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Abstract
Puberty is a whole-body event, driven by the hypothalamic integration of peripheral 
signals such as leptin or IGF-1. In the process of puberty, reproductive development 
is simultaneous to growth, including muscle growth. To enhance our understand-
ing of muscle function related to puberty, we performed transcriptome analyses of 
muscle samples from six pre- and six post-pubertal Brahman heifers (Bos indicus). Our 
aims were to perform differential expression analyses and co-expression analyses to 
derive a regulatory gene network associate with puberty. As a result, we identified 
431 differentially expressed (DEx) transcripts (genes and non-coding RNAs) when 
comparing pre- to post-pubertal average gene expression. The DEx transcripts were 
compared with all expressed transcripts in our samples (over 14,000 transcripts) for 
functional enrichment analyses. The DEx transcripts were associated with “extra-
cellular region,” “inflammatory response” and “hormone activity” (adjusted p < .05). 
Inflammatory response for muscle regeneration is a necessary aspect of muscle 
growth, which is accelerated during puberty. The term “hormone activity” may signal 
genes that respond to progesterone signalling in the muscle, as the presence of this 
hormone is an important difference between pre- and post-pubertal heifers in our 
experimental design. The DEx transcript with the highest average expression differ-
ence was a mitochondrial gene, ENSBTAG00000043574 that might be another impor-
tant link between energy metabolism and puberty. In the derived co-expression gene 
network, we identified six hub genes: CDC5L, MYC, TCF3, RUNX2, ATF2 and CREB1. 
In the same network, 48 key regulators of DEx transcripts were identified, using a 
regulatory impact factor metric. The hub gene TCF3 was also a key regulator. The 
majority of the key regulators (22 genes) are members of the zinc finger family, which 
has been implicated in bovine puberty in other tissues. In conclusion, we described 
how puberty may affect muscle gene expression in cattle.
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1  | INTRODUC TION

Meat is an important end product of livestock production 
(Purslow, 2017). Skeletal muscle is the tissue sold as meat and its 
development from embryogenesis to maturation is a multistage 
process coordinating myogenesis, adipogenesis and fibrogenesis, 
and the subsequent growth of muscle, fat and connective tissues 
(Purslow, 2017). Growth starts from zygote formation and continues 
to the adult stage where mature weight or reproductive ability is 
achieved through puberty (Arango & Vleck, 2002). During puberty, 
muscle mass grows with the body and contributes to the pubertal 
growth spurt that results in adult height and body weight (Soliman, 
De Sanctis, Elalaily, & Bedair, 2014; Xu, Nicholson, Wang, Alén, & 
Cheng, 2009). Despite this fundamental change for muscle during 
puberty, this tissue has received relatively little consideration in the 
context of pubertal development.

To increase our understanding of the role of muscle tissue in pu-
berty, changes to the muscle transcriptome were analysed by com-
paring pre- to post-pubertal Bos indicus Brahman heifers. Brahman 
is a predominant breed in Northern Australia due to its ability in 
surviving the extreme heat, low-quality dry pastures and being 
tick resistant (Abeygunawardena & Dematawewa, 2004; Prayaga 
et al., 2009). However, Bos indicus cattle reproduces at lower rates 
when compared with Bos taurus breeds, particularly when they 
have a suckling calf (Abeygunawardena & Dematawewa, 2004; 
Brito et al., 2004; Nogueira, 2004). The age of puberty of Bos in-
dicus ranges from 10 to 40 months of age with an average value of 
25 months in Brahman herds. In contrast, Bos taurus are pubertal at 
about 7–13 months (Gregory, Laster, Cundiff, Smith, & Koch, 1979; 
Morgan, 1981). Puberty, defined as age when the first corpus luteum 
was observed, is a highly heritable trait (h2 = 0.42). It is therefore 
possible to reduce the onset of puberty and improve the genetic 
gain (Johnston et al., 2014; MacNeil, Cundiff, Dinkel, & Koch, 1984; 
Vargas, Olson, Chase, Hammond, & Elzo, 1999).

In this study, we used transcriptomics (mRNA-sequencing) 
to measure global gene expression of six pre- and six post-puber-
tal Brahman heifers. Knowledge of specific genes, mutations and 
gene networks obtained could be beneficial to enhance genomic 
selection (Fortes, Porto-Neto, et al., 2014; Perez-Enciso, Rincon, & 
Legarra, 2015; Snelling et al., 2013). We performed functional en-
richment analysis, derived and analysed a co-expression network 
to improve our understanding of the differentially expressed genes 
that were associated with puberty.

2  | MATERIAL S AND METHODS

Animal handling, euthanasia and sampling were approved by 
the Animal Ethics Committee of The University of Queensland, 

Production and Companion Animal group (certificate number 
QAAFI/279/12). These animals are the same heifers used in previous 
studies that described gene expression results for other tissues, such 
as hypothalamus, pituitary gland, ovaries, liver and adipose tissue 
(Fortes, Nguyen, Weller, et al., 2016; Nguyen, Reverter, et al., 2018; 
Nguyen et al., 2017; Nguyen, Zacchi, Schulz, Moore, & Fortes, 2018). 
Here, we used data from all studied tissues to inform the linear mod-
els used to normalize gene expression counts, considering the effect 
of tissue. This normalization method was previously established as a 
rigorous approach for analysing microarray and transcriptome data 
(Canovas et al., 2014; Harper et al., 2004). After normalization, we 
focused only on muscle data. We analyse the muscle results and de-
rive a gene co-expression network, described for peri-pubertal Bos 
indicus heifers for the first time.

2.1 | Animals and muscle samples

Six pre- and six post-pubertal heifers were euthanized for collection 
of muscle samples. Puberty was defined by the first observed corpus 
luteum (CL) with the use of ultrasound. In detail, post-puberty heif-
ers were in the luteal phase of their second cycle (Fortes, Nguyen, 
Weller, et al., 2016). Samples from longissimus dorsi muscle (LDM) 
were collected with a biopsy punch that cut approximately 1cm3 
from the tissue of pre- and post-pubertal heifers. LDM samples were 
snapped frozen in liquid nitrogen and stored in a freezer (−80°C) 
until RNA extraction. In total, 12 LDM samples were processed sep-
arately for RNA extraction and sequencing.

2.2 | RNA extraction, purification and sequencing

Total RNA was isolated from fragmented and homogenized frozen 
LDM tissue, using a RNeasy mini kit (QIAGEN Pty Ltd., Melbourne, 
VIC, Australia) combined with Trizol methods (Life Technologies 
Inc.) as previously described by Fortes et al. (2016). Quality of the 
total RNA was evaluated using the RNA integrity number (RIN) 
measured with an Agilent Bioanalyzer 2,100 (Agilent Technologies) 
and all samples had RIN above 6.9. From total RNA, we used the 
TruSeq RNA sample preparation kit (Illumina Inc.), which includes 
a mRNA purification step for cDNA library preparation (per-
formed according to the kit standard protocol). Six paired-end 
libraries were sequenced per lane in an Illumina HiSeq 2000 ana-
lyser (Illumina Inc.). After sequencing, we used the CLC Genomics 
workbench software (CLC bio) to map the sequence reads to the 
reference bovine genome (UMD3.1, release annotation 77; ftp://
ftp.ensem bl.org/pub/relea se-77/genba nk/bos_taurus) and count 
the number of reads per gene, using the procedures and qual-
ity control steps described before (Canovas et al., 2014). Quality 
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control analysis was performed with the CLC Genomics work-
bench, which takes into consideration read length, coverage and 
ambiguities, implementing FastQC tools (http://www.bioin forma 
tics.babra ham.ac.uk/proje cts/fastqc) as described by Cánovas 
et al. (2014). We then analysed the RPKM (reads per kilo base per 
million mapped reads) values for all genes that were expressed 
above a noise threshold of 0.2 RPKM, which is commonly used 
in bovine transcriptomics (Wickramasinghe et al., 2011). Only 
genes with average RPKM ≥ 0.2 in at least one tissue were con-
sidered expressed and had their data used in subsequent analyses. 
Using RPKM values for expressed genes, we performed a Principal 
Component Analysis (PCA) that we run for quality assurance, as 
means to check the overall profile of gene expression across all 
studied tissues and samples. One of the sequenced muscle pre-
pubertal samples clustered apart from the rest of the muscle sam-
ples in our PCA. We cannot be certain if poor sequencing quality 
or sampling error led to this mismatch between all eleven muscle 
samples that grouped together and one that was not in the same 
PCA cluster. Hence, the particular faulty sample was disregarded 
for further analysis, which continued with 11 samples: five pre-
puberty and six post-puberty.

2.3 | Identification of differentially expressed genes

As genes with low counts can be easily biased without transfor-
mation, the base-2 log-transformed RPKM values were used in 
this analysis of differential expression. Mixed-model equations 
that consider the interaction between individual and tissue vari-
ation to further adjust gene expression data were used (Canovas 
et al., 2014; Harper et al., 2004; Reverter et al., 2006). In brief, 
the library was fitted as a fixed effect, the main effect of gene 
was fitted as a random effect and the effect of the tissue/gene/
animal interaction was fitted as a random interaction. This study 
is part of a larger study where six tissues were sampled per ani-
mal. The VCE6 software (ftp://ftp.tzv.fal.de/pub.vce6) was used to 
estimate variance components and to obtain mixed-model solu-
tions. The model used compared gene expression of pre- versus 
post-pubertal animals to test for each gene the hypothesis that 
expression was differential and the threshold p-value of <.05 was 
used, in consideration of the strict normalization performed and 
subsequent analyses, which used the DEx genes for further pe-
rusal. This approach considers DEx genes as a step towards identi-
fying regulators of gene expression in a systems biology approach, 
as established beforehand (Fortes, Suhaimi, et al., 2014; Nguyen, 
Reverter, et al., 2018; Nguyen et al., 2017).

2.4 | Gene ontology and pathway 
enrichment analyses

To identify enriched gene ontology (GO) terms and pathways within 
the identified DEx genes, we used the Database for Annotation, 

Visualization and Integrated Discovery (DAVID), with the list of DEx 
genes used as the query list and all the genes expressed in muscle 
as the background list (Dennis et al., 2003; da Huang, Sherman, 
& Lempicki, 2009). DAVID functional annotation tools revealed 
overrepresented GO terms and pathways associated with the DEx 
genes, significant result after correction for multiple testing with 
Benjamini–Hochberg method are presented and discussed in this 
paper (adjusted p-value <.05).

2.5 | Gene network prediction

To further our understanding of the gene expression patterns in 
our samples, we constructed a co-expression gene network by 
employing a partial correlation and information theory (PCIT) algo-
rithm that was developed for this purpose (Reverter & Chan, 2008). 
In short, partial correlation is the correlation between two genes 
that is independent of a third gene and in PCIT. This is a data-
driven approach: all the correlations between possible triplets of 
genes were explored prior to the identification of significant cor-
relations that are within the extremes of the distribution (Reverter 
& Chan, 2008). Our objective for the co-expression analyses was 
to identify the interactions between all the 431 DEx genes and its 
possible regulators. We used expression values of all DEx genes 
and all expressed (i.e. DEx or not) transcription factors (TF) in our 
muscle samples. To identify which genes were classified as TF, we 
used the AnimalTFBS3.0 database as reference (http://bioin fo.life.
hust.edu.cn/Anima lTFDB /#!/tf_summa ry?speci es=Bos_taurus; 
accessed September 18, 2018) (Jia et al., 2018). The inclusion of TF 
in the network could provide extra information to infer gene func-
tion, and gene regulation that might be particularly useful when a 
gene is unannotated. After identifying TF that were expressed but 
were not DEx, we merged this new list with all DEx to create an 
input list of 1,441 genes for PCIT analysis. The resulting gene co-
expression network was visualized and analysed with Cytoscape 
software (Shannon et al., 2003).

2.6 | Identification of hub genes

In network theory, a gene is defined as a hub if it is highly connected: 
it is connected to a number of genes that is greater than the average 
connection across all genes in the network (Barabasi & Oltvai, 2004; 
Bi, Ning, Liu, Que, & Ding, 2015; Stumpf & Porter, 2012). Two net-
works were subjected to Network Analysis in Cytoscape; gene 
co-expression network computed by PCIT and protein–protein in-
teraction (PPI) network generated by Search Tool for the Retrieval 
of Interacting Genes/Proteins (STRING) (https://strin g-db.org/cgi/
input.pl) (Szklarczyk et al., 2018). We focused on the degree param-
eter as it represents the number of edges (connections) a node (gene) 
has, supporting the definition of a hub gene. Genes with a degree of 
more than two standard deviations (SD) in both the gene co-expres-
sion and PPI networks were identified as hub genes.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
ftp://ftp.tzv.fal.de/pub.vce6
http!/tf_summary?species=Bos_taurus://bioinfo.life.hust.edu.cn/AnimalTFDB/#!/tf_summary?species=Bos_taurus
http!/tf_summary?species=Bos_taurus://bioinfo.life.hust.edu.cn/AnimalTFDB/#!/tf_summary?species=Bos_taurus
https://string-db.org/cgi/input.pl
https://string-db.org/cgi/input.pl
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2.7 | Identification of key transcription factor (TF) 
as regulatory elements

Using a regulatory impact factor (RIF) metric, key regulators were 
identified among all the TF expressed in muscle tissue (Hudson, 
Reverter, Wang, Greenwood, & Dalrymple, 2009; Antonio Reverter, 
Hudson, Nagaraj, Pérez-Enciso, & Dalrymple, 2010). The RIF metric 
was explored in two measures: RIF1 and RIF2 that were computed 
as per the original publications that applied RIF to gene expression 
datasets (Hudson et al., 2009; Antonio Reverter et al., 2010). The 
RIF metrics are based on the interactions between TF and target 
genes; the DEx genes were the target genes in this study (Reverter 
et al., 2010). RIF1 represents TF that are constantly most differen-
tially co-expressed with the highly abundant and highly DEx genes, 
whereas RIF2 represents TF with the highest ability as predictors 
of change in the abundance of DEx genes (Reverter et al., 2010). 
For the purpose of comparison between RIF1 and RIF2 as well as 
comparison across datasets, RIF measures were further transformed 
to a z-score by subtracting the mean and dividing it by the stand-
ard deviation (SD). Using p < .05 as a cut-off, a TF was considered a 
key regulator if any of the RIF scores was higher than 1.96 SD units 
(Nguyen, Reverter, et al., 2018).

2.8 | Promoter region analysis

Promoter regions corresponding to the DEx genes were retrieved 
and used to predict associated transcription factors from anno-
tated affinities using the web-based tool known as PASTAA (http://
trap.molgen.mpg.de/cgi-bin/pastaa.cgi) (Roider, Manke, O'Keeffe, 
Vingron, & Haas, 2009). Significant TFs matrix (p-value < .05) associ-
ated with the DEx genes were selected for further analyses.

3  | RESULTS

A total of 14,437 transcripts were expressed in the muscle sam-
ples of Brahman heifers (RPKM value greater than 0.2 on aver-
age). Among these transcripts, 431 were differentially expressed 
(DEx, p-value < .01) in the pre- versus post-pubertal comparison. 
Of the 431 DEx transcripts (genes and non-coding RNAs), 238 tran-
scripts were upregulated and 193 transcripts were downregulated 
after puberty (Figure 1, Table S1). Among all the DEx transcripts, 
175 transcripts increased or decreased at least twofold after pu-
berty (Table S1). Table 1 summarizes the transcripts with high av-
erage expression difference (POST – PRE > 4) in the muscle tissue 
of Brahman heifers. Note that the top two transcripts with highest 
average expression difference were ENSBTAG00000043574 and 
ENSBTAG00000025485 and both of them are novel genes in terms 
of the bovine genome functional annotation. According to Ensembl, 
the gene ENSBTAG00000043574 is a mitochondrial transfer ribonu-
cleic acid (Mt-tRNA) and ENSBTAG00000025485 is a member of the 
glutathione S-transferase (GSTA) family. Some DEx transcripts were 

previously identified to be involved in puberty (Table S1). For exam-
ple IGFBP2 that belongs to the IGF1 pathway, OXT that codes for ox-
ytocin and PRL that codes for the prolactin hormone, all have known 
roles in reproductive biology. In short, the functions of some of the 
DEx transcripts are easier than others to interpret in the context of 
puberty. The functions of 8 top DEx transcript (POST - PRE > 4|) will 
be further explored in the discussion of this manuscript.

Functional enrichment analyses identified “extracellular region,” 
“extracellular space” and “extracellular region part” as the most over-
represented GO terms (significantly enriched) in the cellular com-
ponent category, indicating that most DEx transcripts are located in 
extracellular region and may be associated with the extracellular ma-
trix (Table 2, p < .05). In the biological processes category, the GO 
terms “inflammatory response” and “defence response” were signifi-
cantly enriched, indicating that DEx transcripts could be involved in 
these processes (Table 2). As for the molecular function category, the 
GO term “hormone activity” was the only term that was significant 
(Table 2, adjusted p-value < .05). We were able to group some DEx 
transcripts into three KEGG pathways, although no pathway was sig-
nificantly enriched (Table 3, adjusted p-value < .05). Nevertheless, two 

F I G U R E  1   (a) Gene co-expression network computed by Partial 
Correlation and Information Theory (PCIT) algorithm and illustrated 
with Cytoscape. (b) Protein–protein interaction (PPI) network 
analysed by STRING database (https://strin g-db.org/cgi/input.pl)

ATF5

(a)

(b)

http://trap.molgen.mpg.de/cgi-bin/pastaa.cgi
http://trap.molgen.mpg.de/cgi-bin/pastaa.cgi
https://string-db.org/cgi/input.pl
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of the pathways identified, namely the retinol metabolism and steroid 
hormone biosynthesis, are known to be related to puberty. The DEx 
transcripts AKR1D1, CYP1B1, ENS40337, ENS37890, RDH16 and 
CYP1A2 were all downregulated after puberty.

The PCIT derived co-expression gene network comprised of 
1,441 transcripts with 55,091 connections (Figure 1), whereas 
the PPI network contained 646 interconnected proteins forming 
1,706 connections. Cytoscape network analyses of both the gene 

ENSB taga  Geneb  POSTc  PREc 

Average 
expression 
difference FCd 

ENSBTAG00000043574 ENS43574 7.19 1.91 5.28 3.76

ENSBTAG00000025485 ENS25485 1.95 7.12 −5.17 0.27

ENSBTAG00000042678 SNORA71 2.01 6.94 −4.93 0.29

ENSBTAG00000045039 SCARNA17 7.40 2.55 4.85 2.90

ENSBTAG00000044778 U6 2.14 6.91 −4.77 0.31

ENSBTAG00000043695 bta-mir−450b 8.59 3.88 4.70 2.21

ENSBTAG00000031600 ENS31600 2.51 7.06 −4.55 0.36

ENSBTAG00000048516 ENS48156 8.61 4.26 4.35 2.02

Abbreviations: FC, Fold change.
aENSB tag: Ensembl gene identifier according to http://www.ensem bl.org/. 
bGene symbol. 
cPOST is the average gene expression after puberty and PRE is the average gene expression before 
puberty. 
dFC (fold change) describes the ratio of expression between pre- and post-puberty; FC = POST/
PRE. FC between 0 and 0.5 means post-pubertal expression has decreased more than 2 folds in 
comparison to pre-pubertal expression, FC between 0.5 to 1 means no difference in expression in 
both pubertal stages, whereas FC of more than 1 indicates increase in expression at post-pubertal. 

TA B L E  1   Top differentially expressed 
(DEx) transcripts in the muscle tissue of 
pre- and post-pubertal Brahman heifers 
(|FC > 4|)

TA B L E  2   GO (gene ontology) terms that were significantly enriched in the muscle samples

Category GO Term Descriptiona  Countb  %c  Adjusted p-value

GOTERM_CC_FAT GO:0005576 Extracellular region 39 11.1 3 × 10−9

GOTERM_CC_FAT GO:0005615 Extracellular space 16 4.6 1 × 10−3

GOTERM_CC_FAT GO:0044421 Extracellular region part 17 4.9 4 × 10−2

GOTERM_BP_FAT GO:0006952 Defence response 13 3.7 4 × 10−2

GOTERM_BP_FAT GO:0006954 Inflammatory response 10 2.9 2 × 10−2

GOTERM_MF_FAT GO:0005179 Hormone activity 6 1.7 2 × 10−2

Note: Results obtained using DAVID enrichment analyses (https://david -d.ncifc rf.gov/). Only GO terms with p < .05 after correction of multiple 
testing were considered significant and included in this table. CC: Cellular component, MF: Molecular function, BP: Biological process.
aDescription: the function related to the group of genes. 
bCount: number of genes involved in the respective category. 
c%: fraction of genes involved in the category as compared with all the genes listed. 

Entrya  Pathway Countb  %c  Adjusted p-value

bta04610 Complement and 
coagulation cascades

7 2 9.20 × 10−2

bta00830 Retinol metabolism 4 1.1 6.50 × 10−1

bta00140 Steroid hormone 
biosynthesis

3 0.9 8.80 × 10−1

Note: Results obtained using DAVID enrichment analyses (https://david -d.ncifc rf.gov/). Pathway 
with corrected p- value < .05 is considered significantly enriched.
aEntry: unique KEGG pathway identifier representing specific pathway. 
bCount: number of genes involved in the pathway. 
c%: fraction of genes that are involved in the pathway. 

TA B L E  3   Three KEGG (Kyoto 
Encyclopedia of Genes and Genomes) 
pathways enriched in the muscle samples

http://www.ensembl.org/
https://david-d.ncifcrf.gov/
https://david-d.ncifcrf.gov/
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co-expression and the PPI networks revealed six hub genes, as these 
genes fulfilled our selection criteria of more than 2 SD in both net-
works. Our hub genes were MYC, CREB1, TCF3, ATF2, CDC5L and 
RUNX2 and their roles will be individually explored in the discussion. 
Another pathway enrichment analysis was performed with the 1,441 
connected transcripts in the network and resulted in significant en-
richment of “extracellular region” and “extracellular space,” further 
confirming the importance of these GO terms in muscle samples of 
Brahman heifers, in the context of puberty.

To identify key regulatory genes in the muscle sample, RIF metric 
was applied to all 1,452 TFs expressed in the muscle samples, DEx 
or not (Table S2). The RIF analyses identified 48 key TFs (SD > 1.96 
units) where nearly half of them (22 key TFs) belong to the zinc fin-
ger family (Table 4). Other major family of TFs include the bHLH 
(basic helix-loop-helix) family (TAL1, HES4, SREBF2, MXD4 and TCF3) 
and the homeobox family (DLX5, EMX2, IRX2 and HOXA6) as listed 
in Table 4. Of note, other than being a key TF, HES4 is also a DEx 
gene and TCF3 is also a hub gene. The key TFs with high RIFs (RIF1 
or RIF2 > 3 SD units) were ZNF419, ENSBTAG00000038926, DLX5 
and EMX2. Interestingly, ZNF419 and ENSBTAG00000038926 are 
members of the zinc finger family, whereas DLX5 and EMX2 are TFs 
from the homeobox family. All the top key TFs had a lower pre-pu-
bertal expression, with one exception: EMX2 demonstrated a higher 
pre-pubertal expression level. Other noteworthy key TFs, were ZIC4 
and members of the GATA family, GATA2 and GATA6, due to their 
relevant role in previous studies (see the Discussion). An enrichment 
analysis revealed no significant pathway related to the key TFs.

As a mean of determining the TFs binding sites (TFBS) in our 
samples, PASTAA analysis was performed with the list of DEx 
transcripts. A total of 57 matrixes (TFBS) were found to be signifi-
cantly associated with our DEx transcripts (p-value < .05) (Table S3). 
Specific TFBS were identified for TCF3. Therefore, TCF3 was a hub 
gene, a key TF and a TF that could be identified in the promoter 
region analyses, that is three methods suggest its role as a regulator 
of gene expression in muscle, particularly important in the context 
of puberty.

4  | DISCUSSION

The Hypothalamus-Pituitary-Gonadal (HPG) axis is central to pu-
berty and reproduction, and yet it may not be the full story. There 
have been increasing evidence for the link between whole-body 
function, metabolism and the establishment of an active reproduc-
tive system through puberty. For example, liver, a highly metabolic 
organ was found to be strongly correlated with reproduction where 
genes related to growth regulation and puberty onset were identi-
fied (Fontana & Della Torre, 2016; Montagner et al., 2016; Nguyen, 
Reverter, et al., 2018). Proteomic studies of adipose tissue identified 
proteins enriched in pathways that are known integrators of energy 
metabolism and reproduction (Nguyen, Reverter, et al., 2018). IGF1 
and Leptin are accepted as peripheral signals that feedback to the 
HPG axis in a manner that is relevant to cattle puberty (Fortes, Li, 

Collis, Zhang, & Hawken, 2013; Narro, Thomas, Silver, Rozeboom, & 
Keisler, 2003; Nogueira & Paula Beltran, 2008). The role of periph-
eral tissues in the context of puberty is under ongoing investigation.

In our study, we found some consistent results with a puberty 
study in Brangus (Bos indicus crossed with Bos taurus) heifers 
(Canovas et al., 2014). For instance both studies found OXT gene 
to be downregulated between pre- and post-puberty heifers, in the 
muscle. The GO term “hormone activity” was significantly enriched 
in DEx transcripts for both studies, which we will discussed in one 
of the following paragraphs (Canovas et al., 2014). Most importantly, 
our study adds evidence for the whole-body theory by sampling the 
muscle of pre- and post-pubertal heifers and identifying 431 DEx 
transcripts. Out of 431 DEx transcripts, 8 DEx transcripts demon-
strated high average expression difference (POST – PRE > 4) be-
tween pre- and post-puberty. They were ENSBTAG00000043574, 
ENSBTAG00000025485, SNORA71, SCARNA17, U6, bta-mir-450b, 
ENSBTAG00000031600 and ENSBTAG00000048156. We elaborated 
on these transcripts in the following paragraphs.

Regulation of energy metabolism largely depends on mitochon-
dria, an eukaryote organelle generating most energy in the cell 
through oxidative phosphorylation (OXPHOS) (Suzuki, Nagao, & 
Suzuki, 2011). In this study, the mt-tRNA, ENSBTAG00000043574 
had the highest average expression difference between pre- and 
post-puberty in muscle samples. A human obesity study demon-
strated mitochondrial change in function during mid-pubertal, 
suggesting its role in alteration of glucose metabolism during nor-
mal pubertal development (Fleischman, Kron, Systrom, Hrovat, & 
Grinspoon, 2009). As such, the high average expression difference in 
ENSBTAG00000043574 could be an effect of increased glucose me-
tabolism for energy consuming processes related to muscle growth 
and puberty. In addition, mitochondria functions in various cellular 
activities include steroid synthesis, storage of intracellular calcium 
ions as well as the regulation of cellular proliferation and differentia-
tion, all processes that are involved in energy metabolism and repro-
duction (Wallace, 2005).

The DEx transcript with the second highest average expression 
difference was ENSBTAG00000025485, a gene of the glutathi-
one S-transferase (GSTA) gene family that encodes genes for pro-
cesses such as detoxification and toxification mechanism (Nebert 
& Vasiliou, 2004). GSTA genes have been reported to be upregu-
lated in response to oxidative stress and in many tumours (Nebert & 
Vasiliou, 2004). During puberty where there is an increased growth 
and metabolism, oxidative stress can occur due to the imbalance be-
tween antioxidant and reactive oxygen species (ROS), a by-product 
of cellular metabolism (Mangel & Munch, 2005; Yu, 1994). Hence, 
with a fold change (FC) of 0.27, the higher pre-pubertal expression 
of ENSBTAG00000025485 could be an indication of oxidative stress. 
Alternatively, ENSBTAG00000025485 could be a transcriptional re-
pressing gene where the high pre-pubertal expression delays the 
onset of puberty (Fortes, Nguyen, Porto Neto, et al., 2016). Further 
studies are required to investigate this hypothesis.

Majority of our top DEx transcripts are small nucleolar RNAs 
(snoRNAs); the SNORA71, SCARNA17 and U6. These snoRNAs 
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TA B L E  4   Transcription factors that 
are important regulators according to the 
regulatory impact factor (RIF) metric in 
muscle tissues (RIF > 1.96)

ENSB taga  Geneb  Familyc  RIF1d  RIF2d 

ENSBTAG00000017613 ZNF419 zf-C2H2 4.10 1.50

ENSBTAG00000018645 DLX5 Homeobox 4.05 1.00

ENSBTAG00000003027 EMX2 Homeobox 3.42 1.40

ENSBTAG00000038926 ENSBTAG00000038926 zf-C2H2 3.35 1.38

ENSBTAG00000018131 ATF1 TF_bZIP 2.01 2.68

ENSBTAG00000002291 ZBTB41 ZBTB 2.51 1.59

ENSBTAG00000002690 BLZF1 Others 2.29 1.76

ENSBTAG00000017651 ENSBTAG00000017651 zf-C2H2 2.33 1.70

ENSBTAG00000024115 FOXO6 Fork_head 2.49 1.38

ENSBTAG00000005572 ZNF205 zf-C2H2 2.19 −1.68

ENSBTAG00000030939 ZNF575 zf-C2H2 2.54 1.33

ENSBTAG00000014749 ZIC4 zf-C2H2 2.24 1.61

ENSBTAG00000037440 ENSBTAG00000037440 zf-C2H2 2.20 1.43

ENSBTAG00000026307 ZNF629 zf-C2H2 2.49 1.09

ENSBTAG00000019885 ZNF280C zf-C2H2 2.62 0.89

ENSBTAG00000002201 NFXL1 zf-NF-X1 2.75 0.67

ENSBTAG00000012385 NFX1 zf-NF-X1 2.43 −0.99

ENSBTAG00000026408 ZNF213 zf-C2H2 2.06 1.36

ENSBTAG00000012074 MYB MYB 2.20 1.13

ENSBTAG00000040585 NR6A1 GCNF-like 2.20 −1.10

ENSBTAG00000000054 SNAPC4 MYB 2.27 −0.98

ENSBTAG00000047405 ENSBTAG00000047405 zf-C2H2 −2.08 −1.14

ENSBTAG00000023938 CENPA Others 2.51 0.70

ENSBTAG00000047499 IRX2 Homeobox 2.07 1.14

ENSBTAG00000005734 GATA6 zf-GATA 2.50 0.53

ENSBTAG00000005029 TAL1 bHLH 2.27 −0.75

ENSBTAG00000019707 GATA2 zf-GATA 2.45 −0.56

ENSBTAG00000014705 HES4 bHLH 2.16 0.83

ENSBTAG00000002336 RCOR1 MYB 2.42 −0.56

ENSBTAG00000033563 ZNF529 zf-C2H2 2.67 −0.30

ENSBTAG00000037906 ENSBTAG00000037906 zf-C2H2 2.07 −0.88

ENSBTAG00000015879 TULP3 Tub 2.64 0.28

ENSBTAG00000008132 SOX13 HMG 2.81 0.09

ENSBTAG00000000195 ENSBTAG00000000195 zf-C2H2 2.62 −0.26

ENSBTAG00000014265 SREBF2 bHLH 2.25 −0.63

ENSBTAG00000018270 NFATC2 RHD 2.32 0.55

ENSBTAG00000027442 NFIB CTF/NFI 2.86 0.00

ENSBTAG00000011957 CREBL2 Others 2.45 0.36

ENSBTAG00000024341 HOXA6 Homeobox 2.14 −0.60

ENSBTAG00000000625 SMAD6 MH1 2.69 −0.03

ENSBTAG00000015209 MXD4 bHLH 2.33 0.28

ENSBTAG00000010568 ZBED5 zf-BED 2.51 0.02

ENSBTAG00000003687 FOXK2 Fork_head −2.00 0.43

ENSBTAG00000010130 ZNF335 zf-C2H2 1.99 −0.42

ENSBTAG00000007983 ZNF775 zf-C2H2 2.28 0.08

ENSBTAG00000038034 ZNF628 zf-C2H2 2.05 0.30

ENSBTAG00000008695 TCF3 bHLH −2.07 −0.26

ENSBTAG00000003457 ATF5 TF_bZIP 2.16 0.16

aENSB Tag: Ensembl gene identifier according to http://www.ensem bl.org/. 
bGene symbol. 
cFamily: Transcription factor family. 
dRIF1 = regulatory impact factor 1; RIF2 = regulatory impact factor 2. 

http://www.ensembl.org/
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are non-coding genes guiding the modifications of other small 
nuclear RNAs (Matera, Terns, & Terns, 2007). The snoRNA fam-
ilies are known to be involved in site-specific RNA modification, 
DNA methylation and modulation of protein function (Matera 
et al., 2007). However, there is limited knowledge for the role of 
snoRNAs in muscle cells, during cattle puberty. A deletion of a 
snoRNA, SNORD116 in mice resulted in post-natal growth retar-
dation, delayed sexual maturation, motor learning deficit and hy-
perphagia (Ding et al., 2008). Deletion of another class of snoRNA 
(HB11-85) in humans revealed its role in energy homeostasis, 
growth and reproduction (de Smith et al., 2009). In vivo studies 
revealed the role of snoRNA U17 in regulating trafficking of cellu-
lar cholesterol, an obligate precursor for steroid hormone synthe-
sis (Jinn et al., 2015). Altogether, snoRNAs harbour an important 
link between energy metabolism and reproduction but the exact 
mechanism in muscle during cattle puberty is not well understood. 
Among the three most DEx snoRNAs, only SNORA71 had been pre-
viously discussed in literature for its additional roles in metabolic 
stress, a physiological process that is capable of initiating anabolic 
signalling for muscle growth and adaptations on energy metabo-
lism (Ozaki, Loenneke, Buckner, & Abe, 2016; Youssef et al., 2015). 
The extremely high pre-pubertal expression (FC = 0.29) could be 
due to an increased metabolism occurring just before the first 
ovulation, which is paramount for muscle growth leading to the 
onset of reproduction. The significant changes in the expression 
of SCARNA17 (FC = 2.90) and U6 (FC = 0.31) in muscle puberty 
warrant further studies.

Another non-coding molecule, bta-mir-450b is also among our 
top DEx transcripts. It was significantly upregulated in the muscle 
tissue of Brahman heifers (FC = 2.21) after puberty. While hundreds 
of miRNAs have been discovered, only a few were studied in detail 
for their specific biological functions. There is no detailed study of 
bta-mir-450b. However, a previous bovine study revealed bta-mir-
450b to be among the set of differentially upregulated miRNAs in 
the granulosa cells of pre-ovulatory dominant follicles, suggesting 
this miRNA has an important role in post-transcriptional regulation 
of genes involved in follicular development, during the late follicular 
phase of the oestrous cycle (Gebremedhn et al., 2015). Evidently, 
follicular development is important in the context of puberty, but 
there is limited information regarding the role that bta-mir-450b may 
play in muscle cells.

The gene ENSBTAG00000031600 is a novel bovine gene with 
limited information. Another gene with high average expression dif-
ference, ENSBTAG00000048156 is a pseudogene, which may lack 
protein-coding ability. However, recent studies had revealed the reg-
ulation potential of pseudogenes on their protein-coding counter-
parts (Sisu et al., 2014). The high FC of 2.02 warrants further study 
to explore the potential regulatory role of ENSBTAG00000048156 in 
muscle puberty.

Functional enrichment analyses found significant enrichment of 
“extracellular region”, “extracellular space” and “extracellular region 
part”. These terms are generally used to describe proteins that exist 
outside of the cell but remains associated with it, though the term 

“extracellular region” can also be used to describe material that is 
secreted into the blood or interstitial fluid (Ashburner et al., 2000). 
The contraction and relaxation of skeletal muscle requires the entry 
of extracellular calcium (Ca2+) into the cytosol to activate or deacti-
vate a series of contractile proteins (Cho, Woo, Perez, & Lee, 2017). 
Besides Ca2+ molecule, the term “extracellular region” was found to 
be related to amino acid transport where extracellular amino acid 
is required for skeletal muscle protein synthesis affecting muscle 
size and strength (Dickinson & Rasmussen, 2013). Protein synthe-
sis can occur through cell surface receptors such as integrin, where 
binding of ECM proteins collagen induces cell proliferation and dif-
ferentiation that are imperative for the growth and maintenance 
of muscle in livestock and humans (Allen, Merkel, & Young, 1979; 
Briquez, Hubbell, & Martino, 2015). The ECM components also con-
tribute directly to the regenerative potential of muscle. In fact, it 
has been reported that a fibronectin-rich fibrosis is essential to ac-
tivate the proliferation of muscle satellite cells that occurs during 
the initial step of regeneration (Bentzinger et al., 2013). The accel-
erated muscle development conferred during, and continuing after 
puberty might involve altered gene expression to support stabiliz-
ing the ECM (Venken et al., 2007). In addition, ECM is a reservoir 
of growth factors and various cytokines that modulates intracellular 
signalling by releasing growth factors in a specific spatio-temporal 
manner (Briquez et al., 2015; Kirkpatrick & Selleck, 2007). The GO 
term “extracellular space” applies to activin, inhibin, interleukin and 
insulin-like growth factor (IGF), molecules that may interact with 
ECM as growth factors. Activin and inhibin are antagonists of each 
other their feedback to FSH release, which may contribute to pu-
berty processes just like interleukin and IGF do (Casazza, Hanks, & 
Alvarez, 2010; Cole, Ahmed, Preece, Hindmarsh, & Dunger, 2015; 
Oksbjerg, Gondret, & Vestergaard, 2004). In short, DEx transcripts 
in muscle were associated with extracellular components in various 
aspects that may contribute to puberty.

With GO terms such as “defence response” and “inflammatory 
response” being significantly enriched, DEx transcripts are likely to 
be involved in the immune system. As concluded by previous stud-
ies, immune system is closely relevant to muscle regeneration (Yang 
& Hu, 2018). After a muscle injury, muscles regenerate through the 
activation of both innate and adaptive immune system by secreting 
cytokines, growth factors and other factors (Yang & Hu, 2018). The 
enrichment of the “complement and coagulation pathway” could be 
due the crosstalk between the complement system and homeostasis 
that are activated simultaneously during inflammation, a vital pro-
cess for muscle regeneration (Markiewski, Nilsson, Nilsson Ekdahl, 
Mollnes, & Lambris, 2007). Besides, the increased ROS during pu-
berty triggers the production of antioxidant, a cellular defence 
against the damaging effect of ROS also supports the claim that DEx 
transcripts have immune functions (Yu, 1994). Puberty is a phase of 
rapid growth (height, weight or bone size), where tissues are sus-
ceptible to changes and heightened immunity. Several studies across 
species reported trade-offs between immune function and growth, 
implying that growth has a significant impact on the immune sys-
tem (Bayyari et al., 1997; Cotter, Myatt, Benskin, & Wilson, 2008; 
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Vijendravarma, Kraaijeveld, & Godfray, 2009). The immune system 
plays an important role in skeletal muscle growth, justifying the sig-
nificant enrichments for terms such as “defence response” and “in-
flammatory response” in our samples.

It is important to note that muscle function is not confined to 
locomotion and posture. Skeletal muscle has been firmly established 
as an endocrine organ in recent years, and the cytokines or proteins 
released are called myokines (Lightfoot & Cooper, 2016). Subsequent 
to its release, myokines exert auto-, para- and/or endocrine effects 
on various organs. For instance the myokine interleukin-6 (IL-6) have 
been reported to enhance the intestinal L-cells and pancreatic α-cells 
insulin secretion on exercise (Ellingsgaard et al., 2011). Again, under 
exercise, the increased mRNA and protein level of brain-derived 
neurotrophic factor (BDNF) in skeletal muscle enhances fat oxida-
tion through activation of AMPK (AMP-dependent kinase) signalling 
(Matthews et al., 2009). Adding to that, physical exercises have been 
proven to increase the release of adrenaline, growth hormone and 
prolactin from skeletal muscles (Nieman, 2003). While there is lim-
ited finding regarding the release of puberty-related hormone from 
skeletal muscle, at this point, the role of skeletal muscle as an en-
docrine organ is reaffirmed, explaining the significant enrichment 
of “hormone activity.” Our result is further validated by a puberty 
study involving LDM from Brangus bull, where the GO term “hor-
mone activity” is also significantly enriched (Canovas et al., 2014). 
Our DEx transcripts that were associated with “hormone activity” 
include apelin, inhibin, natriuretic peptide precursor C and oxytocin 
(these were downregulated); and prolactin and neurotensin, which 
were upregulated post-puberty. These transcripts probably respond 
to progesterone signalling in the muscle, as the presence of this hor-
mone is an important difference between pre- and post-pubertal 
heifers in our experimental design.

It is worth noticing that transcripts in “retinol metabolism” and 
“steroid hormone synthesis” pathways were DEx in our samples. 
Retinol, commonly known as Vitamin A, has been reported as es-
sential for both male and female reproduction as its interference 
with steroid hormone synthesis can cause impairment in repro-
duction, growth and development (Clagett-Dame & DeLuca, 2002; 
Sanderson, 2006). The direct role of these pathways to muscle pu-
berty is yet to be identified.

In the light of identifying important genes in our muscle samples, 
a gene co-expression network was predicted by PCIT as well as a 
PPI network analysed by STRING (Figure 1). We identified six hub 
genes; CDC5L, MYC, TCF3, RUNX2, ATF2 and CREB1 based on their 
high connectivity. The role of each hub gene is discussed the follow-
ing paragraphs.

Cell cycle and cell proliferation is obviously important to the 
growth and development of complex organisms. One of our hub 
genes, CDC5L has a crucial role in cell cycle by regulating G2 pro-
gression and mitotic entry as well as gene transcription (Lei, Shen, 
Xu, & Bernstein, 2000). Higher levels of CDC5L ensure correct cell 
division by checking that DNA is correctly replicated and not dam-
aged (G2/M checkpoint) (Mourot et al., 2006). It is also responsible 
for mRNA splicing with a high conservation across species (Ajuh & 

Lamond, 2003). Therefore, this gene might be regulating its pre-
dicted targets in the derived network, influencing cell cycle progres-
sion and therefore muscle growth during puberty.

Likewise, MYC also plays a significant role in cell cycle regula-
tion. Commonly known as a proto-oncogene, MYC is responsible for 
cell cycle control and cellular transformation (Bretones, Delgado, 
& Leon, 2015). This gene can regulate the mitochondrial metabolic 
network transcriptome enabling a rapid cell cycle entry, presumably 
during high metabolic periods such as puberty (Morrish, Neretti, 
Sedivy, & Hockenbery, 2008). A mice study suggested that MYC 
promotes muscle mass through the maintenance of myoblast in a 
proliferative state and also plays a role in differentiation and growth 
of muscle tissue through androgen receptors (Rana, Lee, Zajac, 
& MacLean, 2014). It is likely that MYC also functions in a similar 
pattern in our bovine muscle samples. In addition, MYC was identi-
fied as a gene with pleiotropic effects related to fertility traits, pro-
duction and health in beef cattle (Fonseca et al., 2018). It regulates 
genes associated with the lactation cycle, meat and carcass traits, as 
well as reproductive biology (Bionaz & Loor, 2008; Oh, Kim, Lee, & 
Song, 2015; Zhang, Chu, et al., 2017). In short, the MYC gene plays 
an important regulatory role in cell cycle, metabolism, growth and 
fertility traits in beef cattle that together may contribute to how pu-
berty regulates to muscular growth.

A recent study revealed that TCF3, another hub gene identi-
fied in our muscle samples, regulates MYC (Shah, Rennoll, Raup-
Konsavage, & Yochum, 2015). TCF3 represses MYC expression 
in colorectal cancer (Shah et al., 2015). Many genetic studies re-
vealed TCF3 as a transcriptional repressor across systems (Cole, 
Johnstone, Newman, Kagey, & Young, 2008; Merrill et al., 2004; Yi 
et al., 2011). For example TCF3 acts as a transcriptional repressor 
during the development of hypothalamic-pituitary axis in mice and 
humans (Gaston-Massuet et al., 2016). TCF7L1 is the promoter for 
TCF3 and the term TCF7L1 is commonly used to refer to the gene 
TCF3 (Cadigan & Waterman, 2012). With evidence supporting its 
repressor effect on the hypothalamic-pituitary axis that is integral 
to puberty onset, TCF3 is likely to be pubertal repressive either by 
directly impacting the HPG axis or through the regulation of pu-
berty-related genes. The higher pre-pubertal expression of TCF3 
(FC = 0.94) in our samples could be repressing the HPG axis delay-
ing puberty onset. On top of being identified as a hub gene, TCF3 
is also a key TF with the list of DEx transcripts enriched for binding 
sites specific to TCF3, which further validates its importance in our 
muscle samples. Furthermore, TCF3 has three other hub genes as 
direct targets; ATF2, MYC and CREB1, emphasizing its vast influence 
in the gene network (Figure 2). As mentioned previously, TCF3 can 
also be a gene activator and this is evidenced by its role in enhancing 
osteogenesis both in vitro and in vivo, making it a positive regulator 
of osteogenesis (Liu et al., 2013), while it could be an activator for 
the HPG axis.

Osteogenesis is the formation of osteoblast that is responsible 
for synthesis and mineralization of bone. With growth in height 
being one of the prominent changes in puberty, osteogenesis-re-
lated genes are therefore important in our study. In fact, one of 
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our hub genes, RUNX2 is a well-established TF in multiple stages of 
skeletal development (Komori, 2002). During osteogenesis, RUNX2 
determines the lineage of osteoblasts from multipotent mesenchy-
mal cells, enhances osteoblast differentiation at an early stage, and 
inhibits osteoblast differentiation at a late stage (Komori, 2002). The 
longitudinal growth of long bones occurs at epiphyseal plate and 
RUNX2 was reported to be responsible for the epiphyseal matura-
tion, particularly during puberty (Emons et al., 2011; Milz, Boszczyk, 
& Putz, 2002). In short, RUNX2 is an important TF for osteoblasts. 
The higher pre-pubertal expression of RUNX2 (FC = 0.85) in our sam-
ples could be an upregulation for osteoblast formation required for 
bone growth during puberty, although this key TF is not a DEx gene. 
Although the skeletal and muscular systems are closely related, it 
remains unclear whether RUNX2 has a role in myogenesis during 
puberty onset. It is possible to hypothesize that RUNX2 produced 
by muscle cells is perceived by bone cells and influences skeletal 
growth as well as epiphyseal plate ossification during puberty.

Two of our hub genes, ATF2 and CREB1, are members of the ATF/
CREB family with diverse functions in controlling cell proliferation 
and apoptosis (Persengiev & Green, 2003). In a previous study, ATF2 
was highly expressed in bovine embryonic cells suggesting its possi-
ble role in transcriptional regulation during early genome activation 
(Vigneault, McGraw, & Sirard, 2009). ATF2 is an important regulator 
of homeostasis and cell-fate decisions as well as a positive regulator 
of adipocyte differentiation and fat storage, implying it is important 
for development and metabolism (Gozdecka & Breitwieser, 2012; 
Maekawa, Jin, & Ishii, 2010; Okamura, Shimizu, Nagao, Ueda, & 

Ishii, 2007). The slight change in expression of ATF2 (FC = 0.99) 
could implies its role in homeostasis regulation in muscle, regardless 
of puberty.

The gene CREB1 is also metabolically important as it mediates 
transcriptional responses to different stimuli such as hormones, 
growth factors and neurotransmitters (Steven et al., 2017). Adipose 
tissue coordinates the systemic insulin and modulates energy bal-
ance through CREB1, implying CREB1 plays an important role in glu-
cose homeostasis and energy metabolism (Qi et al., 2009). CREB1 
was identified as one of the most critical genes in bovine intramus-
cular fats (IMF), likely to be coordinating glucose homeostasis and 
metabolism-related genes (Zhang, Wang, et al., 2017). Additionally, 
CREB transcription factors also induce genes that regulate inflam-
mation and vascular remodelling that are integral for skeletal muscle 
regeneration (Ichiki, 2006). Similar to ATF2, the change in the expres-
sion of CREB1 (FC = 1.12) could implies its role in homeostasis that 
occurs throughout an organism life. Taken together, CREB1 could be 
regulating the glucose homeostasis and energy metabolism in bovine 
IMF as well as inflammation in our muscle samples: all processes that 
are important for muscle growth during puberty as discussed earlier.

Despite their important roles in controlling gene expression, TFs 
are often lowly expressed and/or not DEx (Vaquerizas, Kummerfeld, 
Teichmann, & Luscombe, 2009). The interactions between TFs are 
paramount for tissue remodelling and temporal changes in gene ex-
pression but these vital changes are sometimes overlooked in dif-
ferential expression analyses (Ravasi et al., 2010). RIF analyses of 
our muscle samples revealed 48 key regulators and nearly half of 
them (46%) belong to the zinc finger family (ZNF). This is a high per-
centage when compared with our previous findings; 26% ZNF in the 
hypothalamus, 28% in ovaries, 22% in the pituitary gland and 23% in 
liver samples (Fortes, Nguyen, Weller, et al., 2016; Nguyen, Reverter, 
et al., 2018; Nguyen et al., 2017). Although there is limited evidence 
regarding the role of ZNF in skeletal muscle, the ZNF members 
have well established role in puberty onset. Many studies in women 
revealed the association between single-nucleotide polymor-
phism located near ZNF462 and ZNF483 and age of puberty (Chen 
et al., 2012; Perry et al., 2009). An elevation of ZNF217 expression 
was observed in pre-pubertal mice, which then declined abruptly 
before puberty and remained low after puberty (Abreu et al., 2013). 
Another study reported a decrease in ZNF573 in peri-pubertal female 
monkeys (Lomniczi et al., 2015). Two high RIF genes, ZNF419 and 
ENSBTAG00000038926 had a lower pre-pubertal expression, raising 
the possibility that their reduced expression releases the puberty 
“brake” rendering the pulsatile release of GnRH. This possibility is in 
frame with the theoretical puberty “brake” proposed by Ojeda and 
his team (Lomniczi et al., 2015). According to this theory, ZNFs epi-
genetically repress a gene network that controls the pulsatile release 
of GnRH (Lomniczi et al., 2015). Our study not only contributes to 
the growing body of evidence supporting the influence of ZNF gene 
on puberty onset, it also indicates that more considerations should 
be given to skeletal muscle for its role in puberty.

Aside from the ZNF genes, the bHLH family is another major 
group of TFs. From our analysis, five key bHLH TFs were identified; 

F I G U R E  2   Gene co-expression subnetwork showing all direct 
neighbours of TCF3. V-shape represents key TF, diamond shape 
represents DEx genes, whereas round shape are other genes. 
Genes in purple are hub genes whereas genes in green are non-hub 
genes. Note that all the genes in the subnetwork are TFs. Gene 
subnetwork created by Cytoscape. TF, transcription factor
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TCF3, HES4, TAL1, SREBF2 and MXD4. In general, the bHLH genes 
are important in regulating Sertoli cells for normal testicular func-
tion and spermatogenesis (Chaudhary, Cupp, & Skinner, 1997; Tang 
et al., 2014). Loss of function of a bHLH (Nhlh2) lead to a disrup-
tion to the hypothalamic-pituitary axis in mice, implying its role 
in the onset of puberty and regulation of body metabolism (Good 
et al., 1997). The role of these genes in muscle merits further discus-
sion (see below) and future work.

In addition to classifying as a key TF, HES4 is a DEx gene in our 
muscle samples. Signalling by genes of the Hes family is important to 
mediate cell-cell communication, differentiation and steroidogenesis 
in ovarian granulosa cells (Kageyama, Ohtsuka, & Kobayashi, 2007; 
Prasasya & Mayo, 2017). Overexpression of HES4 leads to increased 
expression of RUNX2, one of our hub genes, which is critical to os-
teoblast differentiation (McManus et al., 2017). In our muscle sam-
ples, HES4 is upregulated after puberty and this change in expression 
might be a response to steroidogenesis and progesterone signalling, 
post-puberty, and this change could be vital for regulating muscle 
and bone growth during puberty.

The TAL1 gene is more commonly known as SCL/TAL1 (stem cell 
leukaemia/T-cell acute lymphoblastic leukaemia) and it is an essen-
tial TF in normal and malignant hematopoiesis, (i.e. the production 
of blood cells) (Porcher, Chagraoui, & Kristiansen, 2017). It also has a 
distinct role in the formation of intracellular junctions and the main-
tenance of heart muscle (Schumacher, Bloomekatz, Garavito-Aguilar, 
& Yelon, 2013). Bone marrow is an active site for blood production 
and the entire skeleton remains hematopoietically active until pu-
berty, when only a few sites remain active (Prabhakar, Ershler, & 
Longo, 2009). Therefore, the upregulation of TAL1 (FC = 1.65) in our 
samples could be imperative for maintaining the changing hemato-
poietic ability in bones as well as the identity of growing skeletal 
muscle during puberty. These emerging hypotheses need to be vali-
dated in future studies.

The SREBF (sterol regulatory element binding) family regulates 
cholesterogenic and lipogenic gene expression in the bovine liver and 
mammary glands. The isoform SREBF2 is a TF for cholesterol biosyn-
thesis in both dairy and beef cattle (Bommer & MacDougald, 2011; 
Romao, Jin, He, McAllister, & Guan, 2014). The pre-pubertal up-
regulation of SREBF2 (FC = 0.96) is likely to regulate increased lipid 
metabolism and biosynthesis associated with steroidogenesis and 
puberty.

A previous bovine study identified MXD4 as a candidate gene 
associated with heart girth and hip height in Chinese Holstein cat-
tle (Zhang, Chu, et al., 2017). A rodent study found MXD4 to be 
DEx in skull and limb bones and likely to contribute to site-specific 
mineralization and specification of bone development (Rawlinson 
et al., 2009). In short, MXD4 may contribute to the growth spurt in 
puberty as it impacts on skeletal and muscle growth as well as en-
ergy metabolism.

We also identified four members of the homeobox family, DLX5 
and EMX2, IRX2 and HOXA6. Homeobox genes have been well rec-
ognized as sequence-specific TFs related to embryonic differentiation 
and limb development (Fjose, McGinnis, & Gehring, 1985). Certain 

homeobox genes, particularly the hox genes were proposed to be 
regulating muscle-specific genes in mature muscle tissues (Capovilla, 
Kambris, & Botas, 2001). Specifically, members of the HoxA and HoxC 
clusters may regulate a universal aspect of myogenesis such as differ-
entiation and region-specific patterning during tissue remodelling in 
adult musculature (Goff & Tabin, 1997; Houghton & Rosenthal, 1999). 
In our sample, we identified HOXA6 as a key TF that was previously 
reported for its involvement in skeletal morphogenesis and fundamen-
tal processes of hemopoietic progenitor cell development (Dickson, 
Kwasniewska, Mills, Lappin, & Thompson, 2009; Wellik, 2007). 
Similarly, IRX2 is also involved in region-specific patterning where 
IRX1 and IRX2 are co-expressed and regulated during embryo hind-
limb development in chickens (Diaz-Hernandez, Bustamante, Galvan-
Hernandez, & Chimal-Monroy, 2013). It is also known that DLX5 and 
EMX2 are responsible for osteoblast formation and differentiation. For 
instance mice lacking DLX5 demonstrated severe craniofacial abnor-
malities with a delayed ossification of the cranium and abnormal osteo-
genesis (Acampora et al., 1999). Interestingly, DLX5 was also reported 
as an indispensable regulator of RUNX2, one of our hub genes that was 
previously discussed (Lee et al., 2003; Shirakabe, Terasawa, Miyama, 
Shibuya, & Nishida, 2001). However, no significant correlation was ob-
served between DLX5 and RUNX2 in our gene network. More recently, 
DLX5 was identified for its involvement in myogenic differentiation, 
where overexpression of DLX5 increased myogenic differentiation and 
knocking it down inhibited myogenesis (Qadir et al., 2014). It seems 
that the regulatory role of DLX5 impacts on both skeletal and muscu-
lar systems. Similarly, EMX2 plays a role in both skeletal and muscular 
systems. The upregulation of EMX2 by the Wnt and BMP signalling 
pathways leads to differentiation of mesenchymal stem cells (MSCs) 
into osteoblast (Wei, Chen, Fu, & Zhang, 2019). The higher pre-pu-
bertal expression of EMX2 in our samples could be an upregulation for 
osteoblast formation required for bone growth during puberty. Our 
study adds evidence to the importance of homeobox TFs in puberty, 
presumably in the context of osteogenesis and myogenesis.

One of our key TFs, ZIC4 was also a significant TF in both pi-
tuitary gland and ovarian samples from the same heifers, as pub-
lished before (Nguyen et al., 2017). Results from these three distinct 
tissues suggest that ZIC4 could have a global regulatory role in pu-
berty, perhaps in response to progesterone levels. A recent study 
in Hanwoo cattle associated ZIC4 with differentiation of longissimus 
dorsi and semi-membranous muscles, presumably through modulat-
ing muscle fate of satellite cells during myogenesis (de Las Heras-
Saldana, Chung, Lee, & Gondro, 2019). As such, it is tempting to 
assume that ZIC4 is also regulating myogenesis during puberty in our 
LDM samples.

Promoter sequence analyses identified as overrepresented the 
TFBS that is specific to TCF3. The evidence for TCF3 in regulating 
muscle gene expression that is relevant to puberty of Brahman heif-
ers was reinforced across our different analyses: TCF3 was a hub 
gene, and a significant TF according to RIF and to promoter region 
analyses. Despite being concluded as a gene repressor in multiple 
studies, TCF3 was also reported as a positive regulator of osteogen-
esis. It is therefore imperative to investigate if TCF3 has a repressive 
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effect on the HPG axis and/or an activating effect on osteogenesis 
and muscular growth, all related aspects of pubertal development.

5  | CONCLUSION

Our study highlights a few candidate genes that emerged from our 
differential expression and co-expression analyses as major regula-
tors of muscular growth and homeostasis during puberty, such as 
CDC5L, MYC, TCF3, RUNX2, ATF2 and CREB1. The strongest evi-
dence was for TCF3, a TF that was downregulated post-puberty, was 
a hub gene in the co-expression network, and a key TF in both RIF 
and promoter region analyses. These analyses also identified that 
zinc fingers, bHLH and homeobox families of TF contribute to gene 
regulation in muscle cells of per-pubertal Brahman heifers. Many 
of these regulators are known as important for osteoblast differen-
tiation and function, suggesting a regulatory link between muscle 
cells and osteoblasts, which might have a coordinated response to 
the hormonal stimulus that drive puberty. Despite the need of fur-
ther investigation into the specific roles for the identified candidate 
genes, our study reveals the muscular tissue does respond to hor-
monal and developmental cues during puberty. The skeletal muscle 
should be taken into consideration as an active organ in future stud-
ies of cattle puberty.

AUTHOR CONTRIBUTION
Li Yieng Lau: Data curation; Formal analysis; Investigation; Writing-
original draft. Loan To Nguyen: Formal analysis; Investigation. 
Antonio Reverter: Formal analysis; Supervision. Stephen S. Moore: 
Funding acquisition; Supervision. Aaron Lynn: Writing-original draft. 
Liam Mcbride-Kelly: Writing-original draft. Louis Phillips-Rose: 
Writing-original draft. Vanisha Vasudivan: Writing-original draft. 
Yunan Ye: Writing-original draft. Mackenzie Plath: Writing-original 
draft. Rhys MacFarlane: Writing-original draft. Marina R. S. Fortes: 
Formal analysis; Resources; Supervision; Writing-review & editing.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available in 
FAANG repository http://data.faang.org/home, reference code for 
files related to this trial: UQMoore.

ORCID
Li Yieng Lau  https://orcid.org/0000-0003-4517-1113 
Marina R. S. Fortes  https://orcid.org/0000-0002-7254-1960 

R E FE R E N C E S
Abeygunawardena, H., & Dematawewa, C. M. (2004). Pre-pubertal and 

postpartum anestrus in tropical Zebu cattle. Animal Reproduction 
Science, 82–83, 373–387. https://doi.org/10.1016/j.anire 
prosci.2004.05.006

Abreu, A. P., Dauber, A., Macedo, D. B., Noel, S. D., Brito, V. N., Gill, J. C., 
… Kaiser, U. B. (2013). Central precocious puberty caused by muta-
tions in the imprinted gene MKRN3. New England Journal of Medicine, 
368(26), 2467–2475. https://doi.org/10.1056/NEJMo a1302160

Acampora, D., Merlo, G. R., Paleari, L., Zerega, B., Postiglione, M. P., 
Mantero, S., … Levi, G. (1999). Craniofacial, vestibular and bone de-
fects in mice lacking the Distal-less-related gene Dlx5. Development, 
126(17), 3795–3809.

Ajuh, P., & Lamond, A. I. (2003). Identification of peptide inhibitors of 
pre-mRNA splicing derived from the essential interaction domains 
of CDC5L and PLRG1. Nucleic Acids Research, 31(21), 6104–6116. 
https://doi.org/10.1093/nar/gkg817

Allen, R. E., Merkel, R. A., & Young, R. B. (1979). Cellular aspects of mus-
cle growth: Myogenic cell proliferation. Journal of Animal Science, 
49(1), 115–127.

Arango, J., & Vleck, L. D. V. (2002). Size of beef cows: Early ideas, new 
developments. Genetics and Molecular Research, 1(1), 51–63.

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. 
M., … Sherlock, G. (2000). Gene ontology: Tool for the unification 
of biology. The Gene Ontology Consortium. Nature Genetics, 25(1), 
25–29. https://doi.org/10.1038/75556

Barabasi, A. L., & Oltvai, Z. N. (2004). Network biology: Understanding 
the cell's functional organization. Nature Reviews Genetics, 5(2), 101–
113. https://doi.org/10.1038/nrg1272

Bayyari, G. R., Huff, W. E., Rath, N. C., Balog, J. M., Newberry, L. A., 
Villines, J. D., & Skeeles, J. K. (1997). Immune and physiological re-
sponses of turkeys with green-liver osteomyelitis complex. Poultry 
Science, 76(2), 280–288. https://doi.org/10.1093/ps/76.2.280

Bentzinger, C. F., Wang, Y. X., von Maltzahn, J., Soleimani, V. D., Yin, 
H., & Rudnicki, M. A. (2013). Fibronectin regulates Wnt7a signaling 
and satellite cell expansion. Cell Stem Cell, 12(1), 75–87. https://doi.
org/10.1016/j.stem.2012.09.015

Bi, D., Ning, H., Liu, S., Que, X., & Ding, K. (2015). Gene expression pat-
terns combined with network analysis identify hub genes associated 
with bladder cancer. Computational Biology and Chemistry, 56, 71–83. 
https://doi.org/10.1016/j.compb iolch em.2015.04.001

Bionaz, M., & Loor, J. J. (2008). Gene networks driving bovine milk fat 
synthesis during the lactation cycle. BMC Genomics, 9, 366. https://
doi.org/10.1186/1471-2164-9-366

Bommer, G. T., & MacDougald, O. A. (2011). Regulation of lipid homeo-
stasis by the bifunctional SREBF2-miR33a locus. Cell Metabolism, 
13(3), 241–247. https://doi.org/10.1016/j.cmet.2011.02.004

Bretones, G., Delgado, M. D., & Leon, J. (2015). Myc and cell cycle control. 
Biochimica Et Biophysica Acta (BBA) - Gene Regulatory Mechanisms, 
1849(5), 506–516. https://doi.org/10.1016/j.bbagrm.2014.03.013

Briquez, P. S., Hubbell, J. A., & Martino, M. M. (2015). Extracellular ma-
trix-inspired growth factor delivery systems for skin wound healing. 
Advances in Wound Care, 4(8), 479–489. https://doi.org/10.1089/
wound.2014.0603

Brito, L. F., Silva, A. E., Unanian, M. M., Dode, M. A., Barbosa, R. T., & 
Kastelic, J. P. (2004). Sexual development in early- and late-matur-
ing Bos indicus and Bos indicus × Bos taurus crossbred bulls in Brazil. 
Theriogenology, 62(7), 1198–1217. https://doi.org/10.1016/j.theri 
ogeno logy.2004.01.006

Cadigan, K. M., & Waterman, M. L. (2012). TCF/LEFs and Wnt signal-
ing in the nucleus. Cold Spring Harbor Perspectives in Biology, 4(11), 
a007906. https://doi.org/10.1101/cshpe rspect.a007906

Cánovas, A., Reverter, A., DeAtley, K. L., Ashley, R. L., Colgrave, M. L., Fortes, 
M. R. S., … Thomas, M. G. (2014). Multi-tissue omics analyses reveal mo-
lecular regulatory networks for puberty in composite beef cattle. PLoS 
ONE, 9(7), e102551. https://doi.org/10.1371/journ al.pone.0102551

Capovilla, M., Kambris, Z., & Botas, J. (2001). Direct regulation of the 
muscle-identity gene apterous by a Hox protein in the somatic meso-
derm. Development, 128(8), 1221–1230.

Casazza, K., Hanks, L. J., & Alvarez, J. A. (2010). Role of various cytokines 
and growth factors in pubertal development. Medicine and Sport 
Science, 55, 14–31. https://doi.org/10.1159/00032 1969

Chaudhary, J., Cupp, A. S., & Skinner, M. K. (1997). Role of basic-helix-loop-he-
lix transcription factors in Sertoli cell differentiation: Identification of 

http://data.faang.org/home
https://orcid.org/0000-0003-4517-1113
https://orcid.org/0000-0003-4517-1113
https://orcid.org/0000-0002-7254-1960
https://orcid.org/0000-0002-7254-1960
https://doi.org/10.1016/j.anireprosci.2004.05.006
https://doi.org/10.1016/j.anireprosci.2004.05.006
https://doi.org/10.1056/NEJMoa1302160
https://doi.org/10.1093/nar/gkg817
https://doi.org/10.1038/75556
https://doi.org/10.1038/nrg1272
https://doi.org/10.1093/ps/76.2.280
https://doi.org/10.1016/j.stem.2012.09.015
https://doi.org/10.1016/j.stem.2012.09.015
https://doi.org/10.1016/j.compbiolchem.2015.04.001
https://doi.org/10.1186/1471-2164-9-366
https://doi.org/10.1186/1471-2164-9-366
https://doi.org/10.1016/j.cmet.2011.02.004
https://doi.org/10.1016/j.bbagrm.2014.03.013
https://doi.org/10.1089/wound.2014.0603
https://doi.org/10.1089/wound.2014.0603
https://doi.org/10.1016/j.theriogenology.2004.01.006
https://doi.org/10.1016/j.theriogenology.2004.01.006
https://doi.org/10.1101/cshperspect.a007906
https://doi.org/10.1371/journal.pone.0102551
https://doi.org/10.1159/000321969


     |  707LAU et AL.

an E-box response element in the transferrin promoter. Endocrinology, 
138(2), 667–675. https://doi.org/10.1210/endo.138.2.4942

Chen, C. T. L., Fernández-Rhodes, L., Brzyski, R. G., Carlson, C. S., Chen, 
Z., Heiss, G., … Franceschini, N. (2012). Replication of loci influencing 
ages at menarche and menopause in Hispanic women: The Women's 
Health Initiative SHARe Study. Human Molecular Genetics, 21(6), 
1419–1432. https://doi.org/10.1093/hmg/ddr570

Cho, C.-H., Woo, J. S., Perez, C. F., & Lee, E. H. (2017). A focus on ex-
tracellular Ca2+ entry into skeletal muscle. Experimental & Molecular 
Medicine, 49(9), e378. https://doi.org/10.1038/emm.2017.208

Clagett-Dame, M., & DeLuca, H. F. (2002). The role of vitamin A in 
mammalian reproduction and embryonic development. Annual 
Review of Nutrition, 22, 347–381. https://doi.org/10.1146/annur 
ev.nutr.22.010402.102745E

Cole, M. F., Johnstone, S. E., Newman, J. J., Kagey, M. H., & Young, R. 
A. (2008). Tcf3 is an integral component of the core regulatory cir-
cuitry of embryonic stem cells. Genes & Development, 22(6), 746–755. 
https://doi.org/10.1101/gad.1642408

Cole, T. J., Ahmed, M. L., Preece, M. A., Hindmarsh, P., & Dunger, D. 
B. (2015). The relationship between Insulin-like Growth Factor 
1, sex steroids and timing of the pubertal growth spurt. Clinical 
Endocrinology, 82(6), 862–869. https://doi.org/10.1111/cen.12682

Cotter, S. C., Myatt, J. P., Benskin, C. M., & Wilson, K. (2008). Selection for 
cuticular melanism reveals immune function and life-history trade-
offs in Spodoptera littoralis. Journal of Evolutionary Biology, 21(6), 
1744–1754. https://doi.org/10.1111/j.1420-9101.2008.01587.x

da Huang, W., Sherman, B. T., & Lempicki, R. A. (2009). Systematic and 
integrative analysis of large gene lists using DAVID bioinformatics 
resources. Nature Protocols, 4(1), 44–57. https://doi.org/10.1038/
nprot.2008.211

de Las Heras-Saldana, S., Chung, K. Y., Lee, S. H., & Gondro, C. (2019). 
Gene expression of Hanwoo satellite cell differentiation in longissi-
mus dorsi and semimembranosus. BMC Genomics, 20(1), 156. https://
doi.org/10.1186/s1286 4-019-5530-7

de Smith, A. J., Purmann, C., Walters, R. G., Ellis, R. J., Holder, S. E., Van 
Haelst, M. M., … Blakemore, A. I. (2009). A deletion of the HBII-
85 class of small nucleolar RNAs (snoRNAs) is associated with hy-
perphagia, obesity and hypogonadism. Human Molecular Genetics, 
18(17), 3257–3265. https://doi.org/10.1093/hmg/ddp263

Dennis, G. Jr, Sherman, B. T., Hosack, D. A., Yang, J., Gao, W., Lane, H. 
C., & Lempicki, R. A. (2003). DAVID: Database for annotation, visu-
alization, and integrated discovery. Genome Biology, 4(9), R60–R60. 
https://doi.org/10.1186/gb-2003-4-9-r60

Diaz-Hernandez, M. E., Bustamante, M., Galvan-Hernandez, C. I., & 
Chimal-Monroy, J. (2013). Irx1 and Irx2 are coordinately expressed 
and regulated by retinoic acid, TGFbeta and FGF signaling during 
chick hindlimb development. PLoS ONE, 8(3), e58549. https://doi.
org/10.1371/journ al.pone.0058549

Dickinson, J. M., & Rasmussen, B. B. (2013). Amino acid transporters in 
the regulation of human skeletal muscle protein metabolism. Current 
Opinion in Clinical Nutrition and Metabolic Care, 16(6), 638–644. 
https://doi.org/10.1097/MCO.0b013 e3283 653ec5

Dickson, G. J., Kwasniewska, A., Mills, K. I., Lappin, T. R., & Thompson, 
A. (2009). Hoxa6 potentiates short-term hemopoietic cell prolifer-
ation and extended self-renewal. Experimental Hematology, 37(3), 
322–333.e3. https://doi.org/10.1016/j.exphem.2008.10.015

Ding, F., Li, H. H., Zhang, S., Solomon, N. M., Camper, S. A., Cohen, P., 
& Francke, U. (2008). SnoRNA Snord116 (Pwcr1/MBII-85) deletion 
causes growth deficiency and hyperphagia in mice. PLoS ONE, 3(3), 
e1709. https://doi.org/10.1371/journ al.pone.0001709

Ellingsgaard, H., Hauselmann, I., Schuler, B., Habib, A. M., Baggio, L. L., 
Meier, D. T., … Donath, M. Y. (2011). Interleukin-6 enhances insu-
lin secretion by increasing glucagon-like peptide-1 secretion from L 
cells and alpha cells. Nature Medicine, 17(11), 1481–1489. https://doi.
org/10.1038/nm.2513

Emons, J., Dutilh, B. E., Decker, E., Pirzer, H., Sticht, C., Gretz, N., … 
Karperien, M. (2011). Genome-wide screening in human growth 
plates during puberty in one patient suggests a role for RUNX2 in 
epiphyseal maturation. Journal of Endocrinology, 209(2), 245–254. 
https://doi.org/10.1530/JOE-10-0219

Fjose, A., McGinnis, W. J., & Gehring, W. J. (1985). Isolation of a homoeo 
box-containing gene from the engrailed region of Drosophila and the 
spatial distribution of its transcripts. Nature, 313(6000), 284–289.

Fleischman, A., Kron, M., Systrom, D. M., Hrovat, M., & Grinspoon, S. K. 
(2009). Mitochondrial function and insulin resistance in overweight 
and normal-weight children. The Journal of Clinical Endocrinology & 
Metabolism, 94(12), 4923–4930. https://doi.org/10.1210/jc.2009-1590

Fonseca, P. A. D. S., Id-Lahoucine, S., Reverter, A., Medrano, J. F., Fortes, 
M. S., Casellas, J., … Cánovas, A. (2018). Combining multi-OMICs 
information to identify key-regulator genes for pleiotropic effect 
on fertility and production traits in beef cattle. PLoS ONE, 13(10), 
e0205295. https://doi.org/10.1371/journ al.pone.0205295

Fontana, R., & Della Torre, S. (2016). The deep correlation between en-
ergy metabolism and reproduction: A view on the effects of nutri-
tion for women fertility. Nutrients, 8(2), 87. https://doi.org/10.3390/
nu802 0087

Fortes, M. R., Li, Y., Collis, E., Zhang, Y., & Hawken, R. J. (2013). 
The IGF1 pathway genes and their association with age of pu-
berty in cattle. Animal Genetics, 44(1), 91–95. https://doi.
org/10.1111/j.1365-2052.2012.02367.x

Fortes, M. R. S., Nguyen, L. T., Porto Neto, L. R., Reverter, A., Moore, S. 
S., Lehnert, S. A., & Thomas, M. G. (2016). Polymorphisms and genes 
associated with puberty in heifers. Theriogenology, 86(1), 333–339. 
https://doi.org/10.1016/j.theri ogeno logy.2016.04.046

Fortes, M. R., Nguyen, L. T., Weller, M. M., Canovas, A., Islas-Trejo, A., Porto-
Neto, L. R., … Moore, S. S. (2016). Transcriptome analyses identify five 
transcription factors differentially expressed in the hypothalamus of 
post- versus prepubertal Brahman heifers. Journal of Animal Science, 
94(9), 3693–3702. https://doi.org/10.2527/jas.2016-0471

Fortes, M. R., Porto-Neto, L. R., DeAtley, K. L., Reverter-Gomez, A., Thomas, 
M. G., Moore, S. S., … Snelling, W. M. (2014). Genetic markers in tran-
scription factors of differentially expressed genes associated with post-par-
tum anoestrus predict pregnancy outcome in an independent population of 
beef cattle proceedings of the world congress on genetics applied to live-
stock production (Vol. Species Breeding: Beef cattle, pp. 250).

Fortes, M. R., Suhaimi, A. H., Porto-Neto, L. R., McWilliam, S. M., 
Flatscher-Bader, T., Moore, S. S. … Reverter, A. (2014). Post-partum 
anoestrus in tropical beef cattle: A systems approach combining 
gene expression and genome-wide association results. Livestock 
Science, 166, 158–166. https://doi.org/10.1016/j.livsci.2014.06.017

Gaston-Massuet, C., McCabe, M. J., Scagliotti, V., Young, R. M., Carreno, 
G., Gregory, L. C., … Martinez-Barbera, J. P. (2016). Transcription fac-
tor 7-like 1 is involved in hypothalamo-pituitary axis development in 
mice and humans. Proceedings of the National Academy of Sciences, 
113(5), E548–E557. https://doi.org/10.1073/pnas.15033 46113

Gebremedhn, S., Salilew-Wondim, D., Ahmad, I., Sahadevan, S., Hossain, M. 
M., Hoelker, M., … Tesfaye, D. (2015). MicroRNA expression profile in 
bovine granulosa cells of preovulatory dominant and subordinate fol-
licles during the late follicular phase of the estrous cycle. PLoS ONE, 
10(5), e0125912. https://doi.org/10.1371/journ al.pone.0125912

Goff, D. J., & Tabin, C. J. (1997). Analysis of Hoxd-13 and Hoxd-11 misex-
pression in chick limb buds reveals that Hox genes affect both bone 
condensation and growth. Development, 124(3), 627–636.

Good, D. J., Porter, F. D., Mahon, K. A., Parlow, A. F., Westphal, H., & 
Kirsch, I. R. (1997). Hypogonadism and obesity in mice with a tar-
geted deletion of the Nhlh2 gene. Nature Genetics, 15(4), 397–401. 
https://doi.org/10.1038/ng049 7-397

Gozdecka, M., & Breitwieser, W. (2012). The roles of ATF2 (activat-
ing transcription factor 2) in tumorigenesis. Biochemical Society 
Transactions, 40(1), 230–234. https://doi.org/10.1042/bst20 110630

https://doi.org/10.1210/endo.138.2.4942
https://doi.org/10.1093/hmg/ddr570
https://doi.org/10.1038/emm.2017.208
https://doi.org/10.1146/annurev.nutr.22.010402.102745E
https://doi.org/10.1146/annurev.nutr.22.010402.102745E
https://doi.org/10.1101/gad.1642408
https://doi.org/10.1111/cen.12682
https://doi.org/10.1111/j.1420-9101.2008.01587.x
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1186/s12864-019-5530-7
https://doi.org/10.1186/s12864-019-5530-7
https://doi.org/10.1093/hmg/ddp263
https://doi.org/10.1186/gb-2003-4-9-r60
https://doi.org/10.1371/journal.pone.0058549
https://doi.org/10.1371/journal.pone.0058549
https://doi.org/10.1097/MCO.0b013e3283653ec5
https://doi.org/10.1016/j.exphem.2008.10.015
https://doi.org/10.1371/journal.pone.0001709
https://doi.org/10.1038/nm.2513
https://doi.org/10.1038/nm.2513
https://doi.org/10.1530/JOE-10-0219
https://doi.org/10.1210/jc.2009-1590
https://doi.org/10.1371/journal.pone.0205295
https://doi.org/10.3390/nu8020087
https://doi.org/10.3390/nu8020087
https://doi.org/10.1111/j.1365-2052.2012.02367.x
https://doi.org/10.1111/j.1365-2052.2012.02367.x
https://doi.org/10.1016/j.theriogenology.2016.04.046
https://doi.org/10.2527/jas.2016-0471
https://doi.org/10.1016/j.livsci.2014.06.017
https://doi.org/10.1073/pnas.1503346113
https://doi.org/10.1371/journal.pone.0125912
https://doi.org/10.1038/ng0497-397
https://doi.org/10.1042/bst20110630


708  |     LAU et AL.

Gregory, K. E., Laster, D. B., Cundiff, L. V., Smith, G. M., & Koch, R. M. 
(1979). Characterization of biological types of cattle—Cycle III: II. 
Growth rate and puberty in females2. Journal of Animal Science, 49(2), 
461–471. https://doi.org/10.2527/jas19 79.492461x

Harper, G. S., Byrne, K. A., Lehnert, S. A., Tan, S. H., Wang, Y. H., & 
Reverter, A. (2004). Joint analysis of multiple cDNA microarray stud-
ies via multivariate mixed models applied to genetic improvement of 
beef cattle1. Journal of Animal Science, 82(12), 3430–3439. https://
doi.org/10.2527/2004.82123 430x

Houghton, L., & Rosenthal, N. (1999). Regulation of a muscle-specific 
transgene by persistent expression of Hox genes in postnatal murine 
limb muscle. Developmental Dynamics, 216(4–5), 385–397. https://
doi.org/10.1002/(sici)1097-0177(19991 2)216:4/5<385:Aid-dvdy7 
>3.0.Co;2-g

Hudson, N. J., Reverter, A., Wang, Y., Greenwood, P. L., & Dalrymple, 
B. P. (2009). Inferring the transcriptional landscape of bovine skele-
tal muscle by integrating co-expression networks. PLoS ONE, 4(10), 
e7249. https://doi.org/10.1371/journ al.pone.0007249

Ichiki, T. (2006). Role of cAMP response element binding protein in cardio-
vascular remodeling: Good, bad, or both? Arteriosclerosis, Thrombosis, 
and Vascular Biology, 26(3), 449–455. https://doi.org/10.1161/01.
ATV.00001 96747.79349.d1

Jia, L.-H., Yu, Q.-Y., Zhang, Q., Hu, H., Miao, Y.-R., & Guo, A.-Y. (2018). 
AnimalTFDB 3.0: A comprehensive resource for annotation and pre-
diction of animal transcription factors. Nucleic Acids Research, 47(D1), 
D33–D38. https://doi.org/10.1093/nar/gky822

Jinn, S., Brandis, K. A., Ren, A., Chacko, A., Dudley-Rucker, N., Gale, S. E., 
… Ory, D. S. (2015). snoRNA U17 regulates cellular cholesterol traf-
ficking. Cell Metabolism, 21(6), 855–867. https://doi.org/10.1016/j.
cmet.2015.04.010

Johnston, D., Barwick, S., Fordyce, G., Holroyd, R., Williams, P., Corbet, 
N., & Grant, T. (2014). Genetics of early and lifetime annual reproduc-
tive performance in cows of two tropical beef genotypes in north-
ern Australia. Animal Production Science, 54(1), 1–15. https://doi.
org/10.1071/AN13043

Kageyama, R., Ohtsuka, T., & Kobayashi, T. (2007). The Hes gene 
family: Repressors and oscillators that orchestrate embryogen-
esis. Development, 134(7), 1243–1251. https://doi.org/10.1242/
dev.000786

Kirkpatrick, C. A., & Selleck, S. B. (2007). Heparan sulfate proteogly-
cans at a glance. Journal of Cell Science, 120(11), 1829. https://doi.
org/10.1242/jcs.03432

Komori, T. (2002). Runx2, a multifunctional transcription factor in skele-
tal development. Journal of Cellular Biochemistry, 87(1), 1–8. https://
doi.org/10.1002/jcb.10276

Lee, M. H., Kim, Y. J., Kim, H. J., Park, H. D., Kang, A. R., Kyung, H. M., … 
Ryoo, H. M. (2003). BMP-2-induced Runx2 expression is mediated 
by Dlx5, and TGF-beta 1 opposes the BMP-2-induced osteoblast dif-
ferentiation by suppression of Dlx5 expression. Journal of Biological 
Chemistry, 278(36), 34387–34394. https://doi.org/10.1074/jbc.
M2113 86200

Lei, X. H., Shen, X., Xu, X. Q., & Bernstein, H. S. (2000). Human Cdc5, 
a regulator of mitotic entry, can act as a site-specific DNA binding 
protein. Journal of Cell Science, 113(Pt 24), 4523–4531.

Lightfoot, A. P., & Cooper, R. G. (2016). The role of myokines in muscle 
health and disease. Current Opinion in Rheumatology, 28(6), 661–666. 
https://doi.org/10.1097/bor.00000 00000 000337

Liu, W., Liu, Y., Guo, T., Hu, C., Luo, H., Zhang, L., … Jin, Y. (2013). TCF3, 
a novel positive regulator of osteogenesis, plays a crucial role in miR-
17 modulating the diverse effect of canonical Wnt signaling in dif-
ferent microenvironments. Cell Death & Disease, 4, e539. https://doi.
org/10.1038/cddis.2013.65

Lomniczi, A., Wright, H., Castellano, J. M., Matagne, V., Toro, C. A., 
Ramaswamy, S., … Ojeda, S. R. (2015). Epigenetic regulation of pu-
berty via Zinc finger protein-mediated transcriptional repression. 

Nature Communications, 6, 10195. https://doi.org/10.1038/ncomm 
s10195

MacNeil, M. D., Cundiff, L. V., Dinkel, C. A., & Koch, R. M. (1984). Genetic 
correlations among sex-limited traits in beef cattle. Journal of Animal 
Science, 58(5), 1171–1180.

Maekawa, T., Jin, W., & Ishii, S. (2010). The role of ATF-2 family transcrip-
tion factors in adipocyte differentiation: Antiobesity effects of p38 
inhibitors. Molecular and Cellular Biology, 30(3), 613–625. https://doi.
org/10.1128/MCB.00685 -09

Mangel, M., & Munch, S. B. (2005). A life-history perspective on short- 
and long-term consequences of compensatory growth. American 
Naturalist, 166(6), E155–E176. https://doi.org/10.1086/444439

Markiewski, M. M., Nilsson, B., Nilsson Ekdahl, K., Mollnes, T. E., & 
Lambris, J. D. (2007). Complement and coagulation: Strangers or 
partners in crime? Trends in Immunology, 28(4), 184–192. https://doi.
org/10.1016/j.it.2007.02.006

Matera, A. G., Terns, R. M., & Terns, M. P. (2007). Non-coding RNAs: 
Lessons from the small nuclear and small nucleolar RNAs. Nature 
Reviews Molecular Cell Biology, 8, 209. https://doi.org/10.1038/
nrm2124

Matthews, V. B., Åström, M.-B., Chan, M. H. S., Bruce, C. R., Krabbe, K. S., 
Prelovsek, O., … Febbraio, M. A. (2009). Brain-derived neurotrophic 
factor is produced by skeletal muscle cells in response to contraction 
and enhances fat oxidation via activation of AMP-activated protein 
kinase. Diabetologia, 52(7), 1409–1418. https://doi.org/10.1007/
s0012 5-009-1364-1

McManus, M., Kleinerman, E., Yang, Y., Livingston, J. A., Mortus, J., Rivera, 
R., … Schadler, K. (2017). Hes4: A potential prognostic biomarker for 
newly diagnosed patients with high-grade osteosarcoma. Pediatric 
Blood & Cancer, 64(5), e26318. https://doi.org/10.1002/pbc.26318

Merrill, B. J., Pasolli, H. A., Polak, L., Rendl, M., Garcia-Garcia, M. J., 
Anderson, K. V., & Fuchs, E. (2004). Tcf3: A transcriptional regulator 
of axis induction in the early embryo. Development, 131(2), 263–274. 
https://doi.org/10.1242/dev.00935

Milz, S., Boszczyk, A., & Putz, R. (2002). Development and functional 
structure of the epiphyseal plate. Orthopade, 31(9), 835–840. https://
doi.org/10.1007/s0013 2-002-0359-0

Montagner, P., Krause, A. R. T., Schwegler, E., Weschenfelder, M. M., 
Rabassa, V. R., Schneider, A., … Corrêa, M. N. (2016). Reduction 
of liver function delays resumption of postpartum ovarian activ-
ity and alters the synthesis of acute phase proteins in dairy cows. 
Research in Veterinary Science, 106, 84–88. https://doi.org/10.1016/j.
rvsc.2016.02.015

Morgan, J. H. L. (1981). A comparison of breeds and their crosses for beef 
production. II. Growth and puberty of heifers. Australian Journal of 
Agricultural Research, 32, 839–844. https://doi.org/10.1071/AR981 0839

Morrish, F., Neretti, N., Sedivy, J. M., & Hockenbery, D. M. (2008). The 
oncogene c-Myc coordinates regulation of metabolic networks to 
enable rapid cell cycle entry. Cell Cycle, 7(8), 1054–1066. https://doi.
org/10.4161/cc.7.8.5739

Mourot, M., Dufort, I., Gravel, C., Algriany, O., Dieleman, S., & Sirard, 
M. A. (2006). The influence of follicle size, FSH-enriched maturation 
medium, and early cleavage on bovine oocyte maternal mRNA levels. 
Molecular Reproduction and Development, 73(11), 1367–1379. https://
doi.org/10.1002/mrd.20585

Narro, L. A., Thomas, M. G., Silver, G. A., Rozeboom, K. J., & Keisler, D. H. 
(2003). Body composition, leptin, and the leptin receptor and their 
relationship to the growth hormone (GH) axis in growing wethers 
treated with zeranol. Domestic Animal Endocrinology, 24(3), 243–255. 
https://doi.org/10.1016/S0739 -7240(02)00239 -4

Nebert, D. W., & Vasiliou, V. (2004). Analysis of the glutathione 
S-transferase (GST) gene family. Human Genomics, 1(6), 460–464. 
https://doi.org/10.1186/1479-7364-1-6-460

Nguyen, L. T., Reverter, A., Cánovas, A., Venus, B., Anderson, S. T., Islas-
Trejo, A., … Fortes, M. R. S. (2018). STAT6, PBX2, and PBRM1 emerge 

https://doi.org/10.2527/jas1979.492461x
https://doi.org/10.2527/2004.82123430x
https://doi.org/10.2527/2004.82123430x
https://doi.org/10.1002/(sici)1097-0177(199912)216:4/5%3C385:Aid-dvdy7%3E3.0.Co;2-g
https://doi.org/10.1002/(sici)1097-0177(199912)216:4/5%3C385:Aid-dvdy7%3E3.0.Co;2-g
https://doi.org/10.1002/(sici)1097-0177(199912)216:4/5%3C385:Aid-dvdy7%3E3.0.Co;2-g
https://doi.org/10.1371/journal.pone.0007249
https://doi.org/10.1161/01.ATV.0000196747.79349.d1
https://doi.org/10.1161/01.ATV.0000196747.79349.d1
https://doi.org/10.1093/nar/gky822
https://doi.org/10.1016/j.cmet.2015.04.010
https://doi.org/10.1016/j.cmet.2015.04.010
https://doi.org/10.1071/AN13043
https://doi.org/10.1071/AN13043
https://doi.org/10.1242/dev.000786
https://doi.org/10.1242/dev.000786
https://doi.org/10.1242/jcs.03432
https://doi.org/10.1242/jcs.03432
https://doi.org/10.1002/jcb.10276
https://doi.org/10.1002/jcb.10276
https://doi.org/10.1074/jbc.M211386200
https://doi.org/10.1074/jbc.M211386200
https://doi.org/10.1097/bor.0000000000000337
https://doi.org/10.1038/cddis.2013.65
https://doi.org/10.1038/cddis.2013.65
https://doi.org/10.1038/ncomms10195
https://doi.org/10.1038/ncomms10195
https://doi.org/10.1128/MCB.00685-09
https://doi.org/10.1128/MCB.00685-09
https://doi.org/10.1086/444439
https://doi.org/10.1016/j.it.2007.02.006
https://doi.org/10.1016/j.it.2007.02.006
https://doi.org/10.1038/nrm2124
https://doi.org/10.1038/nrm2124
https://doi.org/10.1007/s00125-009-1364-1
https://doi.org/10.1007/s00125-009-1364-1
https://doi.org/10.1002/pbc.26318
https://doi.org/10.1242/dev.00935
https://doi.org/10.1007/s00132-002-0359-0
https://doi.org/10.1007/s00132-002-0359-0
https://doi.org/10.1016/j.rvsc.2016.02.015
https://doi.org/10.1016/j.rvsc.2016.02.015
https://doi.org/10.1071/AR9810839
https://doi.org/10.4161/cc.7.8.5739
https://doi.org/10.4161/cc.7.8.5739
https://doi.org/10.1002/mrd.20585
https://doi.org/10.1002/mrd.20585
https://doi.org/10.1016/S0739-7240(02)00239-4
https://doi.org/10.1186/1479-7364-1-6-460


     |  709LAU et AL.

as predicted regulators of 452 differentially expressed genes associ-
ated with puberty in Brahman heifers. Frontiers in Genetics, 9, 87–87. 
https://doi.org/10.3389/fgene.2018.00087

Nguyen, L. T., Reverter, A., Canovas, A., Venus, B., Islas-Trejo, A., Porto-
Neto, L. R., … Fortes, M. R. (2017). Global differential gene expres-
sion in the pituitary gland and the ovaries of pre- and postpubertal 
Brahman heifers. Journal of Animal Science, 95(2), 599–615. https://
doi.org/10.2527/jas.2016.0921

Nguyen, L. T., Zacchi, L. F., Schulz, B. L., Moore, S. S., & Fortes, M. R. 
S. (2018). Adipose tissue proteomic analyses to study puberty in 
Brahman heifers. Journal of Animal Science, 96(6), 2392–2398. https://
doi.org/10.1093/jas/sky128

Nieman, D. C. (2003). Current perspective on exercise immunol-
ogy. Current Sports Medicine Reports, 2(5), 239–242. https://doi.
org/10.1249/00149 619-20031 0000-00001

Nogueira, G. P. (2004). Puberty in South American Bos indicus (Zebu) 
cattle. Animal Reproduction Science, 82–83, 361–372. https://doi.
org/10.1016/j.anire prosci.2004.04.007

Nogueira, G., & Paula Beltran, M. (2008). Influence of plasmatic leptin 
and IGF-I on puberty and precocious fertility of Nellore heifers (Bos 
taurus indicus). Biology of Reproduction, 78(Suppl_1), 146–147. https://
doi.org/10.1093/biolr eprod /78.s1.146b

Oh, J. D., Kim, E. S., Lee, H. K., & Song, K. D. (2015). Effect of a c-MYC 
gene polymorphism (g.3350G>C) on meat quality traits in berkshire. 
Asian-Australas Journal of Animal Science, 28(11), 1545–1550. https://
doi.org/10.5713/ajas.15.0425

Okamura, T., Shimizu, H., Nagao, T., Ueda, R., & Ishii, S. (2007). ATF-2 
regulates fat metabolism in Drosophila. Molecular Biology of the Cell, 
18(4), 1519–1529. https://doi.org/10.1091/mbc.e06-10-0909

Oksbjerg, N., Gondret, F., & Vestergaard, M. (2004). Basic principles of 
muscle development and growth in meat-producing mammals as 
affected by the insulin-like growth factor (IGF) system. Domestic 
Animal Endocrinology, 27(3), 219–240. https://doi.org/10.1016/j.
doman iend.2004.06.007

Ozaki, H., Loenneke, J. P., Buckner, S. L., & Abe, T. (2016). Muscle growth 
across a variety of exercise modalities and intensities: Contributions 
of mechanical and metabolic stimuli. Medical Hypotheses, 88, 22–26. 
https://doi.org/10.1016/j.mehy.2015.12.026

Perez-Enciso, M., Rincon, J. C., & Legarra, A. (2015). Sequence- vs. 
chip-assisted genomic selection: Accurate biological information is 
advised. Genetics Selection Evolution, 47, 43. https://doi.org/10.1186/
s1271 1-015-0117-5

Perry, J. R. B., Stolk, L., Franceschini, N., Lunetta, K. L., Zhai, G., McArdle, 
P. F., … Murabito, J. M. (2009). Meta-analysis of genome-wide asso-
ciation data identifies two loci influencing age at menarche. Nature 
Genetics, 41(6), 648–650. https://doi.org/10.1038/ng.386

Persengiev, S. P., & Green, M. R. (2003). The role of ATF/CREB family mem-
bers in cell growth, survival and apoptosis. Apoptosis, 8(3), 225–228.

Porcher, C., Chagraoui, H., & Kristiansen, M. S. (2017). SCL/TAL1: A 
multifaceted regulator from blood development to disease. Blood, 
129(15), 2051. https://doi.org/10.1182/blood -2016-12-754051

Prabhakar, M., Ershler, W. B., & Longo, D. L. (2009). Bone marrow, thy-
mus and blood: Changes across the lifespan. Aging and Health, 5(3), 
385–393. https://doi.org/10.2217/ahe.09.31

Prasasya, R. D., & Mayo, K. E. (2017). Notch Signaling regulates differenti-
ation and steroidogenesis in female mouse ovarian granulosa cells. 
Endocrinology, 159(1), 184–198. https://doi.org/10.1210/en.2017-00677

Prayaga, K. C., Corbet, N. J., Johnston, D. J., Wolcott, M. L., Fordyce, G., 
& Burrow, H. M. (2009). Genetics of adaptive traits in heifers and 
their relationship to growth, pubertal and carcass traits in two tropi-
cal beef cattle genotypes. Animal Production Science, 49(6), 413–425. 
https://doi.org/10.1071/EA08247

Purslow, P. P. (2017). Chapter 3 – The structure and growth of muscle. 
In F. Toldra´ (Ed.), Lawrie´s meat science (Eighth Edition) (pp. 49–97). 
Duxford, UK: Woodhead Publishing.

Qadir, A. S., Woo, K. M., Ryoo, H. M., Yi, T., Song, S. U., & Baek, J. H. 
(2014). MiR-124 inhibits myogenic differentiation of mesenchymal 
stem cells via targeting Dlx5. Journal of Cellular Biochemistry, 115(9), 
1572–1581. https://doi.org/10.1002/jcb.24821

Qi, L., Saberi, M., Zmuda, E., Wang, Y., Altarejos, J., Zhang, X., … 
Montminy, M. (2009). Adipocyte CREB promotes insulin resistance 
in obesity. Cell Metabolism, 9(3), 277–286. https://doi.org/10.1016/j.
cmet.2009.01.006

Rana, K., Lee, N. K., Zajac, J. D., & MacLean, H. E. (2014). Expression of andro-
gen receptor target genes in skeletal muscle. Asian Journal of Andrology, 
16(5), 675–683. https://doi.org/10.4103/1008-682x.122861

Ravasi, T., Suzuki, H., Cannistraci, C. V., Katayama, S., Bajic, V. B., Tan, 
K., … Hayashizaki, Y. (2010). An atlas of combinatorial transcriptional 
regulation in mouse and man. Cell, 140(5), 744–752. https://doi.
org/10.1016/j.cell.2010.01.044

Rawlinson, S. C. F., McKay, I. J., Ghuman, M., Wellmann, C., Ryan, P., 
Prajaneh, S., … Kingsmill, V. J. (2009). Adult rat bones maintain dis-
tinct regionalized expression of markers associated with their de-
velopment. PLoS ONE, 4(12), e8358. https://doi.org/10.1371/journ 
al.pone.0008358

Reverter, A., & Chan, E. K. (2008). Combining partial correlation and an 
information theory approach to the reversed engineering of gene 
co-expression networks. Bioinformatics, 24(21), 2491–2497. https://
doi.org/10.1093/bioin forma tics/btn482

Reverter, A., Hudson, N. J., Nagaraj, S. H., Pérez-Enciso, M., & 
Dalrymple, B. P. (2010). Regulatory impact factors: Unraveling the 
transcriptional regulation of complex traits from expression data. 
Bioinformatics, 26(7), 896–904. https://doi.org/10.1093/bioin 
forma tics/btq051

Reverter, A., Ingham, A., Lehnert, S. A., Tan, S. H., Wang, Y., Ratnakumar, 
A., & Dalrymple, B. P. (2006). Simultaneous identification of dif-
ferential gene expression and connectivity in inflammation, adipo-
genesis and cancer. Bioinformatics, 22(19), 2396–2404. https://doi.
org/10.1093/bioin forma tics/btl392

Roider, H. G., Manke, T., O'Keeffe, S., Vingron, M., & Haas, S. A. (2009). 
PASTAA: Identifying transcription factors associated with sets of 
co-regulated genes. Bioinformatics (Oxford, England), 25(4), 435–442. 
https://doi.org/10.1093/bioin forma tics/btn627

Romao, J. M., Jin, W., He, M., McAllister, T., & Guan, L. L. (2014). 
MicroRNAs in bovine adipogenesis: Genomic context, expres-
sion and function. BMC Genomics, 15, 137–137. https://doi.
org/10.1186/1471-2164-15-137

Sanderson, J. T. (2006). The steroid hormone biosynthesis pathway as 
a target for endocrine-disrupting chemicals. Toxicological Sciences, 
94(1), 3–21. https://doi.org/10.1093/toxsc i/kfl051

Schumacher, J. A., Bloomekatz, J., Garavito-Aguilar, Z. V., & Yelon, D. (2013). 
tal1 Regulates the formation of intercellular junctions and the mainte-
nance of identity in the endocardium. Developmental Biology, 383(2), 
214–226. https://doi.org/10.1016/j.ydbio.2013.09.019

Shah, M., Rennoll, S. A., Raup-Konsavage, W. M., & Yochum, G. S. (2015). 
A dynamic exchange of TCF3 and TCF4 transcription factors controls 
MYC expression in colorectal cancer cells. Cell Cycle, 14(3), 323–332. 
https://doi.org/10.4161/15384 101.2014.980643

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., … 
Ideker, T. (2003). Cytoscape: A software environment for integrated 
models of biomolecular interaction networks. Genome Research, 
13(11), 2498–2504. https://doi.org/10.1101/gr.1239303

Shirakabe, K., Terasawa, K., Miyama, K., Shibuya, H., & Nishida, E. (2001). 
Regulation of the activity of the transcription factor Runx2 by two 
homeobox proteins, Msx2 and Dlx5. Genes to Cells, 6(10), 851–856. 
https://doi.org/10.1046/j.1365-2443.2001.00466.x

Sisu, C., Pei, B., Leng, J., Frankish, A., Zhang, Y., Balasubramanian, S., … 
Gerstein, M. B. (2014). Comparative analysis of pseudogenes across 
three phyla. Proceedings of the National Academy of Sciences, 111(37), 
13361–13366. https://doi.org/10.1073/pnas.14072 93111

https://doi.org/10.3389/fgene.2018.00087
https://doi.org/10.2527/jas.2016.0921
https://doi.org/10.2527/jas.2016.0921
https://doi.org/10.1093/jas/sky128
https://doi.org/10.1093/jas/sky128
https://doi.org/10.1249/00149619-200310000-00001
https://doi.org/10.1249/00149619-200310000-00001
https://doi.org/10.1016/j.anireprosci.2004.04.007
https://doi.org/10.1016/j.anireprosci.2004.04.007
https://doi.org/10.1093/biolreprod/78.s1.146b
https://doi.org/10.1093/biolreprod/78.s1.146b
https://doi.org/10.5713/ajas.15.0425
https://doi.org/10.5713/ajas.15.0425
https://doi.org/10.1091/mbc.e06-10-0909
https://doi.org/10.1016/j.domaniend.2004.06.007
https://doi.org/10.1016/j.domaniend.2004.06.007
https://doi.org/10.1016/j.mehy.2015.12.026
https://doi.org/10.1186/s12711-015-0117-5
https://doi.org/10.1186/s12711-015-0117-5
https://doi.org/10.1038/ng.386
https://doi.org/10.1182/blood-2016-12-754051
https://doi.org/10.2217/ahe.09.31
https://doi.org/10.1210/en.2017-00677
https://doi.org/10.1071/EA08247
https://doi.org/10.1002/jcb.24821
https://doi.org/10.1016/j.cmet.2009.01.006
https://doi.org/10.1016/j.cmet.2009.01.006
https://doi.org/10.4103/1008-682x.122861
https://doi.org/10.1016/j.cell.2010.01.044
https://doi.org/10.1016/j.cell.2010.01.044
https://doi.org/10.1371/journal.pone.0008358
https://doi.org/10.1371/journal.pone.0008358
https://doi.org/10.1093/bioinformatics/btn482
https://doi.org/10.1093/bioinformatics/btn482
https://doi.org/10.1093/bioinformatics/btq051
https://doi.org/10.1093/bioinformatics/btq051
https://doi.org/10.1093/bioinformatics/btl392
https://doi.org/10.1093/bioinformatics/btl392
https://doi.org/10.1093/bioinformatics/btn627
https://doi.org/10.1186/1471-2164-15-137
https://doi.org/10.1186/1471-2164-15-137
https://doi.org/10.1093/toxsci/kfl051
https://doi.org/10.1016/j.ydbio.2013.09.019
https://doi.org/10.4161/15384101.2014.980643
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1046/j.1365-2443.2001.00466.x
https://doi.org/10.1073/pnas.1407293111


710  |     LAU et AL.

Snelling, W. M., Cushman, R. A., Keele, J. W., Maltecca, C., Thomas, 
M. G., Fortes, M. R., & Reverter, A. (2013). Breeding and genetics 
symposium: Networks and pathways to guide genomic selection. 
Journal of Animal Science, 91(2), 537–552. https://doi.org/10.2527/
jas.2012-5784

Soliman, A., De Sanctis, V., Elalaily, R., & Bedair, S. (2014). Advances in 
pubertal growth and factors influencing it: Can we increase pubertal 
growth? Indian Journal of Endocrinology and Metabolism, 18(Suppl 1), 
S53–S62. https://doi.org/10.4103/2230-8210.145075

Steven, A., Leisz, S., Wickenhauser, C., Schulz, K., Mougiakakos, D., 
Kiessling, R., … Seliger, B. (2017). Linking CREB function with altered 
metabolism in murine fibroblast-based model cell lines. Oncotarget, 
8(57), 97439–97463. https://doi.org/10.18632 /oncot arget.22135

Stumpf, M. P., & Porter, M. A. (2012). Mathematics. Critical truths about 
power laws. Science, 335(6069), 665–666. https://doi.org/10.1126/
scien ce.1216142

Suzuki, T., Nagao, A., & Suzuki, T. (2011). Human Mitochondrial tRNAs: 
Biogenesis, function, structural aspects, and diseases. Annual Review 
of Genetics, 45(1), 299–329. https://doi.org/10.1146/annur ev-genet 
-11041 0-132531

Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, 
J., … Mering, C. (2018). STRING v11: Protein–protein association net-
works with increased coverage, supporting functional discovery in 
genome-wide experimental datasets. Nucleic Acids Research, 47(D1), 
D607–D613. https://doi.org/10.1093/nar/gky1131

Tang, F., Yao, X., Zhu, H., Mu, H., Niu, Z., Yu, M., … Hua, J. (2014). 
Expression pattern of Ngn3 in dairy goat testis and its function in 
promoting meiosis by upregulating Stra8. Cell Proliferation, 47(1), 
38–47. https://doi.org/10.1111/cpr.12077

Vaquerizas, J. M., Kummerfeld, S. K., Teichmann, S. A., & Luscombe, N. 
M. (2009). A census of human transcription factors: Function, ex-
pression and evolution. Nature Reviews Genetics, 10(4), 252–263. 
https://doi.org/10.1038/nrg2538

Vargas, C. A., Olson, T. A., Chase, C. C. Jr, Hammond, A. C., & Elzo, M. 
A. (1999). Influence of frame size and body condition score on per-
formance of Brahman cattle. Journal of Animal Science, 77(12), 3140–
3149. https://doi.org/10.2527/1999.77123 140x

Venken, K., Moverare-Skrtic, S., Kopchick, J. J., Coschigano, K. T., 
Ohlsson, C., Boonen, S., … Vanderschueren, D. (2007). Impact of 
androgens, growth hormone, and IGF-I on bone and muscle in male 
mice during puberty. Journal of Bone and Mineral Research, 22(1), 72–
82. https://doi.org/10.1080/14041 04070 1390278

Vigneault, C., McGraw, S., & Sirard, M. A. (2009). Spatiotemporal ex-
pression of transcriptional regulators in concert with the mater-
nal-to-embryonic transition during bovine in vitro embryogenesis. 
Reproduction, 137(1), 13–21. https://doi.org/10.1530/rep-08-0077

Vijendravarma, R. K., Kraaijeveld, A. R., & Godfray, H. C. (2009). 
Experimental evolution shows Drosophila melanogaster resistance 
to a microsporidian pathogen has fitness costs. Evolution, 63(1), 104–
114. https://doi.org/10.1111/j.1558-5646.2008.00516.x

Wallace, D. C. (2005). A mitochondrial paradigm of metabolic and de-
generative diseases, aging, and cancer: A dawn for evolutionary 
medicine. Annual Review of Genetics, 39, 359–407. https://doi.
org/10.1146/annur ev.genet.39.110304.095751

Wei, X.-F., Chen, Q.-L., Fu, Y., & Zhang, Q.-K. (2019). Wnt and BMP sig-
naling pathways co-operatively induce the differentiation of multiple 
myeloma mesenchymal stem cells into osteoblasts by upregulating 
EMX2. Journal of Cellular Biochemistry, 120(4), 6515–6527. https://
doi.org/10.1002/jcb.27942

Wellik, D. M. (2007). Hox patterning of the vertebrate axial skele-
ton. Developmental Dynamics, 236(9), 2454–2463. https://doi.
org/10.1002/dvdy.21286

Wickramasinghe, S., Hua, S., Rincon, G., Islas-Trejo, A., German, J. B., Lebrilla, 
C. B., & Medrano, J. F. (2011). Transcriptome profiling of bovine milk oli-
gosaccharide metabolism genes using RNA-sequencing. PLoS ONE, 6(4), 
e18895. https://doi.org/10.1371/journ al.pone.0018895

Xu, L., Nicholson, P., Wang, Q., Alén, M., & Cheng, S. (2009). Bone and 
muscle development during puberty in girls: A seven-year longitudi-
nal study. Journal of Bone and Mineral Research, 24(10), 1693–1698. 
https://doi.org/10.1359/jbmr.090405

Yang, W., & Hu, P. (2018). Skeletal muscle regeneration is modulated by 
inflammation. Journal of Orthopaedic Translation, 13, 25–32. https://
doi.org/10.1016/j.jot.2018.01.002

Yi, F., Pereira, L., Hoffman, J. A., Shy, B. R., Yuen, C. M., Liu, D. R., & 
Merrill, B. J. (2011). Opposing effects of Tcf3 and Tcf1 control Wnt 
stimulation of embryonic stem cell self-renewal. Nature Cell Biology, 
13(7), 762–770. https://doi.org/10.1038/ncb2283

Youssef, O. A., Safran, S. A., Nakamura, T., Nix, D. A., Hotamisligil, G. S., & 
Bass, B. L. (2015). Potential role for snoRNAs in PKR activation during 
metabolic stress. Proceedings of the National Academy of Sciences, 112(16), 
5023. https://doi.org/10.1073/pnas.14240 44112

Yu, B. P. (1994). Cellular defenses against damage from reactive ox-
ygen species. Physiological Reviews, 74(1), 139–162. https://doi.
org/10.1152/physr ev.1994.74.1.139

Zhang, X. U., Chu, Q., Guo, G., Dong, G., Li, X., Zhang, Q., … Wang, Y. 
(2017). Genome-wide association studies identified multiple ge-
netic loci for body size at four growth stages in Chinese Holstein 
cattle. PLoS ONE, 12(4), e0175971. https://doi.org/10.1371/journ 
al.pone.0175971

Zhang, Y.-Y., Wang, H.-B., Wang, Y.-N., Wang, H.-C., Zhang, S., Hong, 
J.-Y., … Zan, L.-S. (2017). Transcriptome analysis of mRNA and mi-
croRNAs in intramuscular fat tissues of castrated and intact male 
Chinese Qinchuan cattle. PLoS ONE, 12(10), e0185961. https://doi.
org/10.1371/journ al.pone.0185961

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Lau LY, Nguyen LT, Reverter A, et al. 
Gene regulation could be attributed to TCF3 and other key 
transcription factors in the muscle of pubertal heifers. Vet 
Med Sci. 2020;6:695–710. https://doi.org/10.1002/vms3.278

https://doi.org/10.2527/jas.2012-5784
https://doi.org/10.2527/jas.2012-5784
https://doi.org/10.4103/2230-8210.145075
https://doi.org/10.18632/oncotarget.22135
https://doi.org/10.1126/science.1216142
https://doi.org/10.1126/science.1216142
https://doi.org/10.1146/annurev-genet-110410-132531
https://doi.org/10.1146/annurev-genet-110410-132531
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1111/cpr.12077
https://doi.org/10.1038/nrg2538
https://doi.org/10.2527/1999.77123140x
https://doi.org/10.1080/14041040701390278
https://doi.org/10.1530/rep-08-0077
https://doi.org/10.1111/j.1558-5646.2008.00516.x
https://doi.org/10.1146/annurev.genet.39.110304.095751
https://doi.org/10.1146/annurev.genet.39.110304.095751
https://doi.org/10.1002/jcb.27942
https://doi.org/10.1002/jcb.27942
https://doi.org/10.1002/dvdy.21286
https://doi.org/10.1002/dvdy.21286
https://doi.org/10.1371/journal.pone.0018895
https://doi.org/10.1359/jbmr.090405
https://doi.org/10.1016/j.jot.2018.01.002
https://doi.org/10.1016/j.jot.2018.01.002
https://doi.org/10.1038/ncb2283
https://doi.org/10.1073/pnas.1424044112
https://doi.org/10.1152/physrev.1994.74.1.139
https://doi.org/10.1152/physrev.1994.74.1.139
https://doi.org/10.1371/journal.pone.0175971
https://doi.org/10.1371/journal.pone.0175971
https://doi.org/10.1371/journal.pone.0185961
https://doi.org/10.1371/journal.pone.0185961
https://doi.org/10.1002/vms3.278

