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Abstract

The initiation and maintenance of lactation are complex phenomena governed by biochemical and endocrine processes in
the mammary gland (MG). Although DNA-based approaches have been used to study the onset of lactation, more com-
prehensive RNA-based techniques may be critical in furthering our understanding of gene alterations that occur to support
lactation in the bovine MG. To further determine how gene profiles vary during lactation compared with the dry period,
RNA-seq transcriptomic analysis was used to identify differentially expressed genes (DEG) in bovine MG tissues from
animals that were lactating and not lactating. A total of 881 DEG (605 upregulated and 276 downregulated) were identified
in MG of 3 lactating Chinese Holstein dairy cows versus the 3 dry cows. The subcellular analysis showed that the
upregulated genes were most abundantly located in “integral to membrane” and “mitochondrion,” and the top number of
downregulated genes existed in “nucleus” and “cytoplasm.” The functional analysis indicated that the DEG were primarily
associated with the support of lactation processes. The genes in higher abundance were most related to “metabolic process,”
“oxidation-reduction process,” “transport” and “signal transduction,” protein synthesis-related processes (transcription,
translation, protein modifications), and some MG growth-associated processes (cell proliferation/cycle/apoptosis). The
downregulated genes were mainly involved in immune-related processes (inflammatory/immune/defense responses). The
KEGG analysis suggested that protein synthesis-related pathways (such as protein digestion and absorption; protein pro-
cessing in endoplasmic reticulum; and glycine, serine, and threonine metabolism) were highly and significantly enriched in
the bovine MG of lactating cows compared to dry cows. The results suggested that the dry cows had decreased capacity for
protein synthesis, energy generation, and cell growth but enhanced immune response. Collectively, this reduced capacity in
dry cows supports the physiological demands of the next lactation and the coordinated metabolic changes that occur to
support these demands. A total of 51 identified DEG were validated by RT-PCR, and consistent results were found between
RT-PCR and the transcriptomic analysis. This work provides a profile of gene-associated changes that occur during
lactation and can be used to facilitate further investigation of the mechanisms underlying lactation in dairy cows.
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production (Drackley 1999). To better understand factors
affecting this transition, studies have extensively explored
the functional development of the MG at genetic, physio-
logical, and morphologic levels (Hurley 1989,
McManaman and Neville 2003).

The metabolic and biological changes in bovine MG
related to lactation have been explored through several dif-
ferent approaches. For example, quantitative PCR was used
to identify a limited number of gene networks involved in
bovine mammary protein and lipid synthesis during lacta-
tion (Bionaz and Loor 2008, 2011). Additionally, DNA mi-
croarrays have detected MG gene alterations during the
onset of lactogenesis and their functional relevance to sup-
port the transition from pregnancy to lactation (Finucane
et al. 2008). Although DNA microarrays are useful, they
may only identify expression changes of static genes
(Kumar et al. 2016) underlying the lactation-related pro-
cesses in dairy cows. As such, more advanced approaches
have been adopted. For example, proteomics has been used
to assess coordinated shifts in the MG associated with onset
of lactation. In a recent 2D-proteomic study from Dai et al.
(2017b), a total of 60 differentially expressed proteins
(DEP) were detected in the mammary gland of the lactating
dairy cows compared with the dry cows. Although several
techniques have been applied, a very limited genes or pro-
teins have been detected in studies comparing tissue col-
lected during different lactation-related periods. RNA-
sequencing is acknowledged as a sensitive, broad-
spectrum detection tool for identifying dynamic gene pro-
files underlying molecular and cellular processes (Ozsolak
and Milos 2011). The rapid development of RNA-
sequencing has made it feasible to conduct large-scale
whole transcriptome sequencing projects, thereby provid-
ing deeper knowledge of transcriptomic regulation (Jiang
et al. 2015). Although RNA-sequencing has been success-
fully applied to study the whole transcriptome of bovine
mammary glands under different conditions (Cui et al.
2014, Hosseini et al. 2013, Ibeagha-Awemu et al. 2016),
studies have not thoroughly compared the dry and lactating
mammary glands to evaluate how physiological stage is
supported by broad-spectrum shifts in gene expression.

The objective of this study was to more comprehensive-
ly explore the gene changes that occur between the MG of
lactating and dry dairy cows by using RNA-seq
transcriptomic analysis of MG total RNA obtained from
dairy cows during lactation and the dry period. Because a
major shift between the lactating and dry periods is the
production of milk, it is likely that this comparative anal-
ysis will also help to identify some key genes closely re-
lated to milk synthesis.
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Materials and methods
Animals, experimental design, and sample collection

All the experimental protocols were approved by the Animal
Care Committee, Zhejiang University, Hangzhou, P. R. China,
and all animal handling procedures used in this study were in
compliance with the Guidelines of China for Animal Care and
conducted in accordance with the approved protocols. The six
cows used were multiparous China Holstein dairy cows and
were fed a diet including 23% alfalfa hay and 7% Chinese
wild rye hay with a forage-to-concentrate ratio of 45:55 [dry
matter (DM) basis]. The chemical composition of the individ-
ual forages and the experiment procedures were described in
the study of Wang et al. (2014). Of the cows in the dry period
group, one was 5 years old and two were 4 years old (all were
non-lactating in the early stage of pregnancy). In the mid-
lactation group, one cow was 4 years old and 92 days in milk
(DIM), one was 5 years old and 98 DIM, and the other one
was 6 years old and 118 DIM. The MG samples were collect-
ed immediately at slaughter. After removing the connective
and adipose tissue, approximately 50 g of MG tissue collected
from each cow was washed three times with ice-cold PBS,
sterilized with 75% ethyl alcohol, snap-frozen in liquid Ny,
and stored at — 80 °C until further analysis.

RNA extraction

The total RNA extraction from 100 mg homogenized MG
tissue from each animal was performed using Trizol reagent
(Invitrogen, Carlsbad, CA). The obtained RNA was quantified
using a NanoDrop spectrophotometer (NanoDrop
Technologies, Inc. Wilmington, DE) and then purified by an
RNA 6000 Nano LabChip Kit (Agilent, CA, USA). With an
integrity number (RIN) more than 7.0 and a ratio of 28S/18S
ranging from 1.5 to 2.6, 5 ug of the extracted RNA was used
for RNA-seq library construction.

RNA-seq library construction and RNA sequencing

A Truseq® Stranded mRNA Sample Preparation kit
(Illumina, San Diego, CA, USA) was used to prepare the
RNA library using 1 pg extracted total RNA following the
manufacturer’s instructions. The constructed libraries were
measured using an Agilent 2200 TapeStation and a Qubit
2.0 Fluorimeter to ensure that the average insert size for
paired-end libraries was 400 bp (£ 50 bp) and that the con-
centration was adequate for sequencing. The RNA se-
quencing was performed on an Illumina 2500 sequencing
system (Illumina, San Diego, CA, USA) at LC Biotech
(Hangzhou, China).
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Differential gene expression analysis

The bovine reference genome sequences (UMD3.1) were
downloaded from NCBI (ftp://ftp.ensembl.org/pub/release-
79/fasta/bos_taurus/dna/). After removing low-quality reads
and adapter sequences, clean reads were aligned to the bovine
reference genome using Bowtie version 0.12.7 included in
TopHat 2.0.9 (http://ccb.jhu.edu/sofware/tophat/index.shtml),
ensuring reads were shorter than 20 bp. Only two mismatches
were allowed. To construct the transcriptome, the mapped
reads were assembled de novo using Cuftlinks version 1.2.1
(http://cole-trapnell-lab.github.io/cufflinks/). All transcripts
were required to be >200 bp in length. The assembled
transcripts were annotated using the Cuffcompare program
from the Cufflinks package (Trapnell et al. 2014). According
to the annotation of the bovine genome sequence (UMD3.1),
the known transcripts were identified. Expression levels of all
transcripts were estimated as FPKM (fragments per kilobase
of exon per million fragments mapped) using the Cuffdiff
program from the Cufflinks package. The sum of all the iso-
forms with qualified FPKM was used as the FPKM of each
gene. Genes were removed from the analysis if the FPKM in
all samples was 0. The total sum of the gene FPKM was
calculated for each sample in the two groups. The FPKM
values were then normalized to FPKM in 1 million of the
summed FPKM. Finally, 1 was added to all normalized
FPKM. Upregulation of DEG was defined at a threshold fold
change (FC(Lactation/Non-lactation)) >2 and P < 0.05, and
downregulation of DEG was defined at a threshold
(FC(Lactation/Non-lactation)) < 0.5 and P < 0.05.

Bioinformatic analysis

Functional annotations were performed using the Gene
Ontology (GO) annotation software (ftp://ftp.ncbi.nih.gov/
gene/DATA/gene2go.gz). The metabolic pathway analysis
was processed using R software packages included in the R-
project (R version 3.2.3) (Team RC 2014, Walter et al. 2015)
according to the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database (http://www.genome.jp/kegg/).
The GO and KEGG pathway enrichment statistics were
performed by Fisher’s exact test with a cut-off P value of less
than 0.05 considered as significant for both GO terms and
pathways.

Quantitative reverse transcription PCR (qRT-PCR)
analysis

Total RNA extracted from the MG tissue was reverse tran-
scribed for cDNA synthesis using a PrimeScript'" Reagent
Kit with gDNA Eraser (Takara, Tokyo, Japan) following the
manufacturer’s instructions. The qRT-PCR was performed in
triplicate using the Applied Biosystems 7500 real-time PCR

system (Applied Biosystems, Foster City, CA). The 20 uL
reaction included 50 ng of reverse transcription product,
40 nM of each forward and reverse primers [Table S1, de-
signed by Primer 5 software (Premier Biosoft International,
Palo Alto, CA)], and the SYBR Premix Taq (Takara, Tokyo,
Japan). The running program was 1 cycle of 95 °C for 30 s
plus 40 cycles of amplification at 95 °C for 5 s and 58 °C for
30 s, followed by an additional 15 s at 95 °C, 1 min at 60 °C,
and 15 s at 95 °C to generate the melt curve. The relative gene
expression values were calculated by the 2-22¢" method
(Livak and Schmittgen 2001). The relative expression of tar-
get genes was normalized to the expression of 3-actin and
ribosome protein 9 (RPS9). Data were statistically analyzed
by the SAS software (SAS Institute, Car, NC, USA) using
one-way ANOVA with Duncan’s multiple range tests.
P <0.05 was considered as a significant difference.

Results

Differential transcriptomic profiles in the lactating
and dry MG

The RNA extracted from MG tissues of lactating and dry cows
were subjected to RNA-seq transcriptomic analysis, generat-
ing approximately 32 and 39 million raw reads for each (lac-
tating and dry) library, respectively (Table S2). After removal
of the low-quality reads, 32,416,688 and 38,940,178 pairs of
clean reads were obtained in the two groups (Table S2).
Among the two RNA-seq libraries, 77.9 and 86.0% of reads
were mapped to a gene in the reference database (UMD?3.1)
with a unique match ratio of 70.8 and 75.7%, respectively
(Table S2). Based on a P value <0.05 and |log2 FC| > 1, a total
of 881 DEG (605 upregulated and 276 downregulated)
(Table S3) were identified in the bovine MG of lactating cows
versus dry cows. Nearly half of the differentially expressed
transcripts were uncharacterized. Additionally, the Pearson
correlation coefficient (R) between the lactating and dry
groups was 0.675 (Fig. S1), which indicated the transcripts
in lactating group were highly consistent with those in the

dry group.
Gene ontology analysis

Of the 881 DEG, 332 identified genes were classified into
three classes (cellular processes, biological processes, and mo-
lecular function) using the GO annotation (http://david.abcc.
ncifcrf.gov/home.jsp). Figure 1 demonstrates the subcellular
analysis of the up- and downregulated genes using the GO and
UniProt databases. The upregulated genes (Fig. 1a) in lacta-
tion were significantly (P value < 0.05) and abundantly locat-
ed in “membrane” (30%), “organelle (28%), and intracellular
(19%).” Notably, 57, 27 upregulated DEG were most
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Fig. 1 Subcellular location of the upregulated (a) / downregulated (d)
genes in the mammary gland of dairy cows during lactation versus non-
lactation. The upregulated gene assigned to the category “membrane” (b)
and “organelle” (c); the downregulated gene assigned to the category

abundantly and significantly enriched in “integral to membrane”
among the “membrane” categories (Fig. 1b), and in
“mitochondrion” among the “organelle” class (Fig. 1c), respec-
tively. In contrast, the downregulated genes (Fig. 1d) in lactation
were significantly (P value < 0.05) and abundantly positioned in
“intracellular (30%),” “membrane” (25%), and “extracellular
region” (28%). Noticeably, 16 DEG in lower abundance (Fig.
le) were primarily and significantly enriched in “nucleus” and
“cytoplasm” among the “intracellular” class; and 18, 13 down-
regulated DEG (Fig. 1f) were also significantly enriched in
“integral to membrane” and “plasm membrane” among the
“membrane” categories, respectively.

Within the functional analysis (Fig. 2a and Table S4), most
genes in higher abundance were enriched in the categories:
“metabolic process” (21 DEG), “oxidation-reduction process”
(19 DEG), “transport” (18 DEG), and “signal transduction”
(15 DEG). Additionally, we also found that some upregulated
genes were enriched in the categories: “positive regulation of
transcription,” “positive regulation of translation,” and several
protein modification processes including “protein processing”
and “proteolysis.” Notably, a small number of upregulated
genes were enriched in several cell-growth-related processes
involved in the maintenance of MG growth and health, which
included “positive regulation of cell differentiation,”
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“intracellular” (e) and “membrane” (f). The number in the pie chart or
within the bar graph indicated the number of differentially expressed
genes assigned to each category

“negative regulation of apoptotic process,” and “positive reg-
ulation of cell cycle.” In contrast, among biological processes
enriched by the abundant downregulated members (Fig. 2b
and Table S5) were “inflammatory response” (12 DEG),
“immune response” (11 DEG), “defense response” (5 DEG),
and “lipopolysaccharide (LPS)-mediated signaling pathway”
(2 DEG), which were related to the immune processes of the
dairy cows’ body. Also, some genes in lower abundance were
associated with the categories: “negative regulation of cell
death,” “apoptotic process,” “negative regulation cell death,”
and “negative regulation of cell cycle.” Moreover, several
biological processes—‘negative regulation of TOR signaling
cascade” and “misfolded or incompletely synthesized protein
catabolic process” were also assigned by several downregu-
lated genes.

Key metabolic pathways analysis

The Fig. 3 and Table 1 showed the KEGG pathway analy-
sis of DEG and several important protein synthesis-related
pathways were identified as significantly enriched by some
DEG. For example, 10, 4, 4, 4, 2 genes in higher abun-
dance were enriched in the pathway of “protein digestion
and absorption (P =0.0013)” and “protein processing in
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endoplasmic reticulum” (P =0.0287), “ribosome” (P =
0.0096), “glycine, serine, and threonine metabolism”
(P=0.0134) and “aminoacyl-tRNA biosynthesis” (P =
0.0097), respectively. In addition, three downregulated
genes were significantly enriched in the “mTOR signaling
pathway” (P =0.0328). Notably, with a P value less than
0.01, 9 and 13 downregulated DEG were enriched in
“chemokine signaling pathway” and “cytokine-cytokine
receptor interaction,” respectively. Furthermore, several
cell-growth-associated signaling pathways (such as
“TGF-beta signaling pathway,” “insulin signaling
pathway,” and “MAPK signaling pathway”) were also sig-
nificantly enriched by a small number of upregulated DEG.

Verification of DEG by qRT-PCR analysis

A total of 51 genes involved in organic nutrient metabolism
(Fig. 4a), related to mammary health, or present in milk
protein (Fig. 4b) were selected for qRT-PCR analysis.

Among these genes, expression levels of 40 genes were
significantly altered in the MG between the dry and lactat-
ing groups, and the abundance of 38 genes were consistent
with expression patterns measured by RNA-seq.
Furthermore, the correlation of mRNA expression level of
the selected 51 genes by RNA-Seq and RT-PCR was rela-
tively high (»=0.859) (Fig. 5). The comprehensive view of
the molecular mechanisms underlying milk production was
summarized based on the transcriptomic data (Fig. 6 and
Table S6). The regulatory parts proposed include two major
sections (nutrient metabolism and mammary health) and six
subsections—Ilactose synthesis, energy metabolism, lipid
metabolism, amino acid/protein metabolism, mammary cell
number, and immune response. Compared to our previous
2D-proteomic analysis of MG during lactation versus the
dry period (Dai et al. 2017b), the functional level analysis
of DEG suggests that transcriptomic analyses of the bovine
MG might be more sufficient to characterize tissue func-
tional responses and be reflective of shifts in specific genes.

@ Springer
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Fig. 3 KEGG enriched pathways
of differentially expressed genes
in the mammary glands dairy
cows during lactation versus non-
lactation. The bottom panel
shows the number of DEG
mapped to the pathway. The pink
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Discussion

To reduce the effect of diet on the mammary metabolisms of
dairy cows, we used a relatively high-quality diet containing
23% alfalfa and 7% Chinese wild hay as forage. This diet was
identical to the diet reported in the study from Dai et al.
(2017a), which demonstrated that the MG from cows fed
high-quality forage had more potential to enhance milk pro-
tein production and lower protein degradation compared to
that from cows fed low-quality forage. As such, we do not
anticipate that the DEG identified in this study were reflective
of cows consuming different rations.

Apart from the diet, hormone shifts associated with the
transition from the dry period to lactation can significantly
affect bovine MG (Hurley 1989), and these transformations
continue to occur throughout lactation as evidenced by the
effect of lactation stage on milk production (McManaman
and Neville 2003). During the dry period, the MG is believed
to regenerate in preparation for the next lactation cycle
(Collier et al. 2012). Therefore, it is important to explore the
complex molecular mechanisms underlying the transition to
lactation. Here, we have detected 881 DEG in the MG of
lactating, compared with dry cows. Of these DEG, 605 were
upregulated and 276 were downregulated. Among the 881
DEG, a total of 25 upregulated DEG primarily related to var-
ious protein metabolism (including AA transporters:
SLC38A3, SLC7AS, SLC7AS8; AA metabolism: SARS,
PAH, ASNS, GCAT; ribosomal proteins: RPL22, RPS3A,
RPS27A, RPL39; and caseins: CSN1S2 and CSN3), lipid
metabolism (GPD1, ACSS1, FABP3, FASN, HADHB,
SLC27A6), energy metabolism (FBP1, ACSS1, PPAI,
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HK1), and glucose transport (SLC2A4 and SLC1A2). Only
two downregulated DEG (EIF4EBP1 and SESN1) were found
in consistent expression patterns with their corresponding
DEP in our 2D-proteomic study (Dai et al. 2017b). This is
not surprising because a series of studies have found that it
is not uncommon for transcriptome data to be inconsistent
with the corresponding proteome data due to potential post-
modifications or the different identification methods of differ-
ential expression patterns (Ghazalpour et al. 2011, Goldberg
and Brunengraber 1980, Nagaraj et al. 2011). When the DEG
in our study were compared to other transcriptomic efforts,
half of the 881 DEG overlapped with DEG reported in previ-
ous studies. The DEG which did not overlap with previous
studies could be because the studies used different species of
cows (American Holstein vs. China Holstein), different phys-
iological stages (early, peak, or late lactation in other studies
vs. only mid-lactation in this study), different diets (diet sup-
plemented with other forages or some fatty acids vs. diet sup-
plemented with alfalfa as forage), or different methods of
sampling tissues (biopsy in other studies vs. slaughter in this
study). For example, a recent study from Seo et al. (2016) on
the MG from American Holstein during different stages of
lactation by RNA-seq found that 271 DEG were characterized
as the milk production-related genes, among which 54 DEG
mainly involved in lipid metabolism, protein metabolism,
mammary gland development, and defense response were in
line with the expression patterns of those DEG in this study. In
contrast, apart from lingual antimicrobial peptide (LAP), the
other top 4 DEG (LALAB, CSN1S1, FASN, and CXCL2) in
this study did not agree with those 4 top DEG detected in Seo
et al.’s study—mammary serum amyloid A3.2 (M-SAA3.2),
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versus non-lactation using RNA-Seq and RT-PCR
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sarcosine dehydrogenase (SARDH), nitric oxide synthase 3
(NOS3), and claudin 6 (CLDN®6). Also, a study detected sev-
eral DEG encoding FABP3, FASN, SCD, PLIN2, whey pro-
teins (LALBA and LGB) and caseins (CSN1S1, CSN1S2,
CSN2 and CSN3) upregulated significantly in MG of lactat-
ing, compared with the non-lactating dairy goats (Shi et al.
2015), which aligned well with the present study which found
these corresponding DEG detected in cattle. Overall, the co-
ordinated responses identified in this study generally agreed
directionally with those identified in previous studies compar-
ing lactating and dry mammals.

The 51 DEG selected for RT-PCR verification reflected
three criteria: the expression patterns of these DEG agreed
with the expression patterns of those corresponding DEG or
DEP found in the previous studies and our 2D-proteomic
study; the 51 DEG were the most highly up-/downregulated
genes found in this study; and the 51 DEG were most enriched
in the milk-production-related processes. Of these genes, 4
genes (DNAJC12, SPC3, ASNS, DDIT4, and JUNB) had
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Fig. 6 The whole view of the
regulated units associated with
molecular mechanisms of milk
production in the mammary gland
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Energy metabolism

Milk production, especially milk protein synthesis, is an ener-
getically costly process (Hanigan et al. 2009). In ruminants,
the activation of carbohydrate metabolism and subsequent
ATP synthesis and glucose metabolism is crucial to satisfy
the ATP requirement for milk production and milk protein
synthesis. The differentially expressed energy metabolism-
related pathways in this study suggested enhanced activity
of glycolysis/gluconeogenesis (FBP1, DDIT4), the TCA cy-
cle (ACSS1, IDH1), and the pentose phosphate pathway
(HIBADH). The enhanced expression of fructose-1,6-
bisphosphatase 1 (FBP1; FC=2.21) and the reduced expres-
sion of DNA-damage-inducible transcript 4 (DDIT4; FC =
0.46) support enhanced glycolysis activity. Moreover, the up-
regulated gene acetyl-CoA synthetase 1 (ACSS1; FC =2.94)
linking acetyl-CoA synthesis into tricarboxylic acid (TCA)
cycle may function to enhance substrate procurement by the
TCA cycle. The higher abundance of FBP1 and ACSS1 in the
bovine lactating MG was consistent with transcript upregula-
tion at the onset of lactation and upregulated gene expression
during lactation (Bionaz and Loor 2011; Finucane et al. 2008)
and the corresponding 2.9-fold upregulation of FBP1 protein
and 2.2-fold upregulation of ACSS1 protein in the MG of
lactating cows compared with the dry cows (Dai et al.
2017b). Additionally, the 6.78-fold upregulation of
HIBADH gene identified in this study was in line with the
8.66-fold upregulation of its corresponding protein in lactating
group compared to the dry group (Dai et al. 2017b).
Consistent with its high abundance in protein expression

- : Milk fa({
DNAJB11, DNAJC12, DNAJC25, - . Milk ,m(cinI
ADAMI2, ADAMTS4, ADAMTS9, fo—gp Protein, I I
SPCS3, PLAUR, PIM1 processing [|,.\|.B.\.l.(.‘l;.('s.\m, J
CSN1S2.CSN2, CSN3

(36.24-fold) (Dai et al. 2017b), the upregulated DEG
idehydrogenase 1 (IDH1; FC = 15.42) would largely promote
isocitrate conversion into oxalosuccinate and NADH produc-
tion in the TCA cycle further for energy generation (Rawson
etal. 2012). Also, we detected four upregulated glucose trans-
porter genes SLC1A2 (FC=3.96), SLC2A3 (FC=2.23),
SLC2A4 (FC=15.54), and SLC2A8 (FC =8.94), among
which the other three glucose transporter genes except
SLC2A4 were all found upregulated in bovine MG during
lactation versus the dry period (Bionaz and Loor 2011).
Also, the corresponding proteins both of GLUT4 and
GLUT?2 were found upregulated in the lactating group versus
the dry group (Dai et al. 2017b). Then, in the lactation group,
the higher abundance of three mitochondrial enzymes in-
volved in mitochondrial membrane respiratory chain
[NADH-ubiquinone oxidoreductase chain 6 (ND6), FC =
19.40; cytochrome c¢ oxidase assembly 1 (COAl), FC=
3.31; pyrophosphatase 1 (PPA1), FC=2.19] contributed
to support elevated ATP demand through mitochondrial
electron transport and oxidative phosphorylation.
Additionally, the enhanced abundance of PPA1 in this study
agreed with its 6.39-fold upregulation of PPA1 protein in
lactating MG versus the non-lactating MG within our pre-
vious proteomic study (Dai et al. 2017b), and this was the
first time to detect mammary PPA1 gene was more highly
expressed in the MG lactating dairy cows compared to dry
cows. These genes likely coordinate to ensure sufficient
energy availability for milk production and mammary tis-
sue maintenance in lactating cows. Indeed, it was shown
that the machinery associated with energy generation was
positively regulated in the lactating bovine MG during lac-
tation, suggesting the MG enhances glycolysis and the TCA
cycle but also mitochondrial electron transport and oxida-
tive phosphorylation.
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Lipid metabolism

Most milk FA are synthesized de novo when sufficient fatty
acid is absorbed from blood into the MG. Within the lactation
group versus the dry group, the expression of 24 genes in-
volved in various mammary FA metabolisms was of increased
abundance. These included the following: lipoprotein lipase
(LPL), intracellular FA trafficking (FABP3, SLC22A16)),
short-chain intracellular FA activation (ACSS1, ACSS2), de
novo FA synthesis (ACACA, FASN), desaturation (SCDS5,
DGATI1, FADS1), triacylglycerol (TAG) synthesis (GK,
GPDI1, DHCR24, COQ2, AGPAT6, GPAM, LPIN1), lipid
droplet formation (BTN1A1, XDH, PLIN2), and fatty acid
beta-oxidation (ADIPOQ, HADHB). The change in FA up-
take capacity by the MG was expected given the typical break-
down of body fat stores that occurs to avoid negative energy
balance in lactating dairy cows. Compared with a 2D-
proteomic study of Dai et al. (2017b), 6 DEG (including
GPDI1, ACSS1, FABP3, FASN, HADHB, SLC27A6) shared
the consistent upregulation expression patterns with their cor-
responding proteins in lactating, compared to the dry groups.
Besides, almost 80% of the above milk fat-related DEG were
in the same expression patterns with these DEG found in the
similar previous studies (Bionaz and Loor 2008, Finucane
et al. 2008, Seo et al. 2016).

Mammary cells usually take up long-chain FA from lipo-
proteins and albumin-bound FA. Very low-density lipoprotein
or chylomicrons are anchored to mammary endothelium by
lipoprotein lipase (LPL), which then hydrolyzes TAG in the
lipoprotein core to release FA (Fielding and Frayn 1998). The
observed LPL upregulation (FC =4.22) at mid-lactation was
also found as early as the onset of milk synthesis (Finucane
et al. 2008). Fatty acid binding protein (FABP) can bind long
chain FA and their CoA thioesters, but not medium or short
chain FA in MG of ruminants (Whetstone et al. 1986). Here,
the highly upregulated FABP3 (FC =24.60) was in line with
the large cytosolic content of'its protein in mammary epithelial
cells (Whetstone et al. 1986) and its corresponding upregulat-
ed DEP in a proteomic study (Dai et al. 2017b). In addition,
FABP3 could protect mammary cells from negative effects of
activated FA via binding of activated acyl-CoA and prevent
inhibition of acetyl-CoA carboxylase alpha (ACACA, the
rate-limiting step in denovo FA synthesis for short chain FA
production) and of stearoyl-CoA desaturase 5 (SCDS5, essen-
tial for saturation of milk fat) [39]. As a result, upregulation of
FABP3 may promote the supply of FA for SCD or other en-
zymes involved in TAG synthesis in the lactating bovine MG.
Two bovine acetyl-CoA synthetase (ACSS) isoforms have
been characterized in MG—ACSS]1 primarily found in mito-
chondria and ACSS2 mainly existing in cytosol (Fujino et al.
2001). The lower abundance of ACSS1 (FC =2.94) compared
with ACSS2 (FC =20.27) throughout stages of lactation is in
agreement with the reduction of acetate use and relatively high
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lipid synthesis (Bauman and Griinari 2003). Additionally, the
cytosolic fatty acid synthase (FASN) would promote genera-
tion of palmitate and short-chain FA (Bionaz and Loor 2008).
Here, the upregulation of FASN (FC =37.72) during lactation
was consistent with previous studies identifying its increased
expression from pregnancy through lactation (Bionaz and
Loor 2008), and the 19-fold upregulation of its corresponding
proteins in our 2D-proteomic study (Dai et al. 2017b). All
these genes involved in TAG synthesis were substantially up-
regulated when dairy cows were in mid-lactation, suggesting
enhanced milk fat synthesis during this period. Also, two up-
regulated ADIPOQ (adiponectin; FC =4.48) and HADHB
(hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/
enoyl-CoA hydratase, beta subunit; FC = 3.48) involved in
fatty acid (3-oxidation may further help supply energy for
lactation. Here, the enhanced abundance of ADIPOQ agreed
with a previous study identifying its increase during lactation
(Bionaz and Loor 2008). The upregulated HADHB was con-
sistent with its corresponding upregulated protein in the pro-
teomic study (Dai et al. 2017b).

Dynamic amino acid and protein metabolism

As with other tissues, sufficient AA availability within the
MG is required for protein synthesis in dairy cows. The syn-
thesis processes of milk protein include transcription, transla-
tion, and dynamic AA metabolism. Differential expression of
25 genes associated with mammary AA uptake from blood
(upregulated: SLC1A2, SLC1AS, SLC7A4, SLC7AS,
SLC38A3), intracellular AA metabolism (upregulated:
SARS, ASNS, PYCRI, PAH, PSAT1, GCAT), transcription
(upregulated: JUNB, FOS, ATF3, LPIN1, ESRRA; downreg-
ulated: GMNN, TFCP2L1, BARX?2), and translation (upreg-
ulated: RPS27A, RPL39, RPL22, RPS3A; downregulated:
SESNI1, EIF4EBP1, DDIT4) were identified during lactation.
Comparing this study to the expression patterns in a proteomic
study of Dai et al. (2017b), three of the above five correspond-
ing AA transporter proteins (SLC38A3, SLC7AS, SLC7AS),
all the four ribosomal proteins (RPL22, RPS3A, RPS27A,
RPL39), four upregulated proteins (SARS, PAH, ASNS,
GCAT) involved in intracellular AA metabolism, and the
two downregulated protein EIF4EBP1 and SESN1 were con-
sistent in expression. Additionally, a total of seven DEG (in-
cluding SLC1AS, SLC7A2; RPL22, RPL39; GCAT;
EIF4EBP1) involved in various AA/protein metabolisms pre-
viously identified during lactation versus non-lactation
(Bionaz and Loor 2011) were consistent with this study.
Sufficient AA supply to the MG is important for regulation
of translation, and AA transport into the MG appears to be one
of the major limitations for milk protein synthesis (Bionaz and
Loor 2011). In support of this idea, we identified several AA
transporters in higher abundance: L-type AA transporter
SLC7AS8 (FC =2.86), sodium-coupled neutral AA transporter
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SLC38A3 (FC =8.50), sodium-dependent neutral AA trans-
porter SLC1AS (FC =3.54), anionic AA transporter SLC1A2
(FC=3.96), and cationic AA transporter SLC7A4 (FC =

2.81). With the exception of SLC7A4, all these upregulated
transporters in this study have been also found in higher ex-
pression at mid-lactation (Baik et al. 2009, 2011). With suffi-
cient AA absorption stimulated by these upregulated AA
transporters, the subsequent intracellular AA metabolism is a
highly dynamic process in lactating mammals. For example,
two DEG, seryl-tRNA synthetase (SARS; FC =12.38) and
asparagine synthetase (ASNS; FC =3.47), were involved in
the synthesis of seryl-tRNA and aspartyl-tRNA, respectively.
These two corresponding DEP were also found upregulated
5.88-fold (SARS) and 8.44-fold (ASNS) in the 2D proteomic
study from Dai et al. (2017b); while the Bionaz work found
another DEG—Leucine tRNA-synthetase (LARS) was ap-
proximately threefold upregulated (Bionaz and Loor 2011).
The difference in tRNA-synthease identified between these
studies may result from the different species of cows used
and different lactation periods selected for MG tissue collec-
tion. Differential expression of pyroline-5-carboxylate reduc-
tase 1 (PYCRI1; FC =5.37) and phosphoserine aminotransfer-
ase 1 (PSAT1; FC =3.10) was also identified, which are relat-
ed to synthesis of L-proline and L-serine, respectively. The
enzymes phenylalanine hydroxylase (PAH; FC =3.58) and
glycine C-acetyltransferase (GCAT; FC =2.85), associated
with the catabolism of L-Phe and L-Thr, respectively, were
also upregulated. A total of the four DEG (SARS, ASNS,
PAH, and PYCR1) were shown, to some degree, to be upreg-
ulated in the lactating bovine MG (Ouattara et al. 2016). The
upregulation of these genes supports the importance of intra-
cellular AA metabolism during lactation. Also, a total of 22
DEG (13 upregulated and 9 downregulated) involved in tran-
scription and 7 DEG (6 upregulated and 1 downregulated)
related to translation were identified. As expected, 4 ribosom-
al proteins (RPS27A, RPS3A, RPL39, and RPL22) were
highly expressed during lactation, compared with the dry pe-
riod, all of which were found in the same expression patterns
of their corresponding DEP in our proteomic study (Dai et al.
2017b). Surprisingly, no initiation, elongation, or termination
factors most commonly involved in protein translation were
differentially expressed in this study. We did find that a crucial
end-of-pathway gene for mTOR signaling (eukaryotic trans-
lation initiation factor 4E binding protein 1, EIF4AEBP1; FC =

0.33) was downregulated in the lactating cows compared with
the dry cows, which is consistent with the findings of the
proteomic study from Dai et al. (2017b) and the work of
Bionaz and Loor (2011). In all, several DEG (GMNN, FOS,
JUNB, and DDIT4) related to transcription and translation
were newly identified in lactating MG versus non-lactating
MG of dairy cows, but these genes have been identified as
milk-production-related genes in humans and mice (Clarkson
et al. 2004, Katiyar et al. 2012, Stein et al. 2009).

Protein folding, post-translational modification,
and protein transport

Protein folding and modification are essential to convert new-
ly synthesized proteins into biologically functional forms
(Englander and Mayne 2014), which also dramatically ex-
pands the functional diversity of proteins (Bah and Forman-
Kay 2016). We detected that during lactation, a series of genes
associated with protein folding (DNAJB11, DNAJC12,
DNAIJC25), protein processing (ADAM12, ADAMTS4,
ADAMTS9, ADAMTS2, SPCS3), and protein modification
(PLAUR, PIM1, GCK, PIK3C2G, GK, ASB11, SOCS3)
were of upregulated expression. Additionally, genes responsi-
ble for intracellular protein transport (RHOF, RASDI,
RASEF, WIPI1, RAB7B, SEC24D, RAB26, CNST, PLEK)
and all six kinds of milk proteins (LALBA, LGB, CSN1S1,
CSN18S2, CSN3, CSN2) excreted from the plasma membrane
were all enhanced during lactation. Because of limitations in
the 2D-proteomic approach (Dai et al. 2017b), DNAJBI11,
SEC24D, and two caseins (CSN1S2 and CSN3) were found
in higher abundance, which was in line with their upregulated
DEG here. The other DEG involved in protein folding, post-
translational modification and protein transport above were
not identified in our proteomic study. In contrast, all of the
four caseins and the two whey proteins (LALBA, LGB) were
also found in enhanced abundance in MG of lactating dairy
cows (Seo et al. 2016) and lactating goats (Shi et al. 2015).
Previous studies have not identified DNAJC12 (FC = 5.4) and
SPC3 (FC =2.2) as differentially expressed in the MG of lac-
tating cows.

Protein processing typically occurs in the ER or Golgi and
is the process by which proteins acquire modifications that
allow them to be functionally active (Krieg et al. 1989). We
identified four DEG related to proteolysis, three enzymes from
ADAM metallopeptidase with thrombospondin type 1 motif
(ADAMTS) family (including ADAMTS2, FC =2.05;
ADAMTS4, FC=8.54; ADAMTS9, FC=2.17), and
ADAMI12 (FC=2.77); the three of which except
ADAMTS?2 were in higher abundance of lactating MG from
dairy cows fed alfalfa-based diet versus those fed corn stover-
based diet (Dai et al. submitted to BMC Genomics). These
products play essential roles in post-translational processing
of procollagen molecules, the precursors to form type I and
type III collagens (Kesteloot et al. 2007). Thus, the increased
abundance of these three ADAM enzymes may indicate en-
hanced extracellular matrix (ECM) growth and further stimu-
late mammary cell growth. Additionally, three genes
(DNAJB11, FC=2.08; DNAJC12, FC=5.40; and
DNAJC25, FC=2.41) related to protein folding located to
ER were in higher abundance. As an ER molecular chaperone,
DnalJ homolog subfamily B member 11 (DNAJBI11; also
known as ERj3) binds to BiP, a major molecular chaperone
involved in ER-associated degradation (ERAD). This
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complex then aggregates heat shock protein 70 (Hsp70)
ATPase to stimulate ERAD (Qiu et al. 2006). The co-
chaperone of Hsp70 (DNAJC12) and a member of Hsp40
(DNAJC25) were separately related to ER stress (Choi et al.
2014) and chaperoning substrate specificity (Heldens et al.
2010). Additionally, DNAJC12, DNAJB11, and DNAJC25
were also found in enhanced expression level in lactating bo-
vine MG fed high-quality forage compared to those fed low-
quality forage (Dai et al. 2017a). In summary, these three
major co-chaperone genes may combine to ensure the correct
protein folding and normal function of various intracellular
proteins in lactating cows (Rawson et al. 2012).

A total of five upregulated DEG were involved in protein
phosphorylation. Of these, the PIM1 oncogene has diverse
biological roles in cell survival, proliferation, and differentia-
tion through modulating PRAS40 (proline-rich Akt substrate
of 40 kDa) phosphorylation at Thr**® and AKT phosphoryla-
tion site, which subsequently affects mTOR activity (Zhang
et al. 2009). Additionally, SOCS3 (the suppressor of cytokine
signaling 3, a gene accelerating ubiquitin-dependent degrada-
tion) were downregulated, which was identified in reduced
abundance in lactating MG of mouse than the non-lactating
group (Rui et al. 2002). Downregulation of SOCS3 (FC =
0.38) may help inhibit progression of ubiquitin-dependent
degradation and increase the net protein synthesis in lactating
MG. In summary, the above DEG work together to promote
maximal protein phosphorylation and reduce protein degrada-
tion within the lactating MG.

Also, nine upregulated DEG involved in protein transport
were identified during lactation, including three DEG (RHOF,
RASDI, RASEF) related to intracellular protein transport,
three DEG (WIPI1, RAB7, SEC24D) that mediate the trans-
port of Glogi targeting from other cellular compartments, and
three DEG (RAB26, CNST, PLEK) that facilitate protein
transport from Golgi to plasma membrane. These identified
DEG are in line with the expected increase in milk protein
synthesis during lactation. Among the nine protein-transport-
related DEG, five genes (RAB7, SEC24D, RAB26, RASDI,
PLEK) were determined as milk production-related genes in
lactating Holstein MG compared to the non-lactating MG
(Seo et al. 2016).

Regulation of mammary cell number and mammary
development

Mammary cell proliferation is an important biological mech-
anism supporting lactation. Much like adipocytes (Taga et al.
2012), mammary cell proliferation is determined by the pro-
gression of cell cycle precursors and the prevention of cell
cycle arrest. Our functional analysis showed that many DEG
were directly or indirectly (through effective interactions) in-
volved in upregulation of cell cycle progression (JUNB,
ASNS, PIM1, CKS1B) and downregulation of cell cycle
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arrest (CDKN1A, CDKNI1C, GMNN, SESN1).
Interestingly, this is the first time that ASNS and JUNB were
identified as helpers in promoting the bovine mammary cell
cycle, and as a result, the exact mechanisms of action are
unknown. In contrast, the downregulation of cyclin-
dependent kinase inhibitor 1A (CDKNI1A; FC =0.44) and
its partner CDKNI1C (FC =0.45) suggests mediation of cell
cycle arrest in response to DNA damage not only by
inactivating G1-phase cyclins complexes but also through oth-
er processes, which possibly include direct interaction with
proliferating cell nuclear antigen to inhibit DNA replication,
and indirect effects mediated by interaction with other cell
cycle regulators (Cazzalini et al. 2010). Intriguingly, SESN1
has been previously determined as the negative upstream reg-
ulator of mTORCI signaling pathway in human 293T cell
(Chantranupong et al. 2014), but here SESN1 was found to
be related to the mammary cell cycle. In light of this previous
functional identification, the role of SESN1 in the mammary
cell cycle is unclear. In contrast, the 2 downregulated cyclin-
dependent kinase inhibitors (CDKN1A and CDKNI1C) in this
study were detected as having a consistent expression pattern
with those in MG of mouse from lactation through involution
(Stein et al. 2009).

Additionally, we found a number of DEG related to mam-
mary cell growth process, including two upregulated colla-
gens (COL8A1, COL1A2) involved in epithelial cell prolifer-
ation, four upregulated epithelial cell development-related
genes (PTHLH, DGAT1, RAB26 and AGPAT6), two down-
regulated transforming growth factors (TGFB1, TGFB2), and
two upregulated fibroblast growth factor members (FGFBP2
and FGF2). Among these, parathyroid hormone-like hormone
(PTHLH) is crucial for regulating the transition from budding
to branching in the MG of mice (Juppner et al. 1991). Here,
the higher abundance of PTHLH (FC = 12.25) may suggest
that the process of mammary differentiation in the lactating
MG was stimulated, which has been identified at the onset of
lactation in previous studies (Finucane et al. 2008).
Comparatively, transforming growth factor 1 (TGFB1) and 2
(TGFB2) inhibited functional differentiation and lactogenesis
in mammary explants from pregnant mice (Robinson et al.
1991). Meanwhile, fibroblast growth factor 2 (FGF2) com-
bined with its binding gene fibroblast growth factor binding
protein 2 (FGFBP2) may function in the development and
reorganization of fibroblast and mammary gland tissue
(Wang et al. 2008). Compared to the previous studies of the
lactating Holstein MG, two DEG (FGFBP2 and PTHLH)
were in consistent expression patterns with those of this work
(Seo et al. 2016). Additionally, COL8A1 was identified to be
upregulated in the work of Li et al. (2016). Thus, together with
the downregulation of TGFB1 (FC =0.04) and TGFB2 (FC =
0.49), the upregulation of FGFBP2 (FC =2.68) and FGF2
(FC=5.50) may help ensure optimal mammary cell growth
and maximum mammary cell differentiation. To our
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knowledge, the role for AGPAT6 in mammary epithelial struc-
ture is unclear.

We also identified four upregulated DEG (DHCR24,
ASNS, THBS1, SOCS3) involved in negative regulation of
apoptosis, and five downregulated DEG (AGT, CRYAB,
DDIT4, SFRP2, ITPR1) involved in positive regulation of
extrinsic/intrinsic apoptotic process, and one upregulated
DEG (MFGES) related to positive regulation of apoptotic cell
clearance. Collectively, all these changes suggest that regula-
tion of mammary cell precursor proliferation by controlling
cell cycle progression and apoptosis or by delaying cell cycle
arrest is an important process in mammary gland growth and
development during lactation.

Lower immune-response-related processes

The MG of dairy cows, which is prone to infection by various
bacteria, requires local and systemic immune defenses to cope
with various pathogens (Sordillo et al. 1997). Thus, the acti-
vated immune processes can act as a marker of the health
status of the bovine MG to avoid every potential infection.
In this study, we identified a set of DEG of lower abundance
involved in defense responses (LAP, DEFBI1, S100A12,
TLR2, FGR, SERPINE1), inflammatory response (CCL2,
IL-8, CD14), immune responses (CCL17, CCL20, CXCL2,
IL1B, PRG3, CFB), and immunoglobulin secretion (IL33).
Meanwhile, three genes (HSPAS, ATF3 and PYCRI1) associ-
ated with response to stress were of higher expression.

The top downregulated DEG involved in defense responses
were beta-defensin 1 (DEFB1;FC = 0.16) and toll-like receptor
2 (TLR2; FC =0.23); both of which had much close relation-
ship with bovine MG responses to resist disease (Gunther et al.
2009, Moyes et al. 2010). When the lactating bovine MG was
challenged with Escherichia coli, the expression of DEFB1
was sharply upregulated (Gunther et al. 2009), which agrees
with the downregulation of DFB1 in this study. Also, the lower
inflammatory responses are indicated by the reduced mamma-
ry cellular response to LPS, which involves downregulation of
the chemokine CCL2 (FC =0.15), IL8 (FC = 0.06) and the cell
surface protein CD14 (FC = 0.45). In addition, the reducing in
abundance of LAP (FC=0.13) and CCL2 (FC=0.15) of re-
duced abundance was in line with their lower levels (LAP
FC=0.25; CCL2 FC=0.09) in MG of lactating Holstein
(Seo et al. 2016). In summary, the downregulation of these
genes related to immune response may suggest that the lactat-
ing dairy cows have lower possibility to infect diseases and
higher access to health than the dry cows.

Among the 7 DEG related to immune response, 3 cytokines
CCL17, CCL20, CXCL2, and IL1B were the top 4 downreg-
ulated genes, which were previously identified to be closely
related to mastitis in dairy cows (Kerr and Wellnitz 2003,
Swanson et al. 2009). Cytokines represent a numerous and
diverse group of soluble factors that modulate important

mammary leukocyte and endothelial cell populations
(Sordillo 2005). The above four cytokines have been studied
in bovine mammary immunology, and IL1B is the most exten-
sively characterized related mammary mastitis (Gunther et al.
2009, Moyes et al. 2010, Sordillo et al. 1997). The onset of
milk synthesis and secretion is accompanied by a high energy
demand, and an increased oxygen requirement (Sordillo 2005).
Previous work has related Hsp70 member 5 (HSPAS) and
ATF3 to induced ER stress pathway changes during the tran-
sition from pregnancy to lactation in dairy cows (Invernizzi
etal. 2012). The gene PYCR1 is related to heat stress responses
in dairy cows (Zheng et al. 2014). The three genes in higher
abundance may reflect the MG of lactating cows encountered a
lot of stresses from environment or the body itself. The role of
immune status in the transition from lactation to the dry period
has also been supported by previous studies. For example, the
downregulation identified in CXCL2 and IL1B was also iden-
tified in the work (Seo et al. 2016).

Conclusions

This transcriptomic investigation provides prospective into
the cellular and molecular-level features of the lactating bo-
vine MG. Our data suggest two major mechanisms (nutrient
metabolism and health of the MG) contributing to maintaining
lactation in dairy cows. These functions can be broken down
into the following: (i) enhanced mammary growth/
development through lower expression of cell cycle arrest-
related genes and cell apoptosis-related genes, and higher ex-
pression of cell cycle progression-related genes and cell
growth-related genes; (ii) increased energy generation through
higher expression of energy metabolism-related genes, fatty
acid (-oxidation-involved genes, and the final oxidative
phosphorylation-associated genes; (iii) enhanced milk compo-
nent (including milk lactose, lipid and protein) production
through higher expression of glucose/fatty acid/amino acid
transporter genes, genes involved in macromolecule metabo-
lisms (including glucose/amino acid/lipid/ protein metabo-
lisms), and genes related to protein folding/modification/
transport and lipid excretion; and (iv) lower immune system
response through reduced expression of genes associated with
defense response, immune response, inflammatory response,
and immunoglobulin secretion. These mechanisms show the
adaptations of the bovine MG to lactation as compared with
the dry period. Among the most interesting findings of our
study is the identification of genes expressed during lactation
stage MG growth that may act as regulators of mammary cell
proliferation by controlling cell cycle progression and apopto-
sis or by delaying cell cycle arrest. These new findings are of
interest because adequate development of mammary tissue is
a major step in promoting metabolic adaptations, both at birth
for neonate survival and in adult life for productive efficiency.
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This transcriptomic analysis of the bovine MG provides more
views into mammary tissue functional responses during the
shift between lactation and the dry period.
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