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ABSTRACT: Puberty onset is a developmental
process influenced by genetic determinants, envi-
ronment, and nutrition. Mutations and regulatory
gene networks constitute the molecular basis for the
genetic determinants of puberty onset. The emerg-
ing knowledge of these genetic determinants presents
opportunities for innovation in the breeding of early
pubertal cattle. This paper presents new data on
hypothalamic gene expression related to puberty in
Bos indicus (Brahman) in age- and weight-matched
heifers. Six postpubertal heifers were compared with
6 prepubertal heifers using whole-genome RNA
sequencing methodology for quantification of global
gene expression in the hypothalamus. Five transcrip-
tion factors (TF) with potential regulatory roles in
the hypothalamus were identified in this experiment:
E2F8, NFATS, SIX5, ZBTB38, and ZNF605. These
TF genes were significantly differentially expressed
in the hypothalamus of postpubertal versus prepu-
bertal heifers and were also identified as significant

according to the applied regulatory impact factor
metric (P < 0.05). Two of these 5 TF, ZBTB38 and
ZNF605, were zinc fingers, belonging to a gene fam-
ily previously reported to have a central regulatory
role in mammalian puberty. The SIX5 gene belongs
to the family of homologues of Drosophila sine oculis
(SIX) genes implicated in transcriptional regulation of
gonadotrope gene expression. Tumor-related genes
such as E2F8 and NFATS are known to affect basic
cellular processes that are relevant in both cancer and
developmental processes. Mutations in NFATS5 were
associated with puberty in humans. Mutations in these
TF, together with other genetic determinants previ-
ously discovered, could be used in genomic selection
to predict the genetic merit of cattle (i.e., the likeli-
hood of the offspring presenting earlier than average
puberty for Brahman). Knowledge of key mutations
involved in genetic traits is an advantage for genomic
prediction because it can increase its accuracy.
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INTRODUCTION

Puberty is a developmental process regulated by
interacting genes. Gene interactions associated with
puberty are described as a regulatory gene network
composed of functional modules (Ojeda et al., 2006).
The hypothalamus plays a pivotal role in the central
control of reproduction in mammals. The hypotha-
lamic release of pulsatile GnRH is considered the
trigger for mammalian puberty because it initiates the
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release of LH and FSH, hormones required for gonadal
activity and gametogenesis. In turn, pulsatile GnRH re-
lease is regulated by a gene network, interacting signals
and pathways relevant to achieving puberty (Ojeda et
al., 2010). Transcriptional regulation and epigenetic
mechanisms are known to influence puberty progres-
sion (Lomniczi et al., 2015a,¢). For example, the acety-
lation of KiSS/ promoter region can contribute to its
expression and influence GnRH release (Tomikawa
et al.,, 2012). The existence of these complex trans-
synaptic pathways overlaid by regulation of gene ex-
pression makes the task of understanding which genes
regulate puberty particularly challenging. Phenotypes
controlled by multiple genes, such as age at puberty,
are, by definition, quantitative traits and can be targeted
in breeding programs (Hill, 2010). Breeding cattle for
younger age at puberty is desirable in Bos indicus cattle,
which are generally older at puberty when compared
with Bos taurus (Laster et al., 1976; Abeygunawardena
and Dematawewa, 2004; Brito et al., 2004; Johnston
et al., 2009). Efforts to breed cattle for early puberty
are already part of breeding programs (MacGregor and
Casey, 1999; Cammack et al., 2009; Johnston, 2014).
Knowledge of specific genes, mutations, and gene net-
works can be used to enhance breeding programs that
use genomic selection (Snelling et al., 2013; Fortes et
al., 2014; Pérez-Enciso et al., 2015). In this context,
we collected data on hypothalamic gene expression of
postpubertal versus prepubertal B. indicus heifers to
construct a co-expression gene network. We have hy-
pothesized that it is possible to identify differentially
expressed genes in the comparison between postpuber-
tal and prepubertal heifers and to predict interactions
between these genes and their regulators.

MATERIALS AND METHODS

Animals and Samples

Management, handling, and euthanasia of animals
were approved by the Animal Ethics Committee of The
University of Queensland, Production and Companion
Animal group (certificate number QAAFI/279/12).
Twelve young Brahman heifers with clear phenotyp-
ic characteristics of B. indicus cattle were sourced in
October 2012 from 2 commercial herds in Queensland,
Australia. They were unrelated heifers born during the
wet season of 2011/2012 (<250 kg BW). Heifers were
managed at the Gatton Campus beef cattle facilities of
the University of Queensland (Gatton, QLD, Australia),
where they grazed together in a pasture system.

The aim was to collect samples for comparison of
6 postpubertal heifers, at the luteal phase, with 6 prepu-
bertal heifers, which had not experienced a luteal phase,

that were of similar age and weight. Heifers were ex-
amined every 2 wk for observation of pubertal develop-
ment, from October 2012 to May 2013. Rectal palpation
was performed and ovarian activity was observed using
ultrasonography (HS-2000 (VET); Honda Electronics
Co., Ltd., Aichi, Japan). Pubertal status was defined
by the first presence of a corpus luteum (CL) observed
with ultrasound. Timing of tissue harvest was based on
date of first CL observation. Heifers were euthanized 23
d, on average, after observation of the first CL. When
a CL was observed, the postpubertal heifer was identi-
fied and then paired with a prepubertal heifer, which
was randomly chosen from the remaining heifers and
processed on the same day. The heifers were weighed
and body condition was scored (5-point scale) prior to
tissue harvest. Heifers were euthanized in pairs by stun-
ning with a nonpenetrating captive bolt followed by ex-
sanguination for the postpubertal heifers on the luteal
phase of their second estrus cycle. The nonpenetrating
captive bolt methodology was used in preference to a
penetrating bolt as it served to protect the integrity of
the hypothalamus tissue, as previously noted (Cénovas
et al., 2014a).

The presence of a CL was confirmed on the ovary
at tissue harvest, and a blood sample was collected
for progesterone analysis. Progesterone concentra-
tions in plasma extracts were measured by RIA at the
Animal Endocrinology Laboratory of the University of
Queensland (Brisbane, QLD, Australia). Progesterone
concentrations in hexane extracts of the plasma sam-
ples were measured by RIA as described by Curlewis
et al. (1985) except that progesterone antiserum
C-9817 (Bioquest Ltd., North Ryde, NSW, Australia)
was used. Extraction efficiency was 75% and the val-
ues reported herein were not corrected for these losses.
The sensitivity of the assay was 0.1 ng/mL and the in-
tra- and interassay CV was 5.0%.

After euthanasia, hypothalamic tissue harvest was
approximately 1 cm? of tissue ranging from the preop-
tic region to the arcuate nucleus, verified by anatomi-
cal landmarks such as the crossing of the optic chiasm
and the mammillary bodies as previously described
(Canovas et al., 2014a). Samples were preserved by
snap freezing in liquid nitrogen and kept at —80°C
until RNA extraction. In total, 12 hypothalami (from
6 postpubertal and 6 prepubertal heifers) were sepa-
rately processed for RNA extraction and sequencing.

Ribonucleic Acid Extraction and Sequencing

Prior to RNA extraction, hypothalamic tissue was
pulverized under liquid nitrogen and homogenized to
form a uniform sample representative of the whole or-
gan. Total RNA was isolated from 25 mg of the homoge-
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nized samples from postpubertal and prepubertal heifers
using a RNeasy mini kit (QIAGEN Pty Ltd., Melbourne,
VIC, Australia) combined with Trizol and its recom-
mended methodologies (Life Technologies Inc., Los
Angeles, CA). Total RNA was resuspended in ribonucle-
ase-free ultrapure water and stored at —80°C until further
use. Ribonucleic acid concentrations were measured
by a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE) with an optimal
260:280 nm ratio between 1.8 and 2.1. Intact 28S and
18S rRNA subunit integrity was assessed with an Agilent
Bioanalyzer (RNA integrity number 6.9 or above for all
samples; Agilent Technologies, Santa Clara, CA); traces
did not show DNA presence. From total RNA, we used
the TruSeq RNA sample preparation kit (Illumina Inc.,
San Diego, CA) for library preparation. The kit protocol
includes mRNA purification using poly-T oligo-attached
magnetic beads. Purified mRNA was then fragmented
and converted to cDNA, which was double stranded, li-
gated to adapters, and amplified with PCR to create the
libraries (all performed per kit protocol following the
manufacturer’s instructions). Libraries were multiplex,
6 libraries per lane, and paired-end sequenced with an
Illumina HiSeq 2000 analyzer (Illumina Inc.). Sequence
fragments were mapped to the annotated bovine refer-
ence genome (UMD3.1, release annotation 77; ftp://ftp.
ensembl.org/pub/release-77/genbank/bos_taurus/;  ac-
cessed 15 May 2015) using the CLC Genomics work-
bench software (CLC bio, Aarhus, Denmark) with its
default parameters for alignment, quality control, and
calculation of gene expression levels. The algorithm un-
derpinning the CLC software is ERANGE (Mortazavi et
al., 2008). In short, for the assembly procedure, the se-
quences were mapped to the reference genome account-
ing for a maximum of 2 gaps or mismatches in each
sequence. Quality control analysis was performed using
procedures described by Céanovas et al. (2013) with the
CLC Genomics workbench software. This tool assesses
sequence quality indicators based on the FastQC project
(http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/; accessed 15 May 2015). Quality was measured
taking into account sequence-read lengths and base cov-
erage, nucleotide contributions, and base ambiguities
and quality scores as emitted by the base caller and over-
represented sequences (Canovas et al., 2014b). All the
samples analyzed passed all the QC parameters having
the same length (100 bp); 100% coverage in all bases;
25% of A, T, G and C nucleotide contributions; 50% GC
on base content; and less than 0.1% overrepresented se-
quences, indicating a very good quality. Data was nor-
malized by calculating the “reads per kilo base per mil-
lion mapped reads” (RPKM) for each gene (Mortazavi
et al., 2008). To select expressed genes, a threshold of
RPKM > 0.2 was used (Wickramasinghe et al., 2012).

Only genes with average RPKM > 0.2 in at least 1 tis-
sue were considered expressed and had their data used
in subsequent analyses (Wickramasinghe et al., 2012;
Céanovas et al., 2014a).

Differential Gene Expression

Genes differentially expressed (DEx) in the hy-
pothalamus of postpubertal versus prepubertal heif-
ers were identified with analyses of the RPKM values.
Base-2 logarithmic transformation of the RPKM val-
ues was performed to avoid bias DE, especially for
genes with fewer reads (Bullard et al., 2010). Base-2
log-transformed RPKM values were then normalized
using mixed models, which fit the library as a fixed ef-
fect and the random effects of gene and gene x animal
x tissue interaction (Reverter et al., 2004; Canovas et
al., 2014a). It was possible to fit tissue as a random
interaction with gene and animal because this study
is part of a larger experiment where 5 tissue samples
were evaluated per animal (hypothalamus, pituitary,
ovaries, uterus, and liver). Similarly, the library ef-
fect was not confounded with animal as there were
5 libraries per animal (1 for each tissue). Solutions to
these mixed models were estimated using VCE6 soft-
ware (ftp://ftp.tzv.fal.de/pub/vce6/; accessed 15 June
2015). Normalized expression values for each gene in
each sample were estimated from linear combinations
of the mixed model solutions for library, gene, animal,
and tissue. Normalized expression values were sub-
jected to a ¢ test to compare the average expression
in postpubertal versus prepubertal heifers and identify
DEx genes using as a threshold for significance of P
< 0.05. This P-value threshold was considered in the
context of the harsh normalization performed and the
subsequent analyses that used the DEx gene list as a
starting point for further scrutiny.

Gene Network Prediction and Key Regulators

To construct a co-expression gene network, normal-
ized gene expression values were used as input to the
partial correlation and information theory (PCIT) algo-
rithm of Reverter and Chan (2008). A partial correlation
between 2 genes is the correlation between this particular
pair of genes that is independent of a third gene. In brief,
PCIT is a data-driven approach that explores all correla-
tions between possible triplets of genes before determin-
ing which pairwise correlations are significant. First, we
estimated correlations for all expressed transcription fac-
tors (TF) and all DEx genes. Then, correlations deemed
significant formed the connections between genes in the
network, which was further pruned to contain only DEx
genes and top-ranking TF from the regulatory impact
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factor (RIF) metric described below (Reverter and Chan,
2008). The gene network was then visualized and ana-
lyzed using Cytoscape (Shannon et al., 2003).

To identify regulatory elements in our data set, we
used the AnimalTFDB bovine database (http://bio-
info.life.hust.edu.cn/Animal TFDB/download index?tr
= Bos_taurus; accessed 15 June 2015), which includes
classification and annotation of genomewide TF, tran-
scription cofactors, and chromatin remodeling factors. A
RIF metric (Reverter et al., 2010) was applied to identify
key regulators among hypothalamic expressed TF. We
explored the RIF as 2 alternative measures, RIF1 and
RIF2, calculated from the number of DEx genes and the
predicted interactions between TF and target DEx genes
as previously described (Hudson et al., 2009; Reverter
et al., 2010). The 2 alternative measures of the RIF ex-
plored were computed as follows:

RIFli = (1/n,.)) """ xd, xDW;

—(1n, )3 I < DW;
and

RIF2i = (1/n, )Y " [(ell xrl)) —(e2,xr2, )2]

in which n,, is the number of DEx genes; 4; is the
estimated average expression of the jth DEx gene, av-
eraged across the 2 conditions being contrasted (after
puberty and before puberty); d; is the differential ex-
pression of the jth DEx gene; and DW is the differen-
tial wiring (or connectivity) between the ith TF and
the jth DEx gene and computed from the difference
between r1,; and r2;,, the co-expression correlation be-
tween the ith TF and the jth DEx gene in conditions 1
(after puberty) and 2 (before puberty):

b

DWij = r]l.j - r2ij‘

The calculation of RIF1 uses the concept of phenotype
impact factor defined for each DEx gene and comput-
ed from the product of its average expression and its
differential expression (Reverter et al., 2010).

In essence, the first metric, RIF1, captures TF
showing differential connectivity to DEx genes be-
tween the 2 pubertal states (i.e., qualitative changes
in predicted TF—target gene interactions). The alterna-
tive RIF2 focuses on TF showing evidence as predic-
tors of change in abundance of DEx genes between
postpubertal and prepubertal heifers (i.e., quantitative
changes in predicted TF—target gene interactions).
Both RIF1 and RIF2 identified key TF from the DEx
genes. For comparisons between both RIF1 and RIF2
and across data sets, RIF measures were transformed
to a z-score by subtracting the mean and dividing by
the SD. Using a nominal P < 0.05, a TF was deemed

as a key TF if either of the 2 RIF scores was higher
than 1.96 SD.

Functional Enrichment Analyses

Three lists of genes associated with puberty in B.
indicus heifer emerged from abovementioned analyses:
1) DEx genes and regulatory elements, 2) genes and TF
that formed the predicted network, and 3) top-ranking TF.
These lists of genes were used as target gene lists (one at
the time) to compare with a background gene list formed
by all genes expressed in the hypothalamus. The target
vs. background lists comparison was performed by up-
loading these lists into DAVID, used to perform func-
tional enrichment analyses (Huang et al., 2009). With
DAVID, genes were annotated in terms of their known
function, gene ontologies, and pathways. The output of
DAVID analyses are overrepresented pathways or on-
tologies associated with each target gene list. Significant
results after Benjamini—Hochberg correction for multiple
testing are reported.

RESULTS

At tissue harvest, average serum concentration of
progesterone was 0.4 = 0.2 ng/mL for prepubertal heifers
and 2.0 = 0.7 ng/mL for postpubertal heifers. This range
of progesterone levels could be considered normal for the
luteal phase of pubertal B. indicus heifers, which are low-
er than that observed for cows or B. taurus cattle (Sartori
and Barros, 2011). The observation of 2 consecutive pro-
gesterone values higher than 1 ng/mL has been used as a
criterion for puberty achievement in heifers (Lopez et al.,
2006; Shirley et al., 2006). No significant difference in
BW or BCS between postpubertal and prepubertal heif-
ers was observed at euthanasia. Body weight averages
were 363 (SD 38.62) and 338 kg (SD 54.17; P = 0.38),
and BCS (scale 1-5) averages were 3.75 (SD 0.41) and
3.5(SD 0.44; P=0.18).

The number of genes expressed in the hypothala-
mus was 14,671 (genes with RPKM values greater
than 0.2, on average, in hypothalamus samples). Of
note, the number of genes deemed expressed and its
splice variants would vary with the use of newer and
increasingly annotated versions of the bovine reference
genome, which should be available in the foreseeable
future (FAANG Consortium et al., 2015). To confirm
“typical” hypothalamic gene expression from this list
of expressed genes is challenging. A recent study of fe-
male cattle tissues found that less than 1% of annotated
genes presented a restricted tissue-specific expression
(McGettigan et al., 2016). The 10 most hypothalamic-
specific genes, according to McGettigan et al. (2016),
were expressed in all our samples (RPKM > 0.2 in each
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Table 1. In the comparison between post- and prepubertal heifers, 5 transcription factors (TF) were significant
in 2 analyses: genes differentially expressed (DEx) and regulatory impact factor (RIF) metrics (RIF1 and RIF2;

P-value < 0.05)

TF ENSB! tag Description RIF1 RIF2 DEx? FC? P (DEx)
E2F8 ENSBTAGO00000017446  E2F transcription factor 8 3.10 0.84 2.25 1.44 0.01
NFATS ENSBTAGO00000013412  Nuclear factor of activated T-cells 5, tonicity-responsive ~ —0.38 -2.00 -0.37 0.75 0.04
SIX5 ENSBTAG00000013346  SIX homeobox 5 -0.19 1.96 0.28 3.82 0.05
ZBTB38 ENSBTAG00000040061 Zinc finger and BTB domain containing 38 0.49 -2.31 -0.15 091 0.03
ZNF605 ENSBTAG00000005240  Zinc finger protein 605 —2.44 0.34 -0.29 0.56 0.03

IENSB = http://www.ensembl.org; assessed 15 May 2015.

2The DEx values represent the difference in expression values between post- and prepubertal heifers average gene expression values (normalized base-2
log transformed “reads per kilo base per million mapped reads” [RPKM] values).

3FC =fold change. This represents the fold change in gene expression (normalized base-2 log transformed RPKM values) between post- and prepubertal heifers.

sample) and did not differ between postpubertal and
prepubertal heifers. These 10 genes, including the most
specific myelin proteolipid protein, might be considered
constitutively expressed in the hypothalamus because
they could be confirmed by others and were indepen-
dent of developmental status in our samples (P > 0.05).

Just over 2% of expressed genes were DEX in the
postpubertal heifer versus prepubertal heifer compari-
son. Of the 392 DEx genes, 173 were downregulated
and 219 were upregulated after puberty (Supplemental
Table S1; see the online version of the article at http://
journalofanimalscience.org). This result represented
the difference in gene expression between heifers at
their second luteal phase (after puberty) and heifers that
never experienced a luteinic phase (before puberty).
Therefore, gene expression differences in postpuber-
tal versus prepubertal heifers could be influenced by
the presence versus absence of progesterone feedback
to the hypothalamus and therefore reflect physiologi-
cal changes due to progesterone signaling as well as
those that are involved in bringing about puberty on-
set. Among the DEx genes, 29 were TF, 7 were tran-
scription cofactors, and 4 were chromatin remodeling
factors. These elements were further investigated in
network analyses, taking into account the RIF metrics
obtained for TF (see below).

The RIF metric was applied to all 1,085 TF ex-
pressed in the hypothalamus, DEx or not. These anal-
yses identified 111 significant TF (P < 0.05). This TF
list was significantly enriched for 2 pathways: prostate
cancer (P = 3.4 x 107%) and pathways in cancer (P =
1.1 x 10-3). Of the 111 top-ranking TF, 29 were genes
that code for TF of the zinc finger family: 15 zinc fin-
ger (ZNF) genes and 14 others, including uncharacter-
ized proteins with zinc finger core characteristics, as per
AnimalTFDB (Supplemental Table S2; see the online
version of the article at http://journalofanimalscience.
org). Five TF were significant according to both RIF
and DEX analyses (Table 1).

A co-expression network was predicted from RNA
sequencing data, illustrating the complex nature of hy-
pothalamic activity associated with postpubertal ver-
sus prepubertal differences. First, we analyzed the net-
work formed by correlations between all expressed TF
and DEx genes. Then, we focused on the network that
contained only DEx genes, DEx regulatory elements,
and top-ranking TF from the RIF analyses (Fig. 1).

The genes in the above network were not signifi-
cantly enriched for particular functional pathways
when interrogated using DAVID software. The func-
tional gene annotation analysis nevertheless detected
6 genes in the network that participate in the cross-
talk between adiponectin, leptin, and insulin signal-
ing pathways: TNFRSFI1A, RELA, NFKBI1, PRKAG2,
CPTIC, and LEPR (Supplemental Fig. S1; see the
online version of the article at http://journalofani-
malscience.org). All of these genes were upregulated
after puberty with the exception of CPTIC.

DISCUSSION

Of the 111 hypothalamus-expressed TF that were
ranked most highly in the RIF analysis, 29 were genes
from the zinc finger family: 15 ZNF genes and 14 oth-
ers, including uncharacterized proteins. This result
seems to agree with reported findings regarding the
central role of zinc finger family members in the regu-
lation of puberty onset (Lomniczi et al., 2015b). Given
the tested contrast, the identified zinc finger molecules
might play a role in the hypothalamic response to
progesterone feedback in heifers. Specifically, it is
tempting to hypothesize that ZBTB38 and ZNF605 are
downregulated after puberty as a results of either pu-
bertal development as a whole or simply as a result
of progesterone feedback. In either case, the role for
these 2 high-ranking and DEx zinc fingers in heifer
reproductive biology should be further investigated.

The current study provides new evidence for physi-
ological mechanisms associated with B. indicus puberty.
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Figure 1. Co-expression network in the hypothalamus of post- and
prepubertal Bos indicus heifers. Predicted interactions between differen-
tially expressed genes and top-ranking transcription factors. The color gra-
dient illustrates network degrees, from low (green) to medium (yellow) and
high (red), based on the number of predicted interactions for each gene.

The studied heifers formed a contrast between hypo-
thalamus samples under progesterone influence after pu-
berty (second estrus cycle) and hypothalamus samples
from heifers that had never experienced a luteal phase
(before puberty). Given this contrast, it is likely that DEx
genes could be influenced by puberty onset and the pres-
ence versus absence of progesterone feedback in the hy-
pothalamus. Progesterone feedback is an important step
in pubertal development and peripubertal heifers tend to
experience short luteal phases in the first cycle (Atkins et
al., 2013). Other contrasts should be explored in future
experiments for detailing gene expression profiles at ad-
ditional time points. Future experiments could compare
samples from postpubertal heifers at all phases of the
estrus cycle, compare gene expression from one estrous
phase to another, and compare each phase with prepu-
bertal gene expression. These other contrasts would al-
low researchers to differentiate progesterone influence
on gene expression from postpubertal versus prepubertal
differences in the absence of progesterone influence.
The only other RNA sequencing study, to our knowl-
edge, of heifer puberty investigated a contrast similar to
the one presented here in terms of progesterone influ-
ence. Canovas et al. (2014a) reported 275 DEx genes in
the hypothalamus of prepubertal Brangus (three-eighths
Brahman x five-eighths Angus) heifers with low levels
of serum progesterone (0.5 £ 0.3 ng/mL) compared with
postpubertal heifers with higher levels corresponding to
CL presence at euthanasia (7.1 + 1.0 ng/mL). However,
the prepubertal heifers in that study were much younger
and smaller than the age-matched heifers in the current
study. Comparing the Brangus heifer study with the
current results of Brahman heifers, only 2 genes were
DEx in both breeds: BARX2 and VAXI. Breed differ-

ences, including B. taurus and B. indicus genetics, and
experimental design (euthanasia for postpubertal and
prepubertal heifers was not matched in the Brangus ex-
periment) could contribute to these contrasting results.
However, encouraging confirmation in terms of key TF
emerged from both studies because 43 of 111 (approxi-
mately 39%) top-ranking TF in Brahman were also
deemed regulators in the Brangus network: BSX, DLX1,
DLX5, DMRT2, E2F3, E2F7, EGR3, EGR4, ETSI,
ETV6, FOXAI, FOXA2, HAND2, HOXD9, INSMI,
IRX2, LHXS, LHX9, MESP2, NFATS, NFKBI, NR1H4,
NR5A2, OVOLI, OVOL2, PAX3, PAX7, POU4F2,
POU4F3, PPARG, PROPI, RAX, SHOX, SIX3, SOX5,
SP5, TAL1, TCF21, TFCP2L1, TSC22D3, TTF 1, USF2,
and WTI. Note that NFATS is 1 of the 5 DEx and top-
ranking TF. Understanding the specific roles of these
potential regulators of heifer puberty will be our next
challenge. For some of these genes, or at least gene
families, previous reports provides clues as to their
function in the context of puberty mechanisms. This is
the case for PPARG and PROPI, genes of the family of
homologues of Drosophila sine oculis (SZX) genes and
genes of the family of the adenovirus E2 promoter bind-
ing factor (E2F), as well as some tumor-related genes,
all alleged to participate in the cross-talk upstream of
GnRH release, as discussed in the following paragraphs.

Previous work derived gene networks for cattle pu-
berty from genomewide association studies using poly-
morphism co-association to predict gene interactions
(Fortes et al., 2010, 2011). Some of the key regulators
identified in those studies and postulated here were the
same: PROPI and PPARG. Despite being previously
identified as key regulators of heifer puberty and hav-
ing significant RIF scores (Supplemental Table S1; see
the online version of the article at http://journalofani-
malscience.org), these TF were not central nodes in the
co-expression network reported here because they were
connected to only 7 or fewer genes. Central nodes in
the network were connected to up to 54 genes.

Genes from the SIX family determine DNA bind-
ing specificity, mediate protein—protein interactions,
and were implicated in developmental processes and in
the maintenance of differentiated tissue states (Boucher
et al., 2000). In this study, SIX5 was DEx and a top-
ranking TF. In Canovas et al. (2014a), SIX6 was deemed
a key regulator. In both studies, SIX3 was identified as
a potential regulator of heifer puberty. Although SIX5
did not affect fertility in knockout mice (Klesert et al.,
2000), it is possible that members of the SIX family
contribute to pubertal development. Knockdown and
knockout experiments of SIX6 support roles for SIX3
and SIX6 in transcriptional regulation of gonadotrope
gene expression and SIX3 and SIX6 have been shown
to functionally compensate for each other (Xie et al.,



Hypothalamus and puberty in heifers O

2015). Compensatory roles and our results might sug-
gest that SIX35, a top TF in Brahmans, is more important
in a B. indicus background and could compensate for
SIX6 detected only in Brangus. Meanwhile, SIX3 may
play a role in both B. indicus and B. taurus cattle.

The cross-talk between adiponectin, leptin, and in-
sulin pathways in the hypothalamus has long been dis-
cussed as an underlying mechanism that links nutri-
tional status with puberty (Coope et al., 2008; Cardoso
et al., 2015). In the current study, we found 6 DEx
genes, TNFRSF1A, RELA, NFKBI, PRKAG2, CPTIC,
and LEPR, known to belong to all 3 pathways. It is
likely that these genes are important factors in energy
homeostasis, in the context of heifer puberty. Out of
the 6, only NFKBI had been identified by a previous
study (Canovas et al., 2014a). It is noteworthy that
these genes are also known to modulate NPY neurons
postulated to affect GnRH release in association with
leptin signaling in heifers (Cardoso et al., 2014).

Alleles of SIX6 and LIN28B associated with in-
creased age at puberty in girls were also associated
with taller adult height (Perry et al., 2014). A confirmed
mutation in PLAG1 associated with age at puberty in
heifers follows the same pattern: the allele associated
with late puberty increases height and weight (Karim et
al., 2011; Littlejohn et al., 2012; Nishimura et al., 2012;
Fortes et al., 2013; Utsunomiya et al., 2013; Saatchi et
al., 2014). It is conceivable that SIX5, SIX6, and SIX3
may present another example of genes that link growth
and energy homeostasis to timing of puberty in cattle.
Genes of the SIX family might act similarly to leptin
and adiponectin, providing a permissive link between
energy homeostasis and GnRH release (Amstalden et
al., 2014; Cardoso et al., 2015). Elucidation of SIX path-
ways and how it may fit into the cross-talk upstream of
GnRH release requires further investigation.

Certain tumor-related genes are thought to be pu-
berty-delaying genes, transcriptional repressors central
to the regulatory network that controls puberty onset
(Roth et al., 2007; Ojeda et al., 2010). Genes from the
E2F family might fall into this “tumor-related” catego-
ry of important TF for puberty. They are known to af-
fect cell cycle and progression, basic processes that are
relevant in both cancer and developmental processes
(Christensen et al., 2005). The E2F8 and NFATS5 genes
may fall into this category, as these rank within the 5
DEx and top-ranking TF and have been shown to play
roles in cancer development (Jauliac et al., 2002; Chen
et al., 2009). However, from our data, E2F§ had higher
levels of expression after puberty whereas NFATS had
higher levels before puberty, so it is likely that their
effects on puberty are in opposite directions. First de-
scribed as a tonicity-responsive TF crucial to kidney
function, NFATS is also expressed in brain and testicu-

lar tissues; however, the roles it may play in those tis-
sues are largely unknown (Trama et al., 2000; Lopez-
Rodriguez et al., 2004). It is worth noting that NFATY is
the only one of the 5 DEx and top-ranking TF that was
identified by the previous Brangus heifer hypothalamus
study (Canovas et al., 2014a). Furthermore, mutations in
NFATS were associated with age at menarche (puberty)
in women (Chen et al., 2012).

Knowledge of key regulators, specific genes, mu-
tations, gene networks, and pathways can be used to
enhance genomic approaches for selective breeding
(Snelling et al., 2013; Fortes et al., 2014). In this con-
text, data presented herein regarding hypothalamic
gene expression of postpubertal versus prepubertal B.
indicus heifers could have practical implications. The
regulators for which this study proposes a potential
role in puberty should be mined for mutations that
could be tested for their effect on age at puberty in
cattle. Mutations in these regulators, together with
other genetic determinants discovered in previous ge-
nomewide association studies, could form the basis for
DNA diagnostic tools predicting early puberty onset.
Knowledge of biologically relevant mutations is an
advantage for genomic selection, increasing the accu-
racy and supporting prediction of phenotypes across
breed (Snelling et al., 2013; Pérez-Enciso et al., 2015).
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