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ARTICLE

Meta-analysis of mammary RNA seq datasets reveals
the molecular understanding of bovine lactation biology

Periyasamy Vijayakumar, Sanniyasi Bakyaraj, Arunasalam Singaravadivelan,
Thangavelu Vasanthakumar, and Ramalingam Suresh

* NRC

Research Press

Abstract: A better understanding of the biology of lactation, both in terms of gene expression and the identifi-
cation of candidate genes for the production of milk and its components, is made possible by recent advances in
RNA seq technology. The purpose of this study was to understand the synthesis of milk components and the
molecular pathways involved, as well as to identify candidate genes for milk production traits within whole
mammary transcriptomic datasets. We performed a meta-analysis of publically available RNA seq transcriptome
datasets of mammary tissue/milk somatic cells. In total, 11 562 genes were commonly identified from all RNA seq
based mammary gland transcriptomes. Functional annotation of commonly expressed genes revealed the molec-
ular processes that contribute to the synthesis of fats, proteins, and lactose in mammary secretory cells and the
molecular pathways responsible for milk synthesis. In addition, we identified several candidate genes responsible
for milk production traits and constructed a gene regulatory network for RNA seq data. In conclusion, this study
provides a basic understanding of the lactation biology of cows at the gene expression level.

Key words: cow, mammary transcriptome, meta-analysis, pathways, candidate genes, milk synthesis.

Résumé : Une meilleure connaissance de la biologie de la lactation, tant en ce qui concerne I’expression des génes
que l’identification des genes candidats pour la production du lait et de ses composantes, est rendue possible par
les récentes avancées en matiére de technologie RNA-seq. Le but de cette étude était de comprendre la synthese des
composantes du lait et les sentiers moléculaires impliqués ainsi que d’identifier des génes candidats pour la
production laitiére au sein de jeux de données transcriptomiques pour les tissus mammaires. Les auteurs ont
réalisé une méta-analyse des données RNA-seq disponibles pour les tissus mammaires et les cellules somatiques du
lait. Au total, 11 562 genes étaient partagés au sein de tous les transcriptomes de la glande mammaire. Une
annotation fonctionnelle des genes exprimés communément a contribué a une compréhension des processus
moléculaires contribuant a la synthése des lipides, des protéines et du lactose au sein des cellules sécrétrices
mammaires et des sentiers moléculaires responsables de la synthése du lait. De plus, les auteurs ont identifié
plusieurs génes candidats controlant la production du lait et ont construit un réseau de régulation génique a partir
des données RNA-seq. En conclusion, cette étude contribue a une meilleure compréhension de la lactation chez les
vaches au niveau de I’expression génique. [Traduit par la Rédaction]

Mots-clés : vache, transcriptome des tissus mammaires, méta-analyse, sentiers, genes candidats, synthese du lait.

Introduction position varies according to breed, lactation stage,

Cow milk is an important source of dietary food and
provides essential nutrients like energy, fats, proteins,
calcium, magnesium, selenium, riboflavin, vitamin B12,
and pantothenic acid to infant mammals (http:/fwww.
fao.org/dairy-production-products/products/milk-
composition/en/). In general, the gross composition of
cow’s milk is constituted of 87.7% water, 4.9% lactose,
3.4% fat, 3.3% protein, and 0.7% minerals. The milk com-

dietary intake, parity, farming system, the physical envi-
ronment, and seasonal effect.

Milk components like lactose, proteins, and fats are
synthesized from glucose, amino acids, triglycerides, or
fatty acids of dietary nutrient origin or body resources in
the secretory cells of the mammary gland (Hurley 2010).
The molecular mechanisms and pathways for the synthe-
sis of milk and its components are not completely under-
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stood. Detailed knowledge of lactation biology at the
molecular level will aid in the identification of direct
causative genes responsible for milk traits, and the ap-
plication of these causative genes in genomic selection
programmes will increase the accuracy of dairy cattle
selection methods (Wiggans et al. 2017). Further, based
on this molecular mechanism, breeders can attempt to
tackle the detrimental effects of high milk production
on other functional traits by altering the actual dynam-
ics of lactation biology. For example, the idea of decreas-
ing peak milk production through a slower increase in
early lactation and that will increase the persistence of
production in late lactation (Strucken et al. 2015).

We used a meta-analysis approach to understand the
molecular mechanisms and pathways responsible for
milk synthesis. A meta-analysis is a statistical approach
that combines results from independent but related
studies (Ramasamy et al. 2008). The identification of dif-
ferentially expressed genes showed large inconsistencies
in each study because of small sample sizes, low sample
quality, and differences in laboratory protocol and plat-
form (Lee et al. 2016). The meta-analysis approach over-
comes these limitations. This approach enhances the
statistical power in studies with small sample sizes, is a
relatively inexpensive option, and increases the reliabil-
ity and generalizability of results by combining informa-
tion from multiple related existing studies (Ramasamy
et al. 2008; Rung and Brazma 2013). This approach has
been widely used to understand complex pathophysio-
logical conditions, including infectious diseases (Pennings
et al. 2008; Chang et al. 2011) and cancer (Chen et al. 2014;
Xu et al. 2015).

Here, we performed a meta-analysis of publicly available
cow RNA seq datasets, which covers three independent
studies containing 16 mammary tissue/milk somatic cells
samples. Bioinformatics analysis of RNA seq datasets re-
vealed biological pathways responsible for milk synthe-
sis and candidate genes responsible for milk production.
This meta-analysis approach consolidates previous find-
ings of lactation biology and provides a proof of principle
for future studies combining information from diverse
heterogeneous sources to understand the complete lac-
tation biology.

Materials and methods

Selection of eligible RNA seq expression datasets

A search for RNA seq datasets was completed on NCBI
Sequence Read Archive (SRA) and European Nucleotide
Archive database using the following keywords: cow,
mammary gland tissue, somatic cells, milk fat globules,
milk yield, milk fat, and milk protein. Finally, we
selected three independent studies that examined differen-
tial gene expression in cows at various stages of lactation

Genome Vol. 00, 0000

under different conditions (Li et al. 2016; Yang et al. 2016;
https:/fwww.ncbi.nlm.nih.gov/sra/SRX3341240[accn]). Yang
et al. (2016) studied differential gene expression in milk fat
globules at days 10 and 70 post-calving between high and
low 305-day milk yield, milk fat yield, and milk protein
yield of Chinese Holstein cows. Li et al. (2016) studied the
bovine transcriptome from the mammary tissue of six ex-
tremely high and six low phenotypic values for milk pro-
tein percentage at peak lactation. The third group studied
the mammary transcriptome of six Chinese Holstein cows
in peak lactation (https://www.ncbi.nlm.nih.gov/sra/
?term=SRP122763). In total, 121.65 GB of data belonging to
16 RNA seq samples were included in the final meta-
analysis (Table S1Y).

RNA sequence genome mapping
We used HISAT (hierarchical indexing for spliced

alignment of transcripts) spliced aligner for genome
mapping of each RNA seq sample against the cow ge-
nome (Kim et al. 2015). The SAM/BAM file generated from
the previous step and the GTF file downloaded from En-
sembl database were input to cufflinks software for tran-
script assembly and Fragments per Kilobase of transcript
per Million mapped reads (FPKM) estimates for each
mapped RNA-Seq data (Trapnell et al. 2012). Our main
objective was to understand the molecular biology of
lactation in cows, so we did not perform any differential
expression analysis. Instead, we compiled commonly ex-
pressed genes in all RNA seq samples, and the compiled
commonly expressed genes profile was further used for
functional and network analysis.

Functional annotation
Commonly expressed genes identified in this meta-

analysis were functionally annotated with a publicly
available annotation database. Initially, the commonly
expressed genes were analyzed for gene ontology terms
in Database for Annotation, Visualization and Integrated
Discovery (DAVID, https://david.ncifcrf.gov/) and path-
way analysis in Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analysis (http:/[www.genome.jp/

kegg|).

Candidate genes
QTL mapping (Georges et al. 1995) and genome-wide

association study (GWAS) (Mai et al. 2010; Bouwman et al.
2011) have detected a large number of candidate genes
associated with milk yield and milk composition in dairy
cows. A candidate genes list was downloaded from the
cattle QTL database (QTLdb, http://www.animalgenome.
org/cgi-bin/QTLdb/BT/index). This candidate genes list
was then compared with a list of commonly expressed
genes to identify reported candidate genes responsible
for milk production in RNA Seq datasets.

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/gen-

2018-0144.
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Gene regulatory networks construction
Genome-scale gene network

Gene regulatory networks have an important role to
gain a more comprehensive understanding of the regu-
lation of cellular processes and events (Li et al. 2013). In
this study, we reconstructed the whole genome-scale
gene network by using the high-performance web server
DeGN Server (Li et al. 2013). We prepared the dataset for
commonly expressed genes in a tab-delimited text file
and uploaded it onto the DeGN Server. The network was
constructed by context likelihood of relatedness method
with the following parameter settings, including gene-
gene association estimation method by mutual informa-
tion and a cut-off threshold of 3.8. After the whole
genome-scale network was reconstructed, we submitted
identified candidate genes in the DeGN Server as a seed
gene list to mine different subnetworks present in the
whole genome-scale network. These subnetworks were
visualized using SN Builder with a threshold cut-off
of 3.8.

Protein-protein interaction (PPI) network

Protein interactions play fundamental roles in struc-
turing and mediating essentially all biological processes.
We used the online web server NetworkAnalyst for con-
struction of protein-protein interaction (PPI) networks
(Xia et al. 2015). The putative candidate genes were iden-
tified based on two widely used topological measures:
degree and betweenness centrality. The degree of a node
is the number of connections it has to other nodes, while
betweenness measures the number of shortest paths go-
ing through the node. Nodes with a higher betweenness
value are potentially important hubs in cellular signal
trafficking (Xia et al. 2015).

Results and discussions

Our meta-analysis identified 11562 genes that were
commonly expressed in all 16 RNA-seq datasets. Milk
components like lactose, proteins, and fats have to be
synthesized in the mammary alveolar secretory cells
(Strucken et al. 2015). However, the molecular mecha-
nisms of synthesizing these milk components are not
well known. Hence, we described the molecular under-
standing of milk component synthesis based on meta-
analysis dataset.

Milk lactose synthesis
Cow milk contains 4.9% carbohydrate that is predom-

inantly consisting of lactose. Lactose is a milk sugar
unique to the mammary gland. Lactose is a disaccha-
ride composed of the monosaccharides D-glucose and
D-galactose. Lactose influences the osmotic pressure be-
tween blood and alveoli and thereby plays the main role
in the quantity of milk secretion (Zhao and Keating
2007).

Lactose synthesis in the mammary gland involves the
expression of a large number of genes (Ollier et al. 2007).

For the synthesis of one molecule of lactose, glucose is
converted to UDP-glucose, which in turn is converted to
one UDP-galactose by an enzyme called UDP-glucose
4-epimerase (GALE). The initial step in the synthesis of
UDP-galactose is phosphorylation of glucose by hexoki-
nase 2 (HK2) (Zhao et al. 2012). Glucose and UDP-galactose
are transported into the Golgi lumen by solute carrier
family 35 member A2 (SLC35A2) and solute carrier family
35 member B1 (SLC35B1) (Mohammad et al. 2012), where
lactose is synthesized in the Golgi lumen in the presence
of a lactose synthase enzyme. Lactose synthase is com-
posed of galactosyltransferase (GT) and a-lactalbumin («-
LA). R1,4 galactosyltransferase (B4GALT3) is unique
among all glycosyltransferases because of its substrate
specificity, i.e., a-lactalbumin is expressed in the mam-
mary gland resulting in lactose synthesis exclusively
within the mammary gland (Hurley 2010). The protein
kinase B alpha (PKB1, also known as AKT1) is an impor-
tant regulator of lactose synthesis in the mammary
gland of the cow (Lin et al. 2016). AKT1 acts as a potent
survival factor for secretory epithelial cells (Kennedy
et al. 1997) and the transport and metabolism of glucose
(Plas and Thompson 2005). The GALE, B4GALT3, SLC35A2,
SLC35B1, HK2, and AKT1 encoding genes involved in lac-
tose synthesis were expressed and presented expression
values of 20.35, 7.81, 7.34, 45.14, 22.33, and 60.15, respec-
tively, (except «-LA) and PI3K/AKT signaling pathway
(Fig. 1), GO terms of cellular carbohydrate metabolic pro-
cess (P-value 3.95E-07), galactosyltransferase activity
(P-value 2.63E-08), and cellular component for Golgi
membrane (P-value 3.00E-10) were enriched in our meta-
analysis dataset (Tables 1 and 2). The protein encoded
genes 6-phosphogluconolactonase (PGLS), ADP depen-
dent glucokinase (ADPGK), beta-1,4-galactosyltransferase
3 (B4GALT3), beta-1,4-galactosyltransferase 7(B4GALT?),
galactosidase alpha(GLA), fucosyltransferase 4(FUT4), and
alpha-N-acetylgalactosaminidase (NAGA) involved in cel-
lular carbohydrate metabolic process were expressed
and presented expression values of 41.77, 5.65, 7.81, 4.47,
17.18, 1.34, and 46.97, respectively. Collectively, our re-
sults demonstrate that the expression of GALE, B4GALT3,
SLC35A2, SLC35B1, HK2, and AKT1 genes and activation of
the PI3K/AKT signaling pathway contributes to lactose
synthesis in the Golgi membrane of alveolar secretory
cells.

Milk fat synthesis

Fats is a highly variable component of milk. Triglycer-
ides are a major component (98%) of milk fat. Milk also
contains other milk lipids including diacylglycerides
(0.25%-0.48%), monoacylglycerides (0.02%-0.04%), phos-
pholipids (0.6%-1.0%), cholesterol (0.2%-0.4%), glycolip-
ids (0.006%), and free fatty acids (0.1%-0.4%) (Hurley
2010).

Milk fat triglycerides are synthesized in mammary ep-
ithelial cells. The precursor required for triglycerides are
derived from blood or de novo synthesized within the

< Published by NRC Research Press
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Fig. 1. Molecular pathway analysis of the mammary meta-analysis dataset. [Colour online.]
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Table 1. Gene ontology terms related to mammary biological process enriched from the
meta-analysis dataset.

No. of
Biological process genes P value
Regulation of transcription from RNA polymerase II promoter 305 2.46E-36
Regulation of cytokine biosynthetic process 377 6.35E-27
Energy reserve metabolic process 144 6.86E-26
Lipid biosynthetic process 223 1.91E-24
Nitrogen compound metabolic process 146 1.04E-20
Steroid metabolic process 197 5.69E-18
Phosphatidylinositol biosynthetic process 161 6.03E-18
Fatty acid oxidation 168 1.46E-16
JAK-STAT cascade 164 4.51E-15
Tyrosine phosphorylation of STAT protein 137 5.61E-15
Inorganic anion transport 80 9.17E-15
Regulation of secretion 89 1.65E-13
Carbohydrate transport 90 9.84E-12
Rho protein signal transduction 61 1.16E-09
Positive regulation of transferase activity 92 1.49E-08
Regulation of intracellular transport 86 1.80E-08
Regulation of protein metabolic process 82 6.09E-08
Protein tetramerization 23 6.86E-08
Cellular carbohydrate metabolic process 49 3.95E-07
Glycolipid metabolic process 41 1.86E-06
One-carbon metabolic process 18 6.31E-06
Endoplasmic reticulum unfolded protein response 24 1.64E-05
Protein ubiquitination 10 2.21E-05
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Table 2. Gene ontology terms related to mammary molecular function
and cellular components enriched from the meta-analysis dataset.

No. of
Gene ontology terms genes P value
Molecular function
Structural molecule activity 598 1.45E-53
Lipase activity 193 6.99E-41
Ras GTPase binding 254 2.93E-31
Steroid dehydrogenase activity 149 1.27E-21

Amine transmembrane transporter activity 129 3.07E-20
Transcription cofactor activity 221 2.51E-15
Hydrolase activity 57 1.11E-13
Transferase activity 63 9.02E-13
Protein tyrosine phosphatase activity 130 1.08E-12
Protein serine/threonine kinase activity 26 4.17E-12
Pyrophosphatase activity 80 1.16E-11
Acetyltransferase activity 40 2.40E-11
Carbonate dehydratase activity 56 3.93E-11
Protein serine/threonine phosphatase activity 84 4.07E-11
Oxidoreductase activity 193 1.86E-10
Calcium channel activity 64 6.76E-09
Sodium channel activity 24 9.72E-09
Galactosyltransferase activity 83 2.63E-08
G-protein coupled receptor binding 30 1.26E-07
Phosphatase binding 46 5.47E-07
Carbohydrate kinase activity 161 4.43E-06
Growth factor binding 11 0.000569
Phospholipase activity 95 0.00112
Cellular component

Chromosome 1810 4.00E-103
Nucleus 1720 4.16E-100
Nucleoplasm 765 8.44E-71
Proteasome complex 46 1.21E-16
Endocytic vesicle 135 1.61E-15
Organelle inner membrane 66 1.96E-14
Acetylcholine-gated channel complex 75 2.12E-11
Synaptic vesicle 23 5.63E-11
Golgi membrane 215 3.00E-10
Voltage-gated potassium channel complex 82 5.27E-10
Oligosaccharyltransferase complex 161 2.69E-09
Lysosomal membrane 70 6.66E-09
Microtubule associated complex 30 2.37E-08
Cytosol 156 2.44E-06
Transcription factor complex 15 3.16E-05
Endoplasmic reticulum 267 8.90E-07

mammary epithelial cells. The sources of blood-derived
fatty acids are very low-density lipoproteins (VLDL) or
chylomicrons (Moore and Christie 1979). The enzyme li-
poprotein lipase (LPL) present in the mammary capillar-
ies hydrolyzes the triglycerides in the VLDL, resulting in
the release of free fatty acids, diacylglycerides, mono-
acylglycerides, or glycerol in the blood (Noble 1978;
Moore and Christie 1979). These precursors are trans-
ported into mammary epithelial cells from blood for free
fatty acids or triglycerides synthesis in mammary alveo-
lar secretory cells (Hurley 2010).

Acetyl-CoA carboxylase (ACACA) and fatty acid synthe-
tase (FASN) are two key enzymes required for fatty acid

synthesis in the mammary gland. ACACA is the rate-
limiting enzyme for the fatty acid synthesis pathway in
mammary epithelial cells, and FASN is a large complex
enzyme responsible for the chain elongation of the fatty
acid chains. Milk fat triglycerides are synthesized on the
smooth endoplasmic reticulum of epithelial cells and
secreted as small fat droplets (Hurley 2010). Sterol regu-
latory element binding protein 1 (SREBP-1) is the master
regulator of lipid metabolism in the ruminant mammary
gland (Bionaz and Loor 2008; Ma and Corl 2012; Xu et al.
2016). Acyl-CoA synthetase short-chain family member 2
(ACSS2) and ATP citrate lyase (ACLY) both play a key role
in lipogenesis by synthesizing acetyl-CoA from acetate
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and converts glucose-derived citrate into acetyl-CoA, re-
spectively, in goat mammary cells (Xu et al. 2018). The
expression of FASN, ACACA, fatty acid desaturase 1(FADS1),
elongase of very long chain fatty acid 6 (ELOVL6), fatty
acid binding protein 3 (FABP3), cluster of differentiation
36 (CD36), glycerol-3-phosphate acyltransferase 1 (GPAM),
Acyl Coenzyme A oxidase (ACOX), carnitine palmitoyl-
transferase 1A (CPT1A), Perilipin 3 (PLIN3), Lipin1 (LPIN1),
and Peroxisome proliferator-activated receptor alpha
(PPARA) genes were observed in mammary gland samples
and presented expression values of 100.15, 16.47, 9.51,
0.39, 1112.43, 1730.25, 178.63, 9.03, 20.52, 26.56, and 10.35.
Xu et al. (2018) reported the expression of lipogenic genes
related to de novo fatty acid synthesis (FASN; ACACA),
fatty acid desaturation (FADS1) and elongation (ELOVL6),
long-chain fatty acid transportation (FABP3; CD36), TAG
synthesis (GPAM), lipid oxidation (ACOX; CPT1A) and lipid
droplet formation and secretion (PLIN3; LPIN1), and
PPARA during simultaneous knockdown of ACSS2 and
ACLY genes in goat mammary cells. Different GO terms
(lipid biosynthetic process, lipase activity, and endoplas-
mic reticulum) involved in the fat metabolism were en-
riched in this meta-analysis dataset (Tables 1 and 2).
These results indicate that the expression of critical en-
zymes (LPL, ACACA, and FASN) and transcription factors
(SREBP1 and PPARA) contribute to the lipid biosynthetic
process in the endoplasmic reticulum of mammary alve-
olar secretory cells.

Milk protein synthesis

Cow milk contains 3.3% of protein, and these milk
proteins are divided into caseins and whey proteins. Ca-
sein is one of the most abundant organic components
and high-quality proteins of cow milk and is essential
nutrients for neonatal growth (Whitney 1988). Alpha-S1-
casein (CSN1S1), Beta-casein (CSN2), and Kappa-casein
(CSN3) are synthesized in the mammary epithelial cells,
and the amino acids for protein synthesis are from cows
dietary or rumen microbial sources. The L-type amino
acid transporter 1 (LAT1, encoded by SLC7A5) acts as a
transporter of essential AA into mammary epithelial
cells to maintain cell growth and casein protein synthe-
sis (Lin et al. 2018). In mammary epithelial cells, protein
synthesis occurs in the rough endoplasmic reticulum
and is then transported into the Golgi apparatus for fur-
ther post-translational processing (Hurley 2010). Glucose
and amino acids may activate the mTOR signaling path-
way leading to higher expression of LAT1 transporter,
thus affecting milk casein protein synthesis (Appuhamy
et al. 2014; Duan et al. 2017). Deficiency of glucose and
amino acids reduced the casein gene transcription via
inhibition of the Jak2/Stat5 pathway, and reduced trans-
lation via suppression of the mTOR pathway by activa-
tion of an AMPK signaling pathway (Zhang et al. 2018).
The major milk proteins (CSN1S1, CSN2, and CSN3), mi-
nor milk proteins like beta-lactoglobulin, lactoperox-
idase, and other proteases, LAT1, protease activators,

Genome Vol. 00, 0000

nucleases, glycosidases, etc protein encoded genes ex-
pressed in the alveolar secretory cells. Further, JAK2/
STAT5 and AMPK/mTOR signaling pathways and GO
terms related to protein metabolism such as tyrosine
phosphorylation of STAT protein, regulation of protein
metabolic process, endoplasmic reticulum unfolded pro-
tein response, amine transmembrane transporter activ-
ity, and protein tyrosine phosphatase activity were
enriched in our meta-analysis dataset (Tables 1 and 2).

Molecular pathway analysis

Commonly expressed genes were mapped into the
KEGG pathway database. In total, 8550 genes were
mapped into 365 KEGG reference pathways. From the
365 pathways, we manually selected those pathways rel-
evant to lactation biology based on literature review and
the number of mapped genes >10. From our meta-
analysis dataset, KEGG pathway analysis enriched milk
synthesis related pathways included the prolactin signal-
ing pathway (number of genes involved n = 23), MAPK
signaling pathway (n =103), JAK/STAT signalling pathway
(n=57), mTOR signaling pathway (n = 51), AMPK signaling
pathway (n = 40), oxytocin signaling pathway (n = 37),
PI3K-Akt signaling pathway (n = 111), thyroid hormone
signaling pathway (n = 46), fatty acid metabolism (n =17),
protein processing in endoplasmic reticulum (n = 77),
and calcium signaling pathway (n = 31) (Fig. 1). In the
thyroid hormone signaling pathway, a total of 46 genes
were mapped into this pathway. This pathway is com-
prised of the MAPK signaling pathway, PI3K-Akt signal-
ing pathway, calcium signaling pathway, HIF-1 signaling
pathway, and mTOR signaling pathway. Genes including
SRC, THRB, THRA, PDPK1, CASP9, FOX01, BAD, TBCI1D4,
MTOR, TSC2, HRAS, PRKCA, MAP2K2, and STAT1 were in-
volved in this thyroid hormone signaling pathway. Pre-
vious studies have shown that thyroxine (or iodinated
proteins) increased milk production by 10%-25% depend-
ing on a general increase in body metabolism (Blaxter
et al. 1949; Capuco et al. 1999; Davis et al. 1988;
Quevedo-Corona et al. 2000). This increased body metab-
olism may be due to activation of the above-mentioned
pathways that will lead to more milk production in ani-
mals. However, further detailed studies are required to
verify the thyroid hormone functional role in milk pro-
duction. The stimulation of d-Glucose and amino acids
phosphorylates and activates Jak2 at Tyr1007/1008 resi-
dues, and activated Jak2 phosphorylates latent STAT5
monomers on a conserved tyrosine region (Nan et al.
2014; Yang et al. 2015; Zhang et al. 2018). The phos-
phorylated STATS5 undergoes dimerization and then
binds with specific elements of the casein promoter and
induces the transcription of casein genes (Yamashita
et al. 2001). Cellular energy stress activates AMP-activated
protein kinase (AMPK) and activated AMPK inhibits ATP-
consuming processes like protein synthesis. In bovine
mammary epithelial cells, activated AMPK suppresses
the global protein synthesis by inhibiting mTOR signal-
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Fig. 2. Protein-protein interaction network constructed from the meta-analysis dataset. Genes that have a degree centrality
score of 266 and a betweenness centrality score of >34 166 are consider as candidate genes involved in cellular signal

trafficking and are highlighted in red.
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ing (Burgos et al. 2013; Zhang et al. 2018). The PI3K/AKT
pathway is involved in the regulation of diverse cellular
functions, like apoptotic, metabolism, and cell cycle pro-
gression (Huang et al. 2018). PI3K activates AKT, activated
AKT2 induces glycogen synthesis through inhibition of
glycogen synthase kinase 3 (GSK-3) and FoxO transcrip-
tion factors (FoxO1), protein synthesis via mTOR and
downstream elements, and regulates fatty acid synthesis
through mTORC1 and SREBP (Cross et al. 1995; Krycer
et al. 2010; Hay 2011; Kousteni 2012). The prolactin signal-
ing pathway plays an important role in lactation biology.
Prolactin mediates its action through a transmembrane
protein of the prolactin receptor, resulting in the activation
of various cellular signaling cascades including Jak2/Stat,
the major cascade, Src kinase, phosphatidylinositol-
3-kinase (PI3K)/AKT, and mitogen-activated protein kinase
(MAPK) pathways (https:/[www.genome.jp/dbget-binfwww_

bget?ko04917). An oxytocin signaling pathway is responsi-
ble for milk letdown. The actions of oxytocin are mediated
by oxytocin receptor binding resulted in the activation of
the main signaling pathways like Gq/PLC/Ins3 pathway,
MAPK, and the RhoA/Rho kinase pathways, contributing to
direct contractile effect on myoepithelial cells (https://
www.genome.jp/dbget-binfwww_bget?ko04921). Most of
the RNA seq samples were included in the meta-analysis,
the study samples were collected from either milk somatic
cells or whole mammary tissue, hence a high number of
immunity-related pathways were enriched, including the
Toll-like receptor signaling pathway, NOD-like receptor sig-
naling pathway, RIG-I-like receptor signaling pathway, TGF-
beta signaling pathway, Jak-STAT signaling pathway, T cell
receptor signaling pathway, TNF signaling pathway,
cytokine-cytokine receptor interaction, chemokine signal-
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Table 3. Candidate genes identified from protein-protein interaction (PPI) networks
based on the degree of centrality and betweenness of centrality measures.

Candidate Degree Betweenness

gene centrality centrality Molecular function

RPS27A 373 2503600 Ribonucleoprotein

GNB1 185 616990 Transducer

RAC1 172 622170 GTPase activity

HSP90AA1 162 1746300 Chaperone

RHOA 144 442780 GTPase activity

CDK1 143 547050 Serine/threonine-protein kinase
GRB2 137 384210 Epidermal growth factor receptor binding
RAC2 136 80151 GTPase activity

SRC 136 814830 Serine/threonine-protein kinase
GNAI1 131 209980 Transducer

CREBBP 127 431500 Acyltransferase

GNAI2 123 146510 Transducer

RHOB 112 34166 GTPase activity

PIK3CA 111 189800 Serine/threonine-protein kinase
CDK2 109 128130 Serine/threonine-protein kinase
PIK3R1 104 133650 Phosphatidylinositol 3-kinase regulator activity
RPS3 98 134460 Ribonucleoprotein

CDKN1A 70 96555 Protein kinase inhibitor

PTK2 66 125970 Tyrosine-protein kinase

Genome Vol. 00, 0000

ing pathway, and NF-kappa B signaling pathwayin the
meta-analysis dataset.

Candidate genes for milk production traits

Candidate genes responsible for milk yield, fat, and
protein percentage (yield) were identified from our meta-
analysis dataset. By comparing the meta-analysis dataset
with QTLdb (http://www.animalgenome.org/cgi-bin/QTLdb/
BT/index), we identified 130 candidate genes responsible
for various milk traits in the meta-analysis dataset
(Table S2%). Genes identified in the meta-analysis dataset
that are responsible for milk yield include IGF1, MAP4K4,
SRC, ARI4A, SELL, SLC27A1, TXNDC5, ZBTB7A, ARFGEFI,
CEP63, PEX2, PKIA, ABCG2, and ATP1A1 genes with expres-
sion values of 1.08, 1905.13, 1.20, 6.26, 30.56, 10.01, 47.00,
4.64, 5.68, 2.17,2.92, 0.67, 197.83, and 93.83, respectively.
Insulin-like growth factor 1 (IGF1) proteins are structur-
ally and functionally related to the insulin hormone.
IGF1 plays critical roles in the control of lactation, mam-
mary gland development, growth processes, and fertility
in cattle (Akers 2006; Lucy 2008). IGF1 is required for the
critical control of nutrient utilization and partitioning
(Chagas et al. 2007), thus enabling high milk production
(Rose et al. 2005; Lucy 2008; Mullen et al. 2011). IGF1 plays
an important role in enhancing glucose uptake in cells
and mediating cell growth and development (Jensen
et al. 2018). IGF1 binds with the alpha subunit of IGFIR
receptors initiating the IGFR1 signaling leading to activa-
tion of the PI3K-AKT/PKB and the Ras-MAPK pathways.
Zhang et al. (2011) reported epidermal growth factor
receptor (EGFR}regulated MAPK/ERK with insulin-like sig-
naling to control systemic glucose homeostasis. Mitogen-
activated protein kinase 4 (MAP4K4) is a member of the
serine/threonine protein kinase family. MAP4K4 plays a

key role in the NF-kB signaling pathway for regulating
the expression of pro-inflammatory genes in macro-
phages and could be associated with mastitis resistance
(Gao et al. 2016; Bhattarai et al. 2017). Proto-oncogene
tyrosine-protein kinase Src (SRC) is a non-receptor pro-
tein tyrosine kinase, which plays a pivotal role in cell
signaling. SRC regulates the transcription/translation of
milk casein protein genes expression in mammary epi-
thelial cells (Watkin et al. 2008; Liu et al. 2010). Both
MAP4K4 and SRC genes have been used as biomarkers for
cancer progression (Gao et al. 2016; Ke et al. 2016). Solute
carrier family 27 member 1 (SLC27A1) plays an important
role in mediating long-chain fatty acids trafficking
across the plasma membrane, and a mutation in SLC27A1
has potential effects on milk yield traits (Lv et al. 2011).
ATP binding cassette subfamily G member 2 (ABCG2) has
been detected in alveolar epithelial cells in the mam-
mary gland and transports various xenobiotics, ribofla-
vin, vitamin K3, and cholesterol into milk (Cohen-Zinder
etal. 2005; van Herwaarden et al. 2007; Wu et al. 2008). In
summary, the identified candidate genes were involved
in nutrient partitioning, secretion of nutrients, nutri-
ents uptake, and activation of various signaling path-
ways of the mammary gland. In addition, these genes
were may act as casual gene/mutation responsible for
high milk production; however, specific molecular
mechanisms of these genes for milk yield is not known
well.

The candidate genes responsible for milk protein per-
centage (yield) that were identified in our meta-analysis
dataset include GOSR2, SLC9A9, STAT5B, UBR5, RAC2,
SLC38A3, LPIN1, SNX13, TBC1D22A, CA8, CTBP2, and HIFIA
genes with expression values of 6.00, 2.23, 4.59, 4.17,
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Fig. 3. Subnetworks identified from the whole genome-scale network. Genes highlighted in red (ENSECAT00000021191-FASN;
ENST00000236147-SELL; ENST00000300228-MS4A8; ENSECAT00000015525-GABARAPL1) are identified as candidate genes.
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86.96, 9.87, 18.78, 1.5, 5.74, 1.91, 16.32, and 63.11, respec-
tively. Ras-related C3 botulinum toxin substrate 2 (RAC2)
is a member of the Ras superfamily of small GTPase and
regulates diverse cellular processes like secretory pro-
cesses, phagocytosis, and epithelial cell polarization.
Protein transport from the cis/medial-Golgi to the trans-
Golgi network is mediated by Golgi SNAP receptor com-
plex member 2 (GOSR2). Signal transducer and activator
of transcription 5B (STAT5B) is a member of the STAT
family of transcription factors. These act as transcription
activators for adult mammary gland development and
TCR signaling (Mohankumar et al. 2008). Prolactin bind-
ing to a specific prolactin membrane receptor activates
JAK2 kinases and subsequent phosphorylation STAT5S
transcription factors. This leads to the activation of the
JAK/STAT signaling pathway, which may be responsible
for lactation and reproduction in mammals (Watson
2001; Khatib et al. 2008). E3 ubiquitin-protein ligase
UBRS5 (UBRS) is a targeting-specific protein for ubiquitin-
mediated proteolysis and plays an important role in the
control of cell progression. Phosphatidate phosphatase
(LPIN1) is a magnesium-dependent phosphatidate phos-
phatase enzyme that catalyzes the dephosphorylation of
phosphatidic acid to yield diacylglycerol during triglyc-
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eride biosynthesis in the reticulum endoplasmic mem-
brane (Temprano et al. 2016; Viale et al. 2017). The SNX13
gene belongs to the SNX family involved in intracellular
trafficking and is proposed as a candidate genes for milk
production traits (Worby and Dixon 2002; Rincén et al.
2009).

The following genes were identified as candidate
genes responsible for fat percentage (yield) in our meta-
analysis dataset: MFGE8, PTK2, SCARB1, PDEIB, SLC8A1,
TRAPPC9, IFIH1, and IGFIR genes with expression values of
782.05, 8.56,12.23,1.88, 2.37, 8.03, 13.85, and 4.98, respec-
tively. Protein-tyrosine kinase 2 (PTK2) gene encodes a
cytoplasmic non-receptor protein tyrosine kinase and
plays a prominent role in maintaining mammary gland
development and function (Nagy et al. 2007). Further, the
genetic variants in PTK2 gene were implicated in milk
production ability of dairy cattle (Wang et al. 2013). The
activation of PTK2 is required for cell growth and numer-
ous intracellular signaling pathways including MAPK1/
ERK2, MAPK3/ERK1, and MAP. PDE1B gene belongs to the
cyclic nucleotide phosphodiesterase family and regu-
lates the activity of second messengers (CAMP and cGMP)
(Bender and Beavo 2006). Scavenger receptor class B
member 1 (SCARB1) is a plasma membrane receptor
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for phospholipids, cholesterol ester, lipoproteins, high-
density lipoprotein cholesterol, phosphatidylserine, and
apoptotic cells (Morel et al. 2018). Milk fat globule-EGF
factor 8 (MFGES) protein is a preproprotein that is pro-
teolytically processed into different protein products,
and these proteins are involved in various cellular activity
like wound healing, epithelial homeostasis, and phagocytic
removal of apoptotic cells (https://www.ncbi.nlm.nih.gov/
gene?cmd=Retrieve&dopt=full_report&list_uids=4240).
Insulin-like growth factor 1 receptor (IGF1R) is a receptor for
insulin-like growth factor 1, and activated IGF1R is involved
in cell growth and survival control (https://www.uniprot.
org/uniprot/P08069). IGF1R is primarily involved in mam-
mary gland development and milk production perfor-
mance of cows (Lawrence et al. 2007; Szewczuk 2017). The
IGF-I[IGFIR signaling pathway is important for normal
development of mammary gland tissue, pregnancy, and
lactation of dairy cows (Plath-Gabler et al. 2001; Hvid
et al. 2011; Yonekura et al. 2015).

Gene interaction networks analysis

Protein-protein interaction (PPI) networks have
emerged as an important resource to understand high-
throughput genomics data. Protein interactions play
fundamental roles in structuring and mediating funda-
mentally all cell biological processes. PPI networks are
often presented as undirected graphs with proteins as
nodes and edges indicating interactions between two
connecting proteins. PPI networks were constructed for
the meta-analysis dataset (Fig. 2). Candidate genes were
also identified from PPI networks using two widely used
topological measures—degree and betweenness central-
ity (Table 3). To consider genes as candidate genes in-
volved in cellular signal trafficking, we applied a cutoff
score of =66 for degree centrality and >34 166 for be-
tweenness . With these criteria, we identified a few pre-
viously reported candidate genes (PTK2, RAC2, SRC, and
CDKN1A) and several putative candidate genes (RPS27A,
GNB1, RAC1, HSP90AA1, RHOA, CDK1, GRB2, etc.) related to
milk yield, milk protein, and milk fat percentage (yield).

Analyses of whole genome-scale networks of mam-
mary gland provides a holistic view of all transcription
regulations among and within different subnetworks.
The genome-scale networks was comprised of 11 564 genes
and 370551 links were reconstructed with a z-score
threshold of 3.8 and a mutual information-based associ-
ation method. The subnetworks were identified from
whole genome-scale networks, and further, we identi-
fied important candidate genes (FASN, MS4A8, SELL, and
GABARAPLI) in the subnetworks (Fig. 3). The identified
candidate genes in the subnetworks have been reported
to be responsible for milk production traits.

Conclusion

In conclusion, this study described the molecular un-
derstanding of milk fat, milk protein, and lactose synthe-
sis process in mammary alveolar secretory cells. Further,
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this study reported several molecular pathways respon-
sible for milk synthesis and identified many candidate
genes responsible for milk production traits. Overall this
study explained the application of whole transcriptome
techniques of lactation biology for the molecular under-
standing and identification of causal genes responsible
for the milk production traits and provides basic infor-
mation for lactation biology. Candidate genes/mutations
assisted selection will provide biologically and function-
ally meaningful selection methods, because this selec-
tion method can act on the causative genes/mutations
directly instead of having to rely on linkage equilibrium
between molecular markers and causative genes/muta-
tions. Through this approach, genetic improvement of
animal production, health, and welfare will be faster and
a more sustainable manner can be achieved. However,
the exact functional roles of candidate genes in various
milk production traits are not known. Casual mutation
and gene signatures responsible for high and low milk
yield, milk fat yield, and milk protein yield are not yet
completely determined. Hence, further detailed func-
tional studies are required for the identification and un-
derstanding of the specific functional roles of candidate
genes/mutations responsible for various milk produc-
tion traits.
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