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The Na
+
-K

+
-ATPase is an essential transport enzyme expressed in all animal tissues, where it generates 

ion gradients to maintain membrane potential and drive the transport of other solutes. It also balances 
metabolism and body temperature. In this study, the characterization of three novel bovine ATP1B2 
splice variants, designated as ATP1B2-AS1, ATP1B2-AS2, and ATP1B2-AS3, is discussed. All three 
novel splice isoforms were derived from a complete transcript (ATP1B2-complete) by alternative 
splicing. The pattern of splicing to produce the ATP1B2-AS1 and ATP1B2-AS2 isoforms was intron 
retention; these isoforms were found in liver, kidney, muscle and breast tissues. For the ATP1B2-AS3 
isoform, splicing was by exon inclusion and this isoform was only found in muscle tissue. As 
demonstrated by real-time polymerase chain reaction, the isoforms were all expressed at significantly 
lower levels than the complete ATP1B2 gene transcript in all the tissues studied. After heat-stress, the 
expression levels of the different transcripts were lower in different tissues; however, the expression of 
the ATP1B2-complete transcript increased in heart and lung tissues. The results of this research 
provide some useful information for further studies into the function of the bovine ATP1B2 gene. 
Alternative splicing (AS) is recognized as the major contributor to protein diversity from limited gene 
pool. ATP1B2-AS2 was the splice of intron retention found from ATP1B2 in liver, kidney, muscle and 
breast tissues. In the study, ATP1B2-AS2 showed that many of the amino acid residues were in an 
unfavorable energy environment. It is interesting to speculate that this may be the perfect transcript to 
respond to heat-stress. So, AS may become the appropriate pathway to tackle heat-stress and reduce 
the economic losses in cows. 
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INTRODUCTION 
 
The impact of heat stress on dairy 
 
Genetic progress in milk production is closely related to 
an increased feed intake. However, overfeeding results in 
raised metabolic heat increment which requires effective 
thermoregulatory mechanisms to maintain body tem-
perature in the thermoneutral zone and in physiological 
homeostasis. Heat stress is a major contributing factor to 
the low fertility of dairy cows (Ray et al., 1992; Thompson 
et al.,  1996;  al-Katanani  et  al.,  1999;  Ingraham  et  al.,  
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1974).The accurate measurement of when cows enter 
heat stress is complicated because the responses to heat 
stress affect not only the energy balance, but also water, 
sodium, potassium and chlorine metabolism. The 
metabolism of an animal is always in a state of dynamic 
equilibrium in which the influx of nutrients is balanced by 
the production of energy in catabolic and anabolic 
processes. Cows require nutrients for among other 
things, maintenance of biological processes, reproduc-
tion, and lactation. The separation of metabolism into 
maintenance and production is somewhat artificial 
because energy metabolism is affected by complex 
interrelationships among all physiological processes 
(Hayssen and Lacy, 1985). How to help the cow avoid 
physiological  dysfunction   and   for   it   to   better   fit  its 
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environment are very important, not only for the comfort 
of the cow, but also for the benefit of the dairy industry. 
 
 
Concept and structure of Na

+
-K

+
-ATPase 

 
The Na

+
-K

+
-ATPase is a transmembrane carrier protein 

widespread in all eukaryotic cell membranes where it 
generates ion gradients to maintain membrane potential 
and drive transport of other solutes. Na

+
-K

+
-ATPase also 

keeps metabolism and body temperature balanced 
(Barcroft et al., 2002). Vague et al. (2004) reported that 
Na

+
-K

+
-ATPase regulates the balance of Na

+
 and K

+
, and 

that low Na
+
-K

+
-ATPase activity impaired hydronium 

transport leading to disturbances in energy and 
metabolism. In addition to transport of ions, the Na

+
-K

+
-

ATPase is important in signal transduction (Xie, 2003; 
Tian and Xie, 2008), intercellular adhesion and cell 
migration (Gloor et al., 1990; Rajasekaran et al., 2007; 
Vagin et al., 2006, 2008; Geering, 2008). The minimal 
functional unit of the Na

+
-K

+
-ATPase consists of a 

catalytic α subunit and an N-glycosylated β subunit that is 
required for maturation and membrane targeting of the 
enzyme. There are four isoforms of the Na

+
-K

+
-ATPase α 

subunit (α1, α2, α3 and α4) and three isoforms of the Na
+
-

K
+
-ATPase β subunit (β1, β2, and β3) (Blanco and Mercer, 

1998; Crambert et al., 2000).  
The β2 subunit gene [ATP1B2; has six introns and 

seven exons, the messenger ribonucleic acid (mRNA) 
total length is 933 bp and is located in 19 chromosome in 
bovine) was explored in Chinese Holstein cows. It has 
eight potential N-glycosylation sides; the removal of one 
or more of the N-glycosylation sites or the prevention of 
glycan-calnexin interactions prevents α-assembly and 
export of the β2 subunit (Tokhtaeva et al., 2010). 
However, which of the N-glycosylation sites could 
undergo change and still maintain the functional structure 
of the Na

+
-K

+
-ATPase (NKA) so that it could play a role in 

the stress response has not yet clearly been established. 
In the process of heat stress, the ATP1B2 can maintain 
the stability of NKA (Melissa et al., 2007) and inhibit 
decrease of NKA activity (Wang et al., 2009), and so can 
maintain constant body salt, water balance and body 
temperature. 
 
 

Mechanisms and the role of splice 
 

Splicing is the process by which the introns are excised 
and the exons ligated to form a translatable message 
(Sammeth et al., 2008). Alternative splicing (AS) is now 
recognized as the major contributor to protein diversity 
because of the important role it plays in generating 
diversity and complexity from the limited gene pool 
(Cáceres and Kornblihtt, 2002). Current estimates 
suggest that at least 60% of genes can produce two or 
more mRNAs by AS. The potential for generating 
diversity is demonstrated by the  more  than   500  protein 

  
 
 
 
isoforms. It is now estimated that 95% of human genes 
are split genes, with coding exons split by noncoding 
introns (Chacko and Ranganathan, 2009), and that 21% 
of 21,755 bovine genes are alternatively spliced (Ray et 
al., 1992). There are numerous examples that splicing 
and its regulation play key roles in the control of cell 
growth, differentiation, and disease (Zhou et al., 2002; 
Will and Luhrmann, 2011; Tazi et al., 2009). AS can alter 
the encoded protein and disrupt its structure and function 
as a result. Such disruptions in the protein structure are 
frequently associated with diseases (Arnold, 2006). Thus, 
the regulation of AS provides an essential control step in 
post-transcriptional gene expression. The endocrine 
system is likely to be one of the important systems that 
direct AS in a tissue and cell-specific manner. Here, we 
describe the current understanding of the AS and the split 
gene mechanisms in the ATP1B gene in different tissues 
with particular reference to heat-stress in Chinese 
Holstein cattle. 
 
 
MATERIALS AND METHODS 

 
Tissues 

 
Heart, liver, spleen, lung, kidney, muscle and breast tissues were 
collected from ten Chinese Holstein cattles that formed two groups, 

normal (n=5) and heat-stressed (T=33.5°C, THI=85.7) (n=5) (Wang 
et al., 2009). The tissues were snap-frozen in liquid nitrogen in the 
slaughterhouse and transported to our laboratory. 

 
 
Identification of the splice variants of the bovine ATP1B2 gene 

 
A pair of specific primers was designed using the Primer 5.0 

software to amplify the bovine ATP1B2 gene (GenBank: NM-
174677.2) spanning most of the length of the mRNA sequence (46 
to 933 bp). The primers and respective product sizes are shown in 
Table1. Total ribonucleic acid (RNA) was extracted from the seven 
tissues using TRIzol reagent (Bioteke, Beijing, China) according to 
the manufacturer's instructions. Samples were treated with RNase-
free DNase (Promega) to remove contaminating genomic 
deoxyribonucleic acid (DNA) from the RNA preparations. RNA 

concentrations were measured with a Biophotometer (Eppendorf), 
and RNA quality was monitored by visualization of ethidium 
bromide-stained bands in agarose gels after electrophoresis. 
Samples were stored at -70°C. Next, complementary deoxyri-
bonucleic acid (cDNA) was synthesized with the PrimeScript RT 
Master Mix first-strand cDNA synthesis kit (TaKaRa, Dalian, China).  

The PCR was performed as follows: 95°C for 5 min; 95°C for 45 
s, 60°C for 30s , 72°C for 45 s (30 cycles), and 72°C for 8 min. DNA 
bands were separated by 1% agarose gel electrophoresis and 
eluted using gel extraction kit (Biomiga, USA). Immediately after 
purification, the PCR products were subcloned into the pEASY-T3 
cloning vector (TaKaRa, Dalian, China), which was transformed into 
DH5α competent cells. The cells were subsequently propagated in 
Luria Bertani (LB) medium overnight at 37°C. The plasmids were 
then purified using a Plasmid Miniprep kit (Biomiga, USA) and the 
cDNA inserts were sequenced by the ABI PRISMTM 3730 DNA 
Sequencer (Applied Biosystems) and BigDye terminator v3.1 

sequencing kit (Shanghai Sangon, China). Multiple sequence 
alignments were performed using DNAStar software for the 
identification of possible splice variants. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22C%C3%A1ceres%20JF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kornblihtt%20AR%22%5BAuthor%5D
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Table 1. List of primer sets used in this work. 
 

Primer Primer sequence (5-3) Target Fragment size (bp) 

ATPIB2-cDNA F:GGTGGTTGAGGAGTGGAAGGAG R:GACATTCCAGGAGCATCCACAG Clone 888 

Β-actin gene F:GCACAATGAAGATCAAGATCATC R:CTAAVAGTCCGCCTAGAAGCA qRT-PCR 173 

ATPIB2-complete F:CCGTCAAGATGGTCATTC R:ATCAAGCCTGGTGTAGCC qRT-PCR 256 

ATPIB2-ASI F:GAGCAGGGTGCGGGTTGGA R:AGAGTTGGGGCGGAGGAAGG qRT-PCR 258 

ATPIB2-AS2 F:CAACTTCGTTATGTTCCCTG R:ACTTGTCTCGTCATCGTC qRT-PCR 226 

ATPIB2-AS3 F:GGCATCCAACTTCTTTCC R:TGTAGCCAATCGGTCCTG qRT-PCR 235 

 

 
 
Bioinformatics and sequence analysis 

 
The prediction of AS and transcript diversity and mRNA expression 
of ATP1B2 (GenBank: NM-174677.2) was carried out using ASTD 
(http://www.ebi.ac.uk/astd/main.html). Sequence analysis was 
performed with DNAStar software and National Center for 
Biotechnology Information -Basic Local Alignment Search Tool 

(NCBI BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.html) .The mRNA 
was translated to the amino acid sequence using the translate tools 
on the ExPASY Proteomics Server (Serverhttp://www.expasy.ch/ 
tools/dna.html). The tertiary structure of ATP1B2 protein was 
predicted with SWISS-MODEL/Template Identification 
(http://swissmodel.expasy.org/workspace/index.html) (Kiefer et al., 
2009; Larionov et al., 2007). 

 
 
Quantification of ATP1B2 transcript variants 

 
Quantitative real-time PCR analysis was performed on a 20 μl 
mixture containing 50 ng cDNA, 0.4 μM of sense and antisense 
primers, 6.8 μl dH2O, 10.0 μl SYBR

®
 Premix Ex Taq

TM
 (2×), and 0.4 

μl ROX Reference Dye (50×) (TaKaRa, Dalian, China). The reaction 
mixture was denatured for 30 s at 95°C and incubated for 40 cycles 
(denaturing for 5 s at 95°C, annealing for 31 s at 61°C). The 
primers used in the experiment are shown in Table 1. The PCR was 
monitored using an ABI PRISM 7000HT Fast Real-Time PCR 
system. For each alternatively spliced variant studied, a specific 
standard curve was created using a series of dilutions from the 
corresponding plasmids. All samples were analyzed within the 
same real-time PCR run, thereby eliminating the need for a 
calibrator sample. In addition to melting curve reading, product 
identity was confirmed by 1% agarose gel electrophoresis. 

Alternatively spliced transcription values were normalized against 
the content of the housekeeping gene β-actin (GenBank: 
NM_173979.3) in each sample (Table 1). Relative quantification of 
ATP1B2 gene expression was done using the standard curve 
method for relative real-time PCR (Crick, 1979). 

 
 
RESULTS AND DISCUSSION 
 
Identification of the bovine ATP1B2 transcript 
variants 
 
The 888 bp ATP1B2 cDNA was amplified from all the 
seven tissues. The cDNAs were purified, cloned, and 
sequenced. ASTD showed only one type of AS for the 
cattle ATP1B2 gene (GenBank.NM-174677.2) (Figure 
1A). However, for the Chinese Holstein cattle ATP1B2 
gene cDNA, the DNAStar  predicted possible four 

transcripts. Presence of the full length transcript 
designated ATP1B2-complete (888 bp) (Figure 2A), was 
discovered and shown in all the seven tissues. In 
addition, three novel transcripts of the ATP1B2 gene were 
also identified. Two of the splice transcripts, ATP1B2-AS1 
(995 bp, insert 107 bp at 719 bp, intron retention) (Figure 
2B) and ATP1B2-AS2 (920 bp, insert 32 bp at 719 bp, 
intron retention) (Figure 2C), discovered in liver, kidney, 
muscle and breast, were the products of intron retention 
AS. The third splice transcript ATP1B2-AS3 (937 bp, 
insert 49 bp at 45 bp, exon inclusion) (Figure 2D), is the 
product of exon inclusion and was discovered only in 
muscle tissue. The most primitive form of AS is intron 
retention; however, the most commonly described form of 
AS is exon skipping/inclusion (Tokhtaeva et al., 2010). 
Several other mechanisms exist, including the use of 
alternative 3’ and 5’ splice sites, mutually exclusive 
exons, alternative promoter usage, and alternative poly-
adenylation (Graveley, 2011). We found that two AS 
mechanisms occurred in the bovine ATP1B2 gene. This is 
commonly observed because many genes in 
physiological systems have been reported to undergo a 
combination of different alternative splicing events, 
employing various mechanisms. 
 
 

Protein structure predictions of the ATP1B2 splice 
transcripts 
 

The cloned sequences of the four transcript variants were 
translated to give the amino acid sequence in Figure 3, 
such as ATP1B2-complete (281aa), ATP1B2-AS1 
(326aa), ATP1B2-AS2 (302aa) and ATP1B2-AS3 
(310aa). The InterPro database at EMBL-EBI showed 
that ATP1B2-complete, ATP1B2-AS1 and ATP1B2-AS2 
proteins belonged to the Na

+
-K

+
-ATPase family; the 

ATP1B2-AS3 protein is not in the database indicating that 
it is an unknown protein. The ANOLEA program was used 
to calculate the energy environment of each of the amino 
acid residues in the protein chains of three of the 
proteins; ATP1B2-complete (Figure 4A), ATP1B2-AS1 
(Figure 4B) and ATP1B2-AS2 (Figure 4C). The three 
proteins were found to have perfect non-local 
environments (NLEs) for most of amino acids in the 
protein chain; however, some of the residues in ATP1B2- 

http://www.sciencemag.org/search?author1=F+Crick&sortspec=date&submit=Submit
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 (A) (B)

 

 (A) (B)

 
 
Figure 1. Splice variants and expression of the ATP1B2 gene in the ASTD database; A, splice variants of the human ATP1B2 

gene; B, expression of the human ATP1B2 gene in various tissues. 
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AC/GT - - 107bp - - AG/GT

ATP1B2-AS3

Exon inclusion 

ATP1B2-AS1

Intron retention 

ATP1B2-AS2

Intron retention 

ATP1B2-complete

Complete transcript 

AC/GC - - 32bp - - AG/GT

GT/AG - - 49bp - - GA/AG

Genomic 

NM_174677.2

untranslated region exon intron inclusion splice site 

(A)

(B)

(C)

(D)

 
 

Figure 2. Genomic structure and alternative splicing patterns of the bovine ATP1B2 gene; A, the full length transcript (888 bp); B, splice transcript ATP1B2-AS1 (995 bp); C, 

splice transcript ATP1B2-AS2 (920bp); D, splice transcript ATP1B2-AS3 (937 bp). 
 

 

  
 
Figure 3. The different splice transcript amino acid sequence of bovine ATP1B2 gene. 

 

 
 

AS2 had low negative energy indicating an 
unfavorable energy environment for those amino 
acids.  

The 3D structure of ATP1B2-complete (Figure 
5A), ATP1B2-AS1 (Figure 5B) and ATP1B2-AS2 
(Figure 5C) were predicted using SWISS-MODEL 

(Figure 5). Although, the ATP1B2-AS1 and 
ATP1B2-AS2 proteins are very similar to ATP1B2-
complete, differences exist in the secondary

javascript:showjdsw('jd_t','j_')
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(A) (B) (C)

 
 
Figure 4. Energy values for the amino acid residues in the ATP1B2 protein chains calculated using the ANOLEA program; 
A, ATP1B2-complete; B, ATP1B2-AS1; C ATP1B2-AS2. Negative energy values (green) indicate a favorable environment; 

positive energy values (red) indicate an unfavorable environment. 
 

 
 

structure of the folds and coiled coil, and in the combine 
power of amino acids. AS is now recognized as the major 
contributor to protein diversity (Tarn and Steitz, 1997) in 
the process of generating diversity from a limited number 
of genes, by which the introns are excised and the exons 

ligated to form a translatable message (Hastings and 
Krainer, 2001; Hertel and Graveley, 2005; Staley and 
Guthrie, 1998; Keren et al., 2010). Like in this study, the 
four transcript variants were translated from the same 
gene, but the different genes conding for hormones, their  

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hertel%20KJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Graveley%20BR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Staley%20JP%22%5BAuthor%5D
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Figure 4. Contd. 

 
 

binding proteins, and their receptors are particularly well 
represented (Tange et al., 2004; Cartegni et al., 2006 ). 
 
 
Expression of ATP1B2 splice transcript in the normal 
and heat-stress tissues 
 
The ASTD analysis showed  that the  ATP1B2  gene  was  

expressed in the frontal lobe, hypothalamus and 
unclassifiable areas of the brain (Figure 1B). In this study, 
the four bovine transcripts were effectively amplified by 
specific primers that spanned the region of AS. The 
relative quantification of the ATP1B2-complete, ATP1B2-
AS1, ATP1B2-AS2 and ATP1B2-AS3 transcripts in 
different tissues from the normal and heat-stressed cows, 
was carried out by real-time  PCR  amplification. ATP1B2- 
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(A) (B) (C)

 
 
Figure 4. Contd. 

 
 

 

complete was expressed in all the seven tissue types; the 
ATP1B2-AS1 and ATP1B2-AS2 were expressed mainly in 
liver, kidney and breast tissues, and the ATP1B2-AS3 
was expressed only in the muscle tissue (Figure 6A). In 
the heat-stress, the expression of all the transcripts was 
reduced in all tissue types; an exception was for ATP1B2-
complete expression which was increased in the heart 
and lung tissues (Figure 6B).   

A great deal of ATP is expended in the process of AS. 
In this study, four kinds of splice transcripts were found to 
be present together in the seven tissues that we studied 
whether they were under heat stress or not. Heat stress 
reduces feed intake in lactating dairy cows. It has been 

shown that increased dietary sulfur can raise dry matter 
digestibility and provide sufficient sulfur for the microbial 
synthesis of the otherwise milk production-limiting sulfur-
containing amino acids (Maniatis and Tasic, 2002; 
Bouchard and Conrad, 1973).  

However, when there is increased loss of Na+ in urine 
and K+ in sweat (Schneider et al., 1988; Shalit et  al., 
1991; Maltz and Silanikove, 1996; Silanikove, 1998) too 
much sulfur can change the acid-base balance (Maltz et 
al., 1994) and blood acid-base balance (Clark et al., 
1978; Coppock et al., 1982), and even cause metabolic 
acidosis (Tucker and Harrison, 1988) and metabolic 
alkalosis   (Clark   et   al.,  1978).   The role  of  the  splice  

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maniatis%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tasic%20B%22%5BAuthor%5D
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(A)
(B) (C)

(A) (B) (C)

 
 
Figure 5. The protein structures predicted by SWISS-MODEL for the ATP1B2 proteins; A, ATP1B2-complete; B, ATP1B2-AS1; C, 

ATP1B2-AS2. 
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Figure 6. mRNA expression of different ATP1B2 gene transcripts in seven bovine tissues; A, expression in normal tissues; B, 

expression in heat stress tissues. 
 
 
 

transcripts of the ATP1B2 gene in response to heat stress 
is yet to be elucidated. Many studies have shown that AS 
changes the expression of the gene mRNA (Maniatis and 
Reed, 2002) and this is reflected in the occurrence of 

diseases (Akker et al., 2001; Caceres and Kornblihtt, 
2002; Faustinoand, 2003). The increased expression of 
ATP1B2-complete that was found in the heart and lung 
tissue   also   requires    further    confirmation.   But    the  
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regulation of AS provides an essential control step in 
post-transcriptional gene expression, and the endocrine 
system is likely to be one of the key systems that directs 
this in a tissue (Wang et al., 2008). 
 
 
Link of alternative splicing of ATP1B2 with NKA 
activity and cattle production in heat stress 
 
From the experimental results, the protein structure 
underwent significant changes of different ATP1B2 splice 
transcripts, which have the unique protein conformation, 
may affect the stability and vitality of the NKA, but they all 
require experimental verification. NKA activity is less 
affected by the physiological state and nutritional factors; 
it is mainly affected by the impact of genetic and environ-
mental factors (temperature, humidity, etc.). For heat 
stress, there was a sharp decline in production perfor-
mance of low NKA activity dairy cows (Wang et al., 2009), 
the search for a splice transcript to stabilize NKA activity 
in order to maintain good milk production performance 
during heat stress is recommended; all these needs 
further in-depth study. 
 
 
Conclusion 
 
AS is an essential means of generating diversity from a 
limited number of genes. Different transcript genes for 
coding and binding their proteins, and also their receptors 
are particularly well represented. In this study, three novel 
splice variants of ATP1B2 gene were identified in addition 
to the main full length expression transcript. The 
expression of the full length transcript, ATP1B2-complete, 
increased in heart and lung tissues while one of the 
splice transcripts, ATP1B2-AS3, was only found in the 
muscle tissue. The predicted three dimensional structure 
of one of the splice transcripts, ATP1B2-AS2, showed 
that many of the amino acid residues were in an 
unfavorable energy environment. It is interesting to 
speculate that this may be the perfect transcript to 
respond to heat-stress. As further knowledge of the AS 
process and its relation to disease processes is obtained, 
it may become possible to design novel therapies that 
direct AS to the appropriate pathway to tackle heat-stress 
in cows. 
 
 
ACKNOWLEDGMENTS 
 
This research was supported by the Science and 
Technology Sustentation Project of China 
(2006BAD04A01,2006BAD04A12), the Science and 
Technology Sustentation Project of Jiangsu (BE2008306-
2), "Five-second" National Science and Technology Plan 
Project (2011BAD28B02), National Natural Science 
Foundation of  China  (no. 31000543),  Major  Project  of  

 
 
 
 
National Transgene in China (2011ZX08007-001), 
Program of National Cow Industrial Technology System 
(No.nycytx-0107), Youth Science Foundation from 
Shandong Academy of Agriculture Science 
(No.2006YQN030), Projects of the Department of 
Science and Technology of Shandong Province 
(2007LZ10-04) and the Natural Science Foundation of 
Shandong Province (Y2007D72). 
 

 
REFERENCES 
 

Akker SA, Smith PJ, Chew SL (2001). Nuclear post-transcriptional 
control of gene expression. J. Mol. Endocrinol. 27(2): 123-131.  

al-Katanani YM, Webb DW, Hansen PJ (1999). Factors affecting 

seasonal variation in non-return rate to first service in lactating 
Holstein cow in a hot climate. J. Dairy Sci. 82(12): 2611-2616. 

Arnold K, Bordoli L, Kopp J, Schwede T (2006). The SWISS-MODEL 

Workspace: A web-based environment for protein structure homology 
modeling. Bioinformatics, 22(2): 195-201. 

Barcroft LC, Gill SE, Watson AJ (2002). The γ-subunit of the Na+-K+-

ATPase as a potential regulator of apical and basolateral Na+-K+-
pump isozymes during development of bovine pre-attachment 
embryos. Reproduction, 124(3): 387-397. 

Blanco G, Mercer RW (1998). Isozymes of the Na,K-ATPase: 
heterogeneity in struc- ture, diversity in function. Am. J. Physiol. 
275(5): 633-650. 

Bouchard R, Conrad HR (1973). Sulfur requirement of lactating dairy 
cows Sulfur balance and dietary supplementation. J. Dairy Sci. 
56(10): 1276-1282. 

Caceres JF, Kornblihtt AR (2002). Alternative splicing: multiple control 
mechanisms and involvement in human disease. Trends Genet. 
18(4): 186-193. 

Cartegni L, Chew SL, Krainer AR (2002). Listening to silence and 
understanding nonsense: exonic mutations that affect splicing. Nat. 
Rev. Genet. 3(4): 285-98. 

Chacko E, Ranganathan S (2009). Genome-wide analysis of alternative 
splicing in cow: implications in bovine as a model for human 
diseases. BMC Genomics, 3(10): S11. 

Clark JH, Spires HR, Davis CL (1978). Uptake and metabolism of 
nitrogenous components by the lactating mammary gland. Fed. Proc. 
37(5): 1233-1238. 

Coppock CE, Grant PA, Portzer SJ, Charles DA, Escobosa A (1982). 
Lactating dairy cow responses to dietary sodium, chloride, and 
bicarbonate during hot weather. J. Dairy Sci. 65(4): 566-576. 

Crambert G, Hasler U, Beggah AT, Yu C, Modyanov NN, Horisberger 
JD, Lelievre L, Geering K (2000). Transport and pharmacological 
properties of nine different human Na,K-ATPase isozymes. J. Biol. 

Chem. 275(3): 1976-1986. 
Crick F (1979). Split genes and RNA splicing. Science, 204(4390): 264-

271. 

Faustinoand NA, Cooper TA (2003). Pre-mRNA splicing and human 
disease. Genes Dev. 17(4): 419-37. 

Geering K (2008). Functional roles of Na,K-ATPase subunits. Cur. Opin.   

Nephrol. Hypertens, 17(5): 526-532. 
Gloor S, Antonicek H, Sweadner KJ, Pagliusi S, Frank R, Moos M, 

Schachner M (1990). The adhesion molecule on glia (AMOG) is a 
homoloeue of the fl subunit of the Na.K-ATPase. J. Cell. Biol. 110(1): 

165-174. 
Graveley BR (2011). Alternative splicing: increasing diversity in the 

proteomic world. Trends. Genet. 17(2): 100-107. 

Hastings ML, Krainer AR (2001). Pre-mRNA splicing in the new 
millennium. Curr. Opin. Cell. Biol. 13(3): 302-309. 

Hayssen V, Lacy RC (1985). Basal metabolic rates in mammals: 

taxonomic differences in the allometry of BMR and body mass. 
Comp. Biochem. Physiol. A Comp. Physiol. 81(4): 741-754. 

Hertel KJ, Graveley BR (2005). RS domains contact the pre-mRNA 

throughout spliceosome assembly. Trends Biochem. Sci. 30(3): 115-
118. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cartegni%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chew%20SL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Krainer%20AR%22%5BAuthor%5D
http://www.sciencemag.org/search?author1=F+Crick&sortspec=date&submit=Submit
javascript:AL_get(this,%20'jour',%20'Trends%20Biochem%20Sci.');


 
 
 
 
Ingraham RH, Gillette DD, Wagner WD (1974). Relationship of 

temperature and humidity to conception rate of Holstein cows in 
subtropical climate. J. Dairy Sci. 57(4): 476-481. 

Keren H, Lev-Maor G, Ast G (2010). Alternative splicing and 
evolution:diversification, exon definition and function. Nat. Rev. 
Genet. 11(5): 345-355. 

Kiefer F, Arnold K, Kunzli M, Bordoli L, Schwede1 T (2009). The 
SWISS-MODEL Repository and associated resources. Nucleic Acids 
Res. 37: 387-392. 

Larionov A, Krauseand A, Miller W (2005). A standard curve based 
method for relative real time PCR data processing. BMC. 
Bioinformatics, 21(6): p. 62. 

Laughery MD, Clifford RJ, Chi Y, Kaplan JH (2007). Selective 
basolateral localization of overexpressed Na+-K+-ATPase betal- and 
beta2-subunits is disrupted by butryate treatment of MDCK cells. Am. 

J. Physiol. Renal. Physiol. 292(6): 1718-1725. 
Maltz E, Silanikove N, Shalit U, Berman A (1994). Diurnal fluctuations in 

plasma ions and water intake of dairy cows as affected by lactation in 

warm weather. J. Dairy Sci. 77(9): 2630-2639. 
Maltz E, Silanikove N (1996). Kidney function and nitrogen balance of 

high-yielding dairy cows at the onset of lactation. J. Dairy Sci. 79(9): 

1621-1626. 
Maniatis T, Reed R (2002). An extensive network of coupling among 

gene expression machines. Nature, 416(6880): 499-506. 

Maniatis T, Tasic B (2002). Alternative pre-mRNA splicing and proteome 
expansion in metazoans. Nature, 418(6894): 236-243. 

Rajasekaran SA, Barwe SP, Gopal J, Ryazantsev S, Schneeberger EE, 

Rajasekaran AK (2007). Na-K-ATPase regulates tight junction 
permeability through occludin phosphorylation in pancreatic epithelial 
cells. Am. J. Physiol. Gastrointest Liver Physiol. 292(1): 124-133.  

Rappsilber J, Ryder U, Lamond AI, Mann M (2002). Large-scale 
proteomic analysis of the human spliceosome. Genome Res. 12(8): 
1231-1245. 

Ray DE, Halbach TJ, Armstrong DV (1992). Season and lactation 
number effects on milk production and reproduction in dairy cattle in 
Arizona. J. Dairy Sci. 759(11): 2976-2983. 

Sammeth M, Foissac S, Guigo R (2008). A General Definition and 
Nomenclature for Alternative Splicing Events. Plos. Comput. Biol. 
4(8): e1000147. 

Schneider PL, Beede DK, Wilcox CJ (1988). Nycterohemeral patterns of 
acid–base status, mineral concentrations and digestive function of 
lactating cows in natural or chamber heat stress environments. J. 

Anim. Sci. 66(1): 112-125. 
Shalit U, Maltz E, Silanikove N, Berman A (1991). Water, sodium, 

potassium, and chlorine metabolism of dairy cows at the onset of 

lactation in hot weather. J. Dairy Sci. 74(6): 1874-1883. 
Silanikove N, Maltz E, Shinder D, Bogin E, Bastholm T, Christensen NJ, 

Noggarrd P (1998). Metabolic and prod-uctive response of dairy cows 
to increased ion supplementation at early lactation in hot weather. J. 

Dairy Sci. 65(4): 529-543. 
Staley JP, Guthrie C (1998). Mechanical devices of the spliceosome: 

motors, clocks, springs, and things. Cell, 92(3): 315-326. 

 
 
 

 
 
 

 
 

 
 

Wang et al.        9495 
 
 
 
Tange TØ, Nott A, Moore MJ (2004). The ever-increasing complexities 

of the exon junction complex. Curr.  Opin. Cell. Biol. 16(3): 279-284. 
Tarn WY, Steitz JA (1997). Pre-mRNA splicing: the discovery of a new 

spliceosome doubles the challenge. Trends Biochem. Sci. 22(4): 132-
137. 

Tazi J, Bakkour N, Stamm S (2009). Alternative splicing and disease. 

Biochim. Biophys. Acta, 1792(1): 14-26.  
Thompson JA, Magee DD, Tomaszewski MA, Wilks DL, Fourdraine RH 

(1996). Management of summer infertility in Texas Holstein dairy 

cattle. Theriogenology, 46(3): 547-558. 
Tian J, Xie ZJ (2008). The Na-K-ATPase and calcium-signaling 

microdomains. Physiol. (Bethesda), 23: 205-211. 

Tokhtaeva E, Munson K, Sachs G, Vagin O (2010). N-glycan-dependent 
quality control of the Na,K-ATPase beta subunit. Biochemistry, 
49(14): 3116-3128. 

Tucker WB, Harrison GA, Hemken RW (1988). Influence of dietary 
cation-anion balance on milk, blood, urine and rumen fluid in lactating 
dairy cattle. J. Dairy Sci. 71(2): 346-354. 

Vagin O, Tokhtaeva E, Sachs G (2006). The Role of the β1 Subunit of 
the Na,K-ATPase and Its Glycosylation in Cell-Cell Adhesion. J. 
Biol.Chem. 281(51): 39573-39587.  

Vagin O, Tokhtaeva E, Yakubov I, Shevchenko E, Sachs G (2007). 
Inverse correlation between the extent of N-glycan branching and 
intercellular adhesion in epithelia: contribution of the Na,K-ATPase β1 

subunit. J. Biol. Chem. 283(4): 2192-2202.  
Vague P, Coste TC, Jannot MF, Raccah D, Tsimaratos M (2004). C-

peptide, Na+, K+-ATPase and diabetes. Exp. Diabesity Res. 5(1): 37-

50. 
Wang ET, Sandberg R, Luo S, Khrebtukova I, Zhang L, Mayr C, 

Kingsmore SF, Schroth GP, Burge CB (2008). Alternative isoform 

regulation in human tissue transcriptomes. Nature, 456(7221): 470-
476. 

Wang Ze-ying, Huang Jin-ming, Wang Chang-fa, Liu Yan-xin, Li Da-qi, 

Zhong ji-feng, Wang Gen-lin (2009). Relationship between 
Erythrocyte Na+-K+-ATPase Activity and Heat-resistance Ability in 
Holstein Cows. China Cattle Sci. 3: 1-5. 

Will CL, Luhrmann R (2011). Spliceosome structure and function. Cold 
Spring Hard Perspect. Biol. 3(7): a003707. 

Xie Z (2003). Molecular mechanisms of Na/K-ATPase mediated signal 

transduction. Ann. N.Y. Acad. Sci. 986: 497-503. 
Zhou Z, Licklider LJ, Gygi SP, Reed R (2002). Comprehensive 

proteomic analysis of the human spliceosome. Nature, 419(6903): 

182-185. 
 
 

 
 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 
 
 
 
 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Laughery%20MD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clifford%20RJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chi%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kaplan%20JH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maniatis%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tasic%20B%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Nature.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Staley%20JP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Guthrie%20C%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Cell.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tange%20T%C3%98%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nott%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moore%20MJ%22%5BAuthor%5D

