2017). The interference
of just one signaling mediator in regulatory signaling net-
works can have severe consequences that manifest in the pro-
liferation, survival, and differentiation of BMECs. There may
be a crosstalk between prolactin/STAT5 and AKT1/mTOR in
BMECs similar to that in mice (Chen et al. 2010; Radler et al.
2017).

Conclusion

In conclusion, GH and IGF-1 play lactogenic and
galactogenic roles by promoting two key lactogenic signaling
during lactation differentiation induced by HIP. The prolactin/
STAT5 and AKT1/mTOR pathways can be controlled syn-
chronously for milk protein expression, which connects tran-
scription regulation to translation regulation of β-casein, in
BMECs.
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