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ABSTRACT

Milk genes are exclusively expressed in MECs during lactation, regulated by lactogenic
hormones like prolactin that act through specific TFs. The recruitment of TF is determined by
cis-regulatory motifs in their gene promoters; but there is limited evidence of shared maotifs
among the major milk gene across species. In this study, Jalview, Meme-Suite, TomTom, and
GOMo software were utilized to construct phylogenetic trees, discover motifs, identify TFs, and
determine GO terms, respectively, in the 2kb upstream putative promoter region of CSN1S1,
CSN1S2, CSN2, CSN3, LALBA and BLG milk genes among twenty-three mammalian species.
The analysis revealed three common TFBSs for STAT1, STAT5a, and STAT5b TFs in all milk
genes across the species studied, except for BLG, within the region -390 to -80bp from the
canonical TSS, with a few shared TFBSs located in the distal promoter region upstream of -
600bp. STAT3 was also detected in CSN1S1, CSN2, CSN3, and LALBA genes, sharing binding
sites with STAT1, STAT5a, and STAT5b. Furthermore, TFBSs for Sox9 and Sox6 TFs were found
to be shared between the LALBA and BLG putative promoters within -400 to -100bp. Moreover,
GO analysis linked GPCR with regulatory motifs in all six milk genes across 23 species,
essential for enhancing STATS5 phosphorylation through Gogq activation in the JAK-STAT
pathway. The totality of the result suggests that the relative abundance of STAT5 and STAT3
proteins may play a role in regulating the expression level of caseins and LALBA commensurate
with the stage of lactation. Together, these results offer valuable insights into the potential of the
milk genes’ promoter for constructing eukaryotic expression vectors and provide essential

information for transgenic studies.

Keywords: MEME-Suite, Promoter, Cis-regulatory Element, Motifs, Mammals, Mammary

gland, Milk genes.
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1. INTRODUCTION

Mammals are defined by lactogenesis, which is the synthesis of milk for the sustenance of the
newborn. Mammary epithelial cells (MECs) are secretory cells in mammals and form the basis
of lactation in the mammary gland (MG). The number and activity of MECs are strongly linked
to the lactation phase of the MG and play a vital role in MG development. The ability of MGs to
produce milk relies on both the quantities of milk-secretary cells and their level of activity. The
primary protein constitute of milk are the four caseins (alpha S1 casein (CSN1S1), alpha S2
casein (CSN1S2), beta-casein (CSN2) and kappa-casein (CSN3) along with two whey protein
(alpha-lactaloumin (LALBA) and beta-lactoglobulin (BLG)), which are synthesized by MECs
(Fox et al., 2015; Le et al., 2017; Maity et al., 2020; Sebastiani et al., 2020).

The MG is a dynamic exocrine organ that goes through a cycle of growth, functional
differentiation, and regression, all of which are connected to reproductive functions. Mammary
development initiates in early fetal stages and progresses minimally during estrous cycles. The
full development of the MG occurs primarily during pregnancy, reaching full functionality after
parturition to provide nourishment to the newborn. Following weaning, the mammary tissue
undergoes regression during involution but can undergo re-specialization if a subsequent
pregnancy occurs. The different stages of MG development are precisely coordinated spatio-
temporally, influenced by both systemic hormones and local factors (Truchet and Honvo-
Houéto, 2017).

Research on the regulation of milk protein gene expression has shown that key hormone
complex, specifically the lactogenic hormone prolactin (PRL), glucocorticoids (GCs), and
insulin (INS), activate milk protein gene expression synergistically (Qian and Zhao, 2014b). Of
the several factors involved in milk gene expression, PRL plays a crucial role as a fundamental
hormone in all mammals. It governs lactogenesis by influencing MG cell proliferation, reducing
apoptosis, and promoting milk production and secretion. Originating from the anterior pituitary
gland, this hormone binds to PRL receptor (PRLR) in MECs. This binding regulates milk protein
gene expression through regulatory elements in the putative promoter region of milk protein
genes, triggering a range of cellular effects from growth stimulation to the initiation of milk

protein synthesis (Wang et al., 2022).



Promoter studies has revealed that gene regulation can be influenced by transcription factors
(TFs), and investigating transcription factor binding site (TFBSs) helps to fill the knowledge gap
concerning milk gene expression (Najafi et al., 2014). TFs and their binding sites within
promoters are recognized as fundamental functional elements in any genome. Perturbations in
these protein-DNA interactions may play a role in the onset of diverse disorders. These
interactions govern numerous crucial processes, including key developmental stages and

responses to environmental cues (Parveen et al., 2023).

Study of promoter cis-elements and regulation of expression of CSN1S1, CSN1S2, CSN2,
CSN3, LALBA and BLG genes have been studied in goats and sheep (Ramunno et al., 2004;
Najafi et al., 2014; Zhang et al., 2015; Morammazi et al., 2016), in horses (Lenasi et al., 2005),
in camels (Pauciullo et al., 2013; Pauciullo et al., 2014; Parveen et al., 2023, Pauciullo et al.,
2024), in rat, mice, rabbits, humans and cattle (Malewski, 1998; Gerencsér et al., 2002; Debeljak
et al., 2005), and in water buffalo (Feng et al., 2021). However, there is limited direct evidence
regarding universally present cis-regulatory elements among all major milk protein gene
promoters across various species (Patel et al., 2014; Amandykova et al., 2022). Therefore, this
study was conducted to deciphering the shared regulatory elements and their characterizing
among the CSN1S1, CSN1S2, CSN2, CSN3, LALBA and BLG genes’ 2kb upstream putative
promoter regions from the canonical TSS across twenty-two eutherian mammals and one
marsupial, namely, human, horse, goat, cow, mouse, bonobo, lion, chimpanzee, Norway rat,
sheep, Arabian camel, tiger, olive baboon, narwhale, macaque, megabat, domestic cat, dog, giant
panda, rabbit, pig, kangaroo rat, and opossum based on available sequences in public databases
through computational analysis. This will elucidate the promoters’ potential use for constructing
a eukaryotic expression vector and provide crucial details for transgenic study (Shepelev et al.,
2018).



1.1. Statement of the Problem

The putative promoter regions of CSN1S1, CSN1S2, CSN2, CSN3, LALBA and BLG milk
genes are commonly utilized to express recombinant proteins, providing an opportunity to boost
protein yield in milk among various mammalian species. The cis-elements and expression
induction from these promoters of these milk genes have been reported in goats and sheep
(Ramunno et al., 2004; Najafi et al., 2014; Zhang et al., 2015; Morammazi et al., 2016), in
horses (Lenasi et al., 2005), in camels (Pauciullo et al., 2013; Pauciullo et al., 2014; Parveen et
al., 2023a; Pauciullo et al., 2024), in rat, mice, rabbits, human and cattle (Malewski, 1998;
Gerencser et al., 2002; Debeljak et al., 2005), and in water buffalo (Feng et al., 2021). However,
there is limited evidence regarding a universally present cis-regulatory element(s) that enable
mammals to spatio-temporally regulate gene expression among all major milk protein genes
across various species (Patel et al., 2014; Amandykova et al., 2022). This underscores the
necessity of identifying universally shared cis-regulatory element(s) among CSN1S1, CSN1S2,
CSN2, CSN3, LALBA and BLG milk genes' 2kb putative promoter regions across twenty-three

mammalian species based on publicly available sequence data.

1.2. Research Questions

What shared cis-regulatory element(s) govern the precise spatio-temporal expression of
CSN1S1, CSN1S2, CSN2, CSN3, LALBA and BLG milk genes of twenty-two true eutherians
and one marsupial species? Answers to this question will elucidate the shared cis-regulatory
element(s) that govern the spatio-temporal expression of milk genes across eutherians and
marsupial, providing an important entry point for customizing milk composition and enhancing

milk yield through genetic improvement.

1.3. Objectives

1.3.1. General Objective

This study aims to computationally identify universally conserved cis-regulatory element(s)
within the 2 kb putative promoter region immediately upstream of the canonical TSS or first
exon for six major milk protein genes in 23 different species, namely: human, horse, goat, cow,
mouse, bonobo, lion, chimpanzee, Norway rat, sheep, Arabian camel, tiger, olive baboon,
narwhale, macaque, megabat, domestic cat, dog, giant panda, rabbit, pig, kangaroo rat, and

opossum.



1.3.2. Specific Objective
> ldentify and retrieve putative 2kb promoter sequences immediately upstream of the TSS
or first exon.
» Sort major milk protein putative promoter regions into distinct evolutionary diverged
groups, or clades based on phylogenetic analysis
> Discover candidate regulatory motifs and their associated TFs.
» Characterize the discovered candidate regulatory motifs and TFs via gene ontology

analysis

1.4. Significant of the Study

This study aims to enhance our understanding of the shared cis-regulatory elements that control
the precise spatio-temporal expression of key milk protein genes, which are crucial for
establishing and maintaining lactation and determining milk composition in twenty eutherian
species and one marsupial species. Understanding cis-regulatory elements is essential for
understanding how TFs regulate the expression of milk protein genes, and this knowledge has

potential applications for expressing transgenic proteins in the milk of various species.



2. LITERATURE REVIEW
2.1. Major Milk Proteins

The intricate process of milk production and secretion commences with MG development and is
intricately regulated by systematic hormones and local factors. These components collaborate to
ensure MECs function in unison to provide newborns with the appropriate composition and
volume of milk (Truchet and Honvo-Houéto, 2017). Milk proteins are categorized into whey
(serum) and casein families (McMeekin and Polis, 1949) and are an important part of a neonate’s
diet. Scientific research has demonstrated that milk proteins offer a range of health benefits, both
nutritionally and biologically. Milk proteins, whether intact or as derivatives, have been
associated with anticarcinogenic effects, antihypertensive properties, immune system regulation,
and other metabolic traits (Davoodi et al., 2016). This distinctive dietary matrix comprises on
average 87% water, 4% lipids, and 9% solid-non-fat compounds including protein, lactose, and
various minerals and vitamins, facilitating fractionation and isolation processes (Burke et al.,
2018).

Milk supplies neonates' energy and food requirements for optimal growth and development. It
contains considerable amounts of protein, minerals, and fats and can offer sustenance and
immunological protection to newborns. One of the primary functions of milk is to provide
necessary amino acids and minerals. These amino acids and minerals are necessary for neonatal
growth, as well as optimal muscle and tissue function (Gigli, 2016). Species, breed, age, lactation
quantity, environmental factors (such as nutrition, temperature, and milking method), and
pathological conditions all influence the composition, features, and qualities of milk proteins,
which account for changes in milk contents. Nutritional and genetic factors influence milk
protein concentration; however, the latter is thought to be the more essential due to intrinsic

regulatory mechanism (Asim et al., 2022).



2.1.1. Casein Milk Protein Genes

Caseins, originating from the Latin term "caseus" meaning cheese, make up a group of
phosphoproteins that serve as the primary constituents of milk protein. They contain bioactive
peptide precursors and immunomodulators, playing essential roles in various biological functions
(Olumee-Shabon et al., 2013; Scumaci et al., 2015; Izquierdo-Gonzaélez et al., 2019). The major
proteins in casein, namely CSN1S1, CSN1S2, CSN2, and CSN3, represent around 38%, 10%,
36%, and 13% of the casein fraction, respectively (Auestad and Layman, 2021). Together, these
proteins establish an optimal balance of essential amino acids. Notably, they are characterized by
a high proline content (16% of amino acids) and low cysteine content, resulting in the absence of
disulfide bonds and alpha-helix structures commonly found in most proteins. Additionally, these
phosphoproteins exhibit a strong affinity for calcium binding and are hydrophobic, rendering
them insoluble in water. In their natural state within milk, caseins form a micellar structure to
remain suspended in water. However, under acidic conditions (pH < 4.6), casein proteins
coagulate, leading to curd formation, a pivotal step in cheese production (Bhat et al., 2016; Han
et al., 2021). Studies have shown that casein can improve calcium absorption and bone mineral
density, prevent muscle protein breakdown, and contribute to a moderate yet sustained muscle
protein synthesis (Jeong et al., 2022).

Caseins have evolved in various mammalian species to perform specialized activities in milk,
including delivering nutrients and minerals, particularly calcium, to offspring while maintaining
fluidity in MGs (Runthala et al., 2023). Furthermore, caseins are the key milk proteins that
provide amino acids and immunity to newborns (Roy et al., 2020). According to Dalgleish et al.
(2004), these milk proteins are phosphoproteins generated by MECs under multi-hormonal
regulation that resemble raspberries in electron micrographs. They are found in all animals' milk,
but their overall concentrations and relative fractions differ greatly between species (Martin et
al., 2013). The three primary caseins, CSN1S1, CSN1S2, and CSN2, are known as calcium-
sensitive caseins because they precipitate quantitatively with calcium chloride. CSN3, on the
other hand, does not precipitate with calcium chloride and instead stabilizes calcium-sensitive
caseins (Qian and Zhao et al., 2014a).



Previously, it was discovered that casein genes are only found in mammalian genomes and that
all casein genes belong to the secretory calcium-binding phosphoprotein (SCPP) gene family
(Kawasaki et al., 2011). The SCPP gene family arose from the duplication of the SPARCL1
(SPARC-like 1) gene in an early vertebrate (Kawasaki et al., 2007), and numerous SCPPs are
involved in bone and tooth mineralization in current vertebrates (Kawasaki and Weiss, 2008).
SCPP genes have a well-conserved and identifiable exon-intron structure, which supports the

hypothesis that all casein genes originated by gene duplication (Kawasaki et al., 2005).

Caseins are an important molecular model for evolutionary research, providing insights into the
genetic makeup of understudied species (Kawasaki et al., 2011). Exploring genomic architecture
and evolutionary events is critical for understanding the regulatory mechanisms of the casein
gene family in mammals. While caseins are found in all mammalian milk, the overall content
and relative fractions differ between species. Different species investigated extensively have
varying milk amounts, with casein concentration ranging from 2.4 to 52.6 g/L, with human milk
having one of the lowest protein levels (2.4 - 4.2 g/L) and sheep milk having one of the highest
(41.8 - 52.6 g). Aside from the wide range in milk casein concentration, there are considerable
variances in the relative distribution of caseins among species. Notably, CSN1S2 is absent from
human milk (Roy et al., 2020; Runthala et al., 2023).

Table 1. Casein concentration and composition of milk in some selected mammalian species.

Animal Total casein concentration | Relative casein composition (%)
(g/L milk) CSN1S1 | CSN1S2 | CSN2 | CSN3 | CSN1S1+CSN2

African elephant | Unknown - - 89 11 89
Buffalo 32-40 40 9 35 12 75
Cow 24.6-28 38 10 40 12 78
Camel 22.1-26 22 9 65.5 35 87
Goat 23.3-46.3 20 16 41 17 61
Horse 9.4-13.6 17.7 15 79 1.8 96
Human 2.4-42 3 - 70 27 73
Sheep 41.8-52.6 50 - 40 10 90
Range - 3-55 9-28 26-89 | 3.5-27 | 61-96

(Source: Runthala et al., (2023), except the African elephant which is from Madende et al.,
(2015)).

2.1.2. Whey Milk Protein Genes
Whey is the aqueous portion remaining after cheese production and is rich in high-quality
proteins known for their essential amino acid content, bioavailability, and bioactivities. Whey
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proteins are notably abundant in lysine, methionine, leucine, and tryptophan, essential amino
acids that are often limited in other dietary sources. Among the key proteins found in whey are
BLG and LALBA. LALBA, a significant calcium-binding whey protein specific to MGs, plays a
crucial role in lactose synthesis. It assists in lactose production by regulating the

galactosyltransferase part of the enzyme system (Pauciullo et al., 2024).

Lactose synthesis is vital for milk synthesis because it generates osmotic pressure, which draws
water into the MG and increases overall milk volume (Layman et al., 2018). LALBA comprises
approximately 22% of total protein and 36% of whey protein in human milk. This soluble protein
with 129 amino acids is remarkable for its high concentrations of tryptophan, lysine, cysteine,
and branched-chain amino acids. Aside from its high protein quality, which promotes growth and
development, LALBA has other bioactive qualities associated with sleep, mood modulation,
gastrointestinal function, mineral absorption, and immunological response (Layman et al., 2018).
Due to its unique amino acid composition and significant presence in milk, LALBA has been
extensively studied for potential use in infant formulas. Many dairy-based infant formulas are
enriched with whey proteins, often containing preparations with added LALBA. However,

LALBA has not received substantial attention for use in adult nutrition (Layman et al., 2018).

BLG, a lipocalin, belongs to a diverse protein family that binds small hydrophobic molecules and
functions as specific carriers, akin to serum retinol-binding protein (Berry et al., 2010). It is the
most common whey protein in ruminant milk and can be found in the milk of a variety of
mammals including dogs, cats, pigs, horses, kangaroos, wallabies, and dolphins, but it is not
found in rodents or human milk (Wodas et al., 2020). In bovine milk, BLG accounts for roughly
10% of total milk protein and 58% of whey protein. This relatively small peptide chain
comprises 162 amino acids and forms a dimer with a molecular weight of 36kDa in bovine milk.
BLG exhibits high solubility and clarity across a wide pH range (pH 3 to 7) and displays
exceptional gelling and foaming properties, making it valuable for various food applications
(Chatterton et al., 2006). Nonetheless, concerns regarding BLG allergies have been raised due to
its absence in human milk (Wei et al., 2018). The functional roles of BLG in ruminant offspring
and its potential applications in human nutrition have been investigated but remain speculative
(Chatterton et al., 2006; Wei et al., 2018).



2.2. Hormonal and Transcriptional Control of Milk Protein Genes

The regulation of major milk protein-encoding genes is complicated, involving steroid and
polypeptide hormones, local growth factors, and cell-environment interactions. Throughout
lactation, MECs create a considerable amount of milk proteins, with more than 90% originating
from the transcription of tissue-specific genes. These genes are regulated by a complicated
hormonal network that includes both transcriptional and post-transcriptional processes.
Furthermore, for the MG to function as a bioreactor, it must have an adequate supply of amino
acids, as well as efficient translation and transportation pathways during lactation (Vilotte et al.,
2013).

Lactogenic hormones such as insulin, prolactin, and glucocorticoids, as well as local growth
factors and cell-cell and cell-substratum interactions, cause specific transcription of essential
milk protein genes and modify chromatin structure. These chromatin structure alterations include
nucleosome remodelling and post-translational histone modification, which occur both at the
nucleosome level and within broader chromatin domains (Xu et al., 2007). In contrast, hormones
such as progesterone inhibit this stimulation in early pregnancy, favoring cell expansion over cell
specialization. In many circumstances, it is difficult to distinguish between direct milk protein
transcription induction and indirect differentiation-related activities. Major milk protein gene
activation does not occur concurrently during pregnancy, probably due to varied hormonal
settings and differential responses of individual milk protein genes to these environments
(Kabotyanski et al., 2006 and 2009).

The use of bioinformatics methods in genome-wide research has improved our fundamental
understanding of the distinct genomic structure of regulatory elements that drive cell-type-
specific gene expression (Ong et al., 2011 and 2012). Conserved DNA motifs thought to regulate
gene transcription were discovered by comparing the sequences of these distinct genomic
structures within a given gene across different species or among diverse milk protein genes
(Kolb, 2002). With over fifty years of research on regulating milk protein gene expression in the
MG, the insights gained from these investigations have not only provided essential knowledge
for genetic and nutritional improvements in milk composition and production, but have also shed
light on the molecular mechanisms behind temporal and tissue-specific gene expression (Forsyth
et al., 2009).



2.3. Gene Expression Dynamics of Major Milk Genes

Milk contains two primary milk proteins: caseins (CN) and whey proteins. Genes CSN1S1,
CSN1S2, CSN2, and CSN3 encode caseins and are found on chromosome 6 in bovine. These
genes produce the milk proteins alpha S1-CN, alpha S2-CN, beta-CN, and kappa-CN,
respectively (Caroli et al., 2009). The relative expression of these milk protein genes (CSN1S1,
CSN1S2, CSN3, CSN2) showed the greatest fold changes at day 250 (late lactation), but reduced

dramatically as lactation progressed (Figure 1).

The BLG and LALBA genes encode the major whey proteins, beta-lactoglobulin and alpha-
lactalbumin, respectively. These two genes likewise show the most significant fold changes at
day 250 (late lactation), and, like CN genes, show a considerable reduction as lactation
progresses (Figure 1). Notably, the proportions of total milk proteins, whey proteins, and casein
are rather consistent throughout lactation. However, mMRNA gene expression patterns indicate a
higher transcription rate for casein and whey proteins during transition lactation. One possible
explanation for this discrepancy is that these abundant caseins and whey proteins are
enzymatically cleaved into bioactive peptides, leading to their concentrations not being
accurately reflected in the analysis of major milk component proteins. In cows, it has been
observed that bioactive peptides resulting from the breakdown of caseins and whey proteins are

more prevalent at the onset of lactation (Wickramasinghe et al., 2012).
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Figure 1. Variations in caseins and whey genes expression during bovine lactation stages.
The x-axis represents gene symbols, while the y-axis displays log2 RPKM (reads per kilobase of
transcript per million mapped reads) expression values at 15, 90, and 250 days. Notably, all
genes reached their highest expression levels on day 15 and then declined significantly as
lactation progressed. * Adapted from Wickramasinghe et al. (2012).

2.4. Transcriptional Regulation: Insights into Promoter Structure and Regulatory
Elements

The primary and most critical stage in protein gene expression initiation is the dynamic
collaboration of the promoter and RNA polymerase Il (Thomas and Chiang, 2006). The
promoter, a nucleotide region spanning tens to hundreds of base pairs either upstream or
downstream of the TSS (Figure 2), regulates TSS initiation and transcription level (Haberle and
Lenhard, 2016). Recognizing promoters is critical for understanding gene structure and
transcriptional control. Traditional methods for identifying promoters often necessitate complex
biological studies, such as DNA microarray (Brown and Botstein, 1999), DNAase footprinting

(Galas and Schmitz, 1978), and chromatin immunoprecipitation (Javed et al., 2004).

Although traditional experimental procedures can provide precise and consistent results,
identifying most promoters across the entire genome is a time-consuming and labor-intensive

task. Large-scale high-throughput sequencing initiatives and the accumulation of genetic data
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have given rise to promoter prediction methods based on bioinformatics and computational
biology. This method may easily extract useful information from large amounts of genomic data

and swiftly identify promoters (Liu et al., 2023).

Identifying TSS is an important first step in computational analysis, which leads to the prediction
of regulatory elements. This task is particularly simple in lower eukaryotes due to their high gene
density compared to genome size. For example, the yeast Saccharomyces cerevisiae dedicate
around 70% of its genome to protein encoding, with short intergenic intervals of about 440bp
(Goffeau et al., 1996). Conversely, the human genome has a reduced gene density, with only
around 3% of the genome producing proteins (Venter et al., 2001), making it difficult to find
both promoters and regulatory elements. Despite the complexities of gene expression regulation
in higher eukaryotes, recent advances in investigating promoter-related features have resulted in
the effectiveness of computational prediction methods based on machine learning for promoter
prediction (Zhang et al., 2019; Lai et al., 2019; Bhandari et al., 2021). Furthermore, deep
learning algorithms have been used in promoter prediction studies (Umarov et al., 2019; Amin et
al., 2020; Tayara et al., 2020; Zhu et al.,, 2021; Zhang et al., 2022), which provide a
comprehensive review of cutting-edge computational methods for predicting prokaryotic and
eukaryotic promoter sequences.
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Figure 2. Regulatory elements within the noncoding regions.

The central graphic is a typical gene, with exons in grey. The orange rectangles indicate intronic
enhancer elements. A). Regulatory elements in the promoter region. The arrows show upstream
and downstream promoter elements situated outside of the core promoter region. B) Regulatory
elements in the 5' UTR. C) Regulatory features of the 3' UTR (Barrett et al., 2012).

The promoter is an important cis component that controls the strength and timing of
transcription. It controls gene expression and sheds light on transcriptional regulatory
mechanisms in physiological and immunological processes. TFBSs are particular DNA
sequences within the promoter to which TFs bind. TFs play an important role in regulating the
expression of cell and tissue specific genes. Exploring regulatory elements such as TFBS
modules in the promoter region can uncover co-regulated genes, allowing for the building of

regulatory models and a thorough analysis across many species (Gorji et al., 2019).

Gene expression control at the transcriptional level is strongly dependent on how TFs interact
with specific cis-DNA elements located in the gene's promoter region. The cis-regulatory region,
which is typically a stretch of DNA spanning 100-1000 base pairs, contains clusters of TFBSs

organized into modular architectures. These structured areas contain both positive and negative
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regulatory elements, which coordinate signal transduction pathways via protein-DNA and
protein-protein interactions. They establish diverse temporal and spatial gene expression patterns
and frequently bring together TFs from different families at the same promoter region (Doppler
et al., 2002). The amount of each protein found in milk correlates to the extent of transcription of

the associated gene (Rosen et al., 1999).

2.5. Transcriptional Regulation of milk Genes

The transcription of genes encoding milk proteins is regulated by intricate interactions between
TFs and composite response elements in the 5'-upstream region, which are controlled by
lactogenic hormones. The presence of distinctive cis-regulatory motifs in the promoter and
enhancer regions is required to recruit a distinct collection of TFs (Rosen et al., 1999;
Kabotyanski et al., 2006; Patel et al., 2014). Signal transducer and activator of transcription 5
(STATS), glucocorticoid receptor (GR), activator protein 1 (AP-1), and CCAAT enhancer
binding protein (C/EBP) are key transcription factors that regulate milk protein gene expression
(Rosen et al., 1999; Song et al., 2022). Furthermore, putative repressor elements such as Yin
Yang 1 (YY1), CIS3, SOCS-1, and SOCS-3 contribute to milk gene expression (Feng et al.,
2021).

The investigation of CSN1S1 gene promoters from various species has provided useful insights
into the promoter's structure and conservation across species. The functional importance of the
many cis-regulatory regions in milk protein genes has been primarily elucidated through studies
of the beta-casein gene's regulatory region. These studies show how lactogenic hormones
including prolactin, progesterone, and glucocorticoids regulate casein gene expression, as well as
transcription factors like STATS5, Octamer-binding protein 1 (Octl), C/EBP, and YY1. These
factors regulate casein gene expression by interacting with particular binding motifs in the
proximal promoter region. Along with the casein gene promoter, it was discovered that the whey
protein gene promoters had binding sites for NFI (nuclear factor 1), the glucocorticoid receptor,
and STAT5 (Waston et al., 1991).

2.6. DNA Motifs in Gene Expression Regulation
DNA motifs are short, recurring patterns of nucleotides with biological significance found in

regulatory regions of eukaryotic genes. These motifs, typically 6-12 base pairs in size, are
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conserved and repeated, helping in the identification of TFBSs essential for understanding gene
expression regulation mechanisms (Zhang et al., 2013; Bailey et al., 2015). Recognizing the
regulatory motifs bound by TFs offers valuable insights into transcriptional regulation
mechanisms (Liu et al., 2000). Transcription regulation is key in establishing and maintaining
temporal and spatial gene expression patterns. The interaction between TFs and specific DNA
sequences in promoter regions is crucial for precise control over when and where genes are
expressed. TFs can activate or suppress milk gene expression by binding to their specific DNA
sequence elements (Marifio-Ramirez et al., 2009).

2.7. Importance of Mammary Tissue-Specific Promoter Regulation

Studying the specific promoter region of mammary tissue provides valuable insights into its
tissue-specific and developmental regulation, offering the potential for driving high-level
expression of bioactive proteins in transgenic animal milk (Patel et al., 2014; Wodas et al., 2020;
Du et al., 2020; Song et al., 2022). The promoter is a critical element that determines tissue
specificity in transgene expression. Various promoters from genes encoding milk proteins have
been effectively used to produce recombinant proteins in the MG (Shepelev et al., 2018). A
thorough understanding of the mechanisms governing the regulation of mammary-specific milk
protein genes is essential for improving milk production yield, quality, and efficiency. Moreover,
it aids in identifying key signaling factors and pathways involved in mammary development,
differentiation, lactation, and disease (Qian and Zhao, 2014a).

15



3. MATERIALS AND METHODS
3.1. TSS determination

Ensembl (Cunningham et al., 2022) and UCSC Genome Browser (Navarro Gonzalez et al.,
2021) were used to identify canonical TSS accurately without the need for direct experimental
investigation. The TSSs of the targeted gene were identified by accessing the gene summary
page in a well-annotated Ensembl Genome browser. Subsequently, the promoter sequence was
located by examining the region immediately upstream of the genes’ first exon. Similarly, in the
UCSC Genome Browser, the TSSs were found by navigating to the genes and gene prediction

section.

3.2. Acquisition of Promoter Sequences

The 2 kb putative promoter sequences immediately upstream of the canonical TSS (or first exon)
of CSN1S1, CSN1S2, CSN2, CSN3, LALBA, and LGB of human, horse, goat, cow, mouse,
bonobo, lion, chimpanzee, Norway rat, sheep, Arabian camel, tiger, olive baboon, narwhale,
macaque, megabat, domestic cat, dog, giant panda, rabbit, pig, kangaroo rat, and opossum were
obtained from Ensembl and the UCSC Genome Browser. These 2 kb upstream regions for milk
genes of these species are expected to contain putative TFBSs. The sequences were acquired in

the Fasta format for this purpose.

3.3. Phylogenetic Tree Construction

The retrieved 2 kb putative promoter sequences immediately upstream of the TSS were imported
into Jalview (Waterhouse et al., 2009). The sequences for each gene were aligned using Clustal
Omega (Sievers and Higgins, 2014) within Jalview, using default parameters. The aligned
sequences of the major milk genes of twenty-three mammalian species were utilized to construct

a neighbor-joining (NJ) phylogenetic tree to sort into evolutionarily divergent groups, or clades.

3.4. Analysis of the Presence of Candidate Motifs and TFs

The upstream sequences for each clade were analyzed using the expectation maximization
algorithm MEME-Suite (http://meme.nbcr.net) version 5.5.3, updated on June 15, 2023, by the
National Biomedical Computation Resource (Bailey et al., 2015) to look for motifs and TFs that
regulate the expression of CSN1S1, CSN1S2, CSN2, CSN3, LALBA, and BLG genes across the

twenty-three mammalian species. This technique was used to determine the occurrence of motifs
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that function as binding sites for the TFs expected to regulate the expression of milk protein

genes.

The optional inputs in MEME included Classic mode for motif discovery, DNA for sequence
alphabet, and one occurrence per sequence (oops) for site distribution, as these settings are
generally sufficient for most motif findings (Peng et al., 2018). The number of motifs that
MEME-Suite was instructed to find was set at five. Additionally, the motifs were set to be 6-

25bp in length, with an E-value less than 0.05, which is the default parameter for MEME-Suite.

Each of the original putative promoter 2 kb sequences underwent random shuffling, maintaining
the composition and number of nucleotides as in the primary sequence. This was done to
compare and check if the discovered motifs could appear at random in sequences of the same
length and composition when subjected to MEME analysis, using the same set of parameters
used in the original sequences. This iterative technique allowed for the assessment of E-values
associated with motifs identified in "random" sequence datasets that resemble the primary
(original) dataset. Furthermore, this iterative approach assisted in defining a reasonable E-value
threshold for motifs discovered in the unshuffled primary/original sequence. The results
generated by the MEME-Suite algorithm were visualized in MEME HTML (Hyper Text Markup
Language).

The MEME HTML format provided a structured framework for the de novo discovery of motifs
and their respective distributions/locations along the sequence, illustrated through block
diagrams. Following the acquisition of the MEME-Suite results, the discovered motifs
underwent analysis using TomTom (https://meme-suite.org/meme/tools/tomtom), a component
of the Meme-Suite (Gupta et al., 2007). This analysis utilized the JASPAR 2022 CORE
vertebrate database with default parameters. TomTom revealed a notable similarity between the
query motif and the binding motif (TFBS) present in the 2 kb upstream promoter regions of
major milk protein genes. The top five TFs for each motif were collected using TomTom with a
p-value significance cut-off of 0.01. Subsequently, UniProt IDs of the candidate TFs were
obtained and used to assess their possible biological function.
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3.5. Gene Ontology Analysis of the Discovered Candidate Motifs

The functional roles of the discovered motifs were determined using the Gene Ontology for
candidate Motifs (GOMo) web-server version 5.5.3, hosted by the National Biomedical
Computation Resource at (https://meme-suite.org/meme/tools/gomo) (Buske et al., 2010).
GOMo scans the discovered motifs to determine if any motif is significantly associated with
genes linked to one or more Gene Ontology (GO) term(s). For GOMOo's optional settings, a
significance threshold g-value of less than 0.05 was employed, with 1000 rounds of score
shuffling, and multiple species for each clade were included in the analysis. Q-value denotes the
lowest acceptable false discovery rate (FDR) at which a particular GO term is considered
significant. Meanwhile, the number of score shuffling rounds was used by GOMo to calculate
the empirical p-values. This involves rearranging the association between sequences and their
scores through shuffling, which ultimately determines the likelihood of the observed outcome
being a chance occurrence. The identification of significant GO terms provided insights into the

potential biological roles of the motifs.
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Figure 3. Workflow pipeline.

(1) Ensembl and UCSC Genome Browser were used to locate the canonical TSS using
annotation information. (2) Retrieve 2 kb upstream putative promoter sequences of CSN1S1,
CSN1S2, CSN2, CSN3, LALBA and BLG for 23 species. (3) Phylogenetic analysis using
Clustal omega within jalview was performed to place species into their respective clades. (4) All
upstream sequences for each clade were run through MEME-Suite. (5a) The resulting identified
motifs were searched through the TomTom JASPAR2022 CORE vertebrate database to find
matches to known TFs. (5b) the biological GO term(s) for each motif were obtained using
GOMo. (6a) UniProt IDs were collected for each TF to determine the biological function of
candidate TFs. (6b) R software was used in identifying common TFs intersection across six milk
genes.
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4. RESULTS

4.1. ldentification of the TSS

A comprehensive investigation of the TSSs of six (6) milk protein genes (CSN1S1, CSN1S2,
CSN2, CSN3, LALBA, and BLG) across 23 mammalian species was undertaken. Using the
Ensembl and UCSC genome browsers, the locations of the canonical TSSs were precisely
determined. Furthermore, a 2 kb sequence upstream of each TSS, which encompasses the critical

putative promoter region, was retrieved from the accession number shown in Table 2.

4.2 CSN1S1 Putative Promoter
4.2.1 Phylogenetics of CSN1S1 Promoter Region
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Figure 4. Phylogenetic tree of CSN1S1 gene 2 kb putative promoter with branch lengths.
Different colors indicate different clades.

The phylogenetic tree in Figure 4, generated using the Clustal-Omega package in Jalview
software, illustrates the evolutionary relationships of the 2 kb putative promoter region of
CSN1S1 across 23 taxa. Based on close evolutionary distance, the tree shows five distinct clades
from their common ancestor. This shows relatively a closer evolutionary distance among the

sequences of the first clade that contains lions, tigers, cats, giant pandas, and dogs. Similarly, the
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second clade groups olive baboons, macaques, and chimpanzees, in congruence with the species’
close evolutionary relationship. Humans, Arabian camels, bonobos, mice, and Norway rat also
form a distinct clade, showing the shared evolutionary history of the putative promoter region.
Similarly, the tree also reveals a close evolutionary distance among goats, sheep, cattle, and pigs,
further supporting their shared lineage within the ungulate group. However, opossum and
kangaroo rat are placed in Clade five as an out-group in the tree. Rabbits, which belong to the
order lagomorpha, are also placed in this out-group. This shows the evolution of the CSN1S1
putative promoter region doesn’t closely reflect the species-level phylogenetic relationship
among the 23 species considered. Humans and their very close relatives, the bonobos, are placed
in the same clade as the rodent, mouse Norway rat, and Arabian camels, Rabbit, a lagomorpha
which is closer to order rodentia, is placed in the clade for the out-group. The same is true for the
kangaroo rat, another rodent, which is placed along with the out-group clade. This demonstrated
that since they last shared a common ancestor, the 2kb putative promoter region of CSN1S1 has

shown a rate of evolution that is not in concordance with the species level evolution.
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Table 2. Accession numbers: Major milk genes inclusive of 2kb putative promoter region.

Species Gene Symbol Respective accession number

Human CSN1S1, CSN2, CSN3 and LALBA ENST00000246891.9, ENST00000353151.4, ENST00000304954.4, ENST00000301046.6

Mouse CSN1S1, CSN2, CSN3 and LALBA ENSMUST00000094641.9, ENSMUST00000197422.5, ENSMUST00000113271.3,
ENSMUST00000023726.5,

Cattle CSN1S1, CSN1S2, CSN2, CSN3, LALBA and BLG ENSBTAG00000007695, NM_174528, ENSBTAT00000003409.7,
ENSBTATO00000028685.6, ENSBTAT00000007701.3, ENSBTAT00000019538.7

Goat CSN1S1, CSN1S2, CSN2, CSN3, LALBA and BLG XM_018049133.1, XM_013964678.2, XM_013964699.2, NM_001285587.1,
ENSCHIT00000032014.1, ENSCHIT00000020316.1

Sheep CSN1S1,CSN1S2, CSN2, CSN3, LALBA and BLG NM_001009795, NM_001009363, NM_001009373, ENSOART00020001919.2,
ENSOARTO00000020933.1, ENSOART00020007400.2

Horse CSN1S1, CSN1S2, CSN2, CSN3, LALBA and BLG ENSECATO00000015064.4, NM_001170767, ENSECAT00000064283.3,
ENSECATO00000001652.3, XM_001915789.4, ENSECAT00000013425.2

Norway rat | CSN1S1, CSN2, CSN3 and LALBA ENSRNOTO00000088491.2, ENSRNOT00055028349.1, ENSRNOT00055028077.1,
ENSRNOT00060011011.1

Tiger CSN1S1, CSN2, CSN3 and LALBA ENSPTIT00000010778.1, ENSPTIT00000016113.1, ENSPTIT00000019918.1 and
ENSPTIT00000022769.1

Lion CSN1S1, CSN2, CSN3 and LALBA ENSPLOT00000017378.1, ENSPLOT00000017548.1, ENSPLOT00000030439.1,
ENSPLOTO00000013724.1

Cat CSN1S1, CSN2, CSN3, LALBA and BLG ENSFCAT00000054514.1, ENSFCAT00000000640.6, ENSFCAT00000014279.5,
ENSFCAT00000086163.1, ENSFCAG00000005742

Dog CSN1S1, CSN2, CSN3 and LALBA ENSCAFT00845018004.1, ENSCAFT00845018124.1, ENSCAFT00845018457.1,
ENSCAFT00845044950.1

Bonobo CSN1S1, CSN2, CSN3 and LALBA ENSPPAT00000045088.1, ENSPPAT00000000084.1, ENSPPAT00000048405.1,

ENSPPAT00000037413.1
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Species Gene symbol Respective accession number

Chimpanzee CSN1S1, CSN2, CSN3 and LALBA ENSPTRT00000030034.5, ENSPTRT00000030036.4, ENSPTRT00000030043.3,
ENSPTRT00000009035.5

Narwhal CSN1S1, CSN2, CSN3 and LALBA ENSMMNT00015015381.1, ENSMMNT00015031619.1, ENSMMNT00015031540.1,
ENSMMNT00015031882.1

Pig CSN1S1, CSN1S2, CSN2, CSN3,LALBA | NM_001004029, NM_001004030, ENSSSCT00000010141.5, ENSSSCT00000010148.5,

and BLG ENSSSCT00000025257.3, ENSSSCT00030031191.1

Rabbit CSN1S1, CSN2, CSN3 and LALBA NM_001082391, ENSOCUT00000009490.2, ENSOCUT00000045471.1, NM_001082052.1

Macaque CSN1S1, CSN2, CSN3 and LALBA ENSMMUTO00000064058.2, ENSMMUT00000042085.3, ENSPVVAT00000009961.1,
ENSMMUTO00000000415.4

Olive baboon | CSN1S1, CSN2, CSN3 and LALBA ENSPANT00000048822.2, ENSPANT00000023656.3, ENSPANT00000005673.3,
ENSPANTO00000073781.1

Giant panda CSN1S1, CSN2, CSN3 and LALBA ENSAMETO00000044764.1, ENSAMET00000029205.1, ENSAMET00000006379.2,
ENSAMETO00000008076.2

Arabian camel | CSN1S1, CSN2, CSN3 and LALBA ENSCDRT00005012639.1, NM_001303563.1, ENSCDRT00005030424.1,
ENSCDRT00005015260.1

Mega bat CSN1S1, CSN2, CSN3 and LALBA ENSPVATO00000012919.1, ENSPVAT00000012922.1, ENSPVAT00000009961.1,
ENSPVATO00000017943.1

Kangaroo rat | CSN1S1, CSN2, CSN3 and LALBA XM_042678378.1, XM_013020075.1, XM_042678381.1, ENSDORT00000009838.2

Opossum CSN1S1, CSN2, CSN3 and LALBA NC_077232.1, XM_044681038.1, NC_077232.1, XM_007502942.2

(Source: Ensembl and UCSC genome browser)
Accession numbers starting with the prefix ENS were retrieved from Ensembl and all others are from the UCSC Genome Browser.
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4.2.2. ldentification of Candidate Motifs and Associated TFs of CSN1S1
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Figure 5. CSN1S1 predicted putative promoter profile.

A) Promoter motif distribution relative to TSSs. B) Promoter motifs’ symbols and consensus
sequence, and (C) predicted promoter motif sequence logos (The height of a letter indicates its
relative frequency at the given position in the motif).

Figure 5 illustrates the results of the analysis of the 2kb putative promoter region of CSN1S1
using the MEME-Suite algorithm on 23 mammalian species. The analysis sought to identify the
top five conserved motifs with an e-value less than 0.05 within the CSN1S1 putative promoter

region, with motif widths ranging from 6 to 25 nucleotides. The top five discovered motifs
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appear in a cluster on the positive strand in the same relative order and distance among motifs in
all eutherian species, except narwhale, macaque, goat and cattle. The motif profiles in kangaroo
rats and opossums are markedly different from the others and their p-values, though significant,
are the highest among the species considered. Interestingly, the cattle putative promoter p-value
of 5.7, though expected to resemble the motif profile of the other ungulates (sheep and goat)
does not appear to reflect the same conserved regularity and order of the identified five motifs.
Further, the cluster of motifs in the caprine (goat) putative promoter region is the closest to the
canonical TSS and does not include motif 5. This may be due to incomplete data acquisition and
the motif may reside in the 5> UTR. Also in macaque and Narwhale, only four motifs are
discovered with motif four not showing in the examined 2kb sequences. It is possible that motif
4 is further 5 of the 2kb sequence and as such not reflected in the cluster of motifs. The motifs
found in the opossum and kangaroo rat, are distinctly different from the pattern observed in the
other species. Notably, 94.8% of the identified motifs are positioned on the positive strand of the
DNA.

Based on the cluster of motifs’ relative distance from the canonical TSSs, they broadly fall into
two groups (not including cattle, kangaroo rats and opossums). In those species listed from tiger
to macaque (45%), the motifs reside within the distal promoter region, located over -1.5kb
upstream of canonical TSS; while the remaining (55%), not including cattle, localize in the
proximal putative promoter region to within less than -240bp upstream from the canonical TSSs.
The motifs in cattle and kangaroo rats and opossums appear scattered across the examined
putative promoter region and do not exhibit the same relative order, strand orientation, and
distance from the TSS. The obtained p-values for cattle, kangaroo rats, and opossums are the
relatively highest as compared to the rest of the sample species, thus ascribing to them a

relatively lower level of significance.

After subjecting the conserved motifs in the CSN1S1 putative promoter region to the TOMTOM
software, the top 5 most significant TFs for each motif with p-value less than 1.0e-02 were
selected, which resulted in the identification of a total of 22 TFs (Table3).
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Table 3. CSN1S1 TFs match the query motif in the JASPAR2022 CORE vertebrates.

Matched TFs with motif 1 | Class Family Matrix 1D UniProt ID P-value
RUNX2 Runt-domain factors Runt-related factors MAO0511.2 | Q13950 2.68e%
ZBED2 C,H, zinc finger factors BED zinc finger factors MA1971.1 | Q9BTP6 2443
FOXH1 Fork head/winged helix factors FOX MA0479.1 | 075593 2.45¢%
SIX2 Homeo domain factors HD-SINE MA1119.1 | Q9NPCS8 2.59¢%3
RUNX1 Runt-domain factors Runt-related factors MA0002.2 | Q01196 3.30e®
Matched TFs with motif 2 | Class Family Matrix 1D UniProt ID P-value
NFIC SMAD/NF-IDNA-binding domain factors | Nuclear factor 1 MAO0161.2 | P08651 1.41e™
GABPA Tryptophan cluster factors Ets-related MA0062.3 | Q06546 5.30e%
STAT1 STAT domain factors STAT factors MAOQ137.3 | P42224 4.40e%
STAT5a::STATSb STAT domain factors STAT factors MAO0519.1 P42230::P42232 | 4.40e™®
STAT3 STAT domain factors STAT factors MAO0144.2 | P40763 1.86e%
Matched TFs with motif 3 | Class Family Matrix 1D UniProt ID P-value
STAT5a STAT domain factors STAT factors MA1624.1 | P042230 3.32e %
BCL6B C,H, zinc finger factors More than 3 adjacent zinc fingers | MA0731.1 | A8KA13 487
Matched TFs with motif 4 | Class Family Matrix 1D UniProt ID P-value
KLF13 C,H, zinc finger factors Three-zinc finger Kruppel related | MA0657.1 | Q9Y2Y9 1.84°%
EIf5 Tryptophan cluster factors Ets-related MA0136.3 | Q8VDK3 3.10e™®
TBX1 T-Box factors TBX1-related factors MAO0805.1 | 043435 3.12¢®
FOS1L::JUND Basic leucine zipper factors (bZIP) Fos-related::Jun related MA1142.1 | P15407::P17535 | 3.15e™
FOSL2 Basic leucine zipper factors (bZIP) Fos-related MAO0478.1 | P15408 3.32e™®
Matched TFs with motif 5 | Class Family Matrix id UniProt ID P-value
SATB1 Homeo domain factors HD-CUT MA1963.1 | Q01826 6.09¢™
MEF2B MADS-box factors Regulator of differentiation MAO0660.1 | Q02080 6.38e™™
ARGFX Homeo domain factors Paired-related HD factors MA1463.1 | ABNJG6 9.04e%
HOXD3 Homeo domain factors HOX MA0912.2 | P31249 2.03¢™®
LBX1 Homeo domain factors NK MA0618.1 | P52954 2.78¢%
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4.2 CSN1S2 Putative Promoter

4.2.1 Phylogenetics of CSN1S2 Promoter Region

In Figure 6, the phylogenetic tree of the putative promoter regions of CSN1S2 is depicted across
five species for which sequence data were available publically using Clustal-Omega within the
Jalview software. The complete 2 kb upstream genomic sequences of human, mouse, bonobo,
lion, chimpanzee, Norway rat, Arabian camel, tiger, olive baboon, narwhale, macaque, megabat,
domestic cat, dog, giant panda, rabbit, kangaroo rat, and opossum were not publicly available or
are CSN1S2 is not expressed. The tree shows that ruminants (goats, sheep, and cattle) formed a
clade in the evolutionary relationships with a relatively higher degree of sequence similarity in
their CSN1S2 putative promoter region than cattle do with either goats or sheep. This is evident
from the shorter branch length between goats and sheep compared to the branch length between
cattle and either goats or sheep. The pig was found in a separate clade in the tree with a branch
length of 4.8¢>. From their last shared common ancestor, pigs appear to have evolved slower than
the other four species while, horses seem to have evolved the most (with a branch length of
13.9¢* since the point of differentiation from pigs.

48e+3 PigCSN1S2
0.0e+0 91e+3 HorseCSN1S2
48e+3 23e+3 CattleCSN1S2
57e+3 , 6.1e+2

20843 | SheepeSN1S2
L 16e+2 GOateSN1S2

Figure 6. Phylogenetic tree of CSN1S2 gene 2 kb putative promoter with branch lengths.

4.2.2 Identification of Candidate Motifs and Associated TFs of CSN1S2

Figure 7A showcases the conserved motifs obtained by applying Meme-Suite algorithms to
analyze the CSN1S2 putative promoter region across the 5 species. The analysis focused on
identifying motifs with a minimum and maximum width of 6 and 25bp, respectively, selecting
those with an e-value of less than 0.05. Figure 5A illustrates that motifs 1, 2, 3, and 5 appear in a
cluster within -280bp upstream of the TSS in the same relative order and relative distance from

each other. Motif 4, however, is the most distal from the TSS ranging from -810 to -500bp
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upstream of the TSS. Figure 5C shows that the sequences of motifs 1, 2, 3, and 5 exhibit near-
perfect conservation across all five species, while motif 4 also demonstrates strong conservation.

It is noteworthy that all of these motifs are present on the positive DNA strand.
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Figure 7. CSN1S2 predicted putative promoter profile.

A) Promoter motif distribution relative to TSSs. B) Promoter motif symbols and consensus
sequence, and (C) predicted promoter motif sequence logos (The height of a letter shows its
relative frequency at the given position in the motif).

The conserved motifs obtained from the Meme-Suite in the putative promoter sequence of
CSN1S2 were subjected to the Tomtom algorithm by querying the JASPAR Core vertebrate
database of known TFs; the top 5 TFs for each motif with p-values less than 1.0e-02 were
selected. A total of 18 TFs were identified (Table 4). Motif 2 only contained TFs of the Pou
domain factors. While motif 4, whose relative position from the TSS was the most distal and

whose location range is broader than the other motifs, contained only one matching TF Sox2.
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Table 4 CSN1S2 TFs match the query motif in the JASPAR2022 CORE vertebrates.

Matched TFs with motif 1 Class Family Matrix 1D UniProt ID P-value
LIN54 CRC domain - MA0619.1 | FINCEO 1.83¢™
BCL6B C,H, zinc finger factors More than 3 adjacent zinc finger factors | MA0731.1 | A8KA13 2.00e™
PROX1 Homeo domain factors HD-PROS factors MAO0794.1 | Q92786 1.05¢%
STAT5a STAT domain factors STAT factors MA1621.1 | P42230 2.05¢%
STA5b STAT domain factors STAT factors MA1625.1 | P42232 2.68¢%
Matched TFs with motif 2 Class Family Matrix 1D UniProt ID P —value
POU2F1 Homeo domain factors POU domain factors MA0785.1 | P14859 3.61e™
POU3F2 Homeo domain factors POU domain factors MAO0788.1 | P20264 1.78e%3
POU1F1 Homeo domain factors POU domain factors MAOQ784.2 | P28069 3.25e®
POU3F4 Homeo domain factors POU domain factors MAO0789.1 | P49335 3.866%
POU3F2 Homeo domain factors POU domain factors MAO0787.1 | P20265 4.34¢%
Matched TFs with motif 3 Class Family Matrix 1D UniProt ID P —value
RGFX Homeo domain factors Paired-related HD factors MA1463.1 | ABNJG6 6.32e %
STAT1::STAT2 STAT domain factors STAT factors MAO0517.1 | P42224::P52630 | 7.20e®
Matched TFs with motif 4 Class Family Matrix 1D UniProt ID P-value
SOX2 High-mobility group (HMG) domain factors | SOX-related factors MAQ143.4 | P48431 429
Matched TFs with motif 5 Class Family Matrix 1D UniProt ID P-value
Ptf1A Basic helix-loop-helix factors (bHLH) Tal-related MA1619.1 | Q9QX98 1.72e ™
FOXD2 Fork head/winged helix factors FOX MAO0847.3 | 060548 1.80e%
Bhlhal5 Basic helix-loop-helix factors (bHLH) Tal-related MA1472.2 | Q9QYC3 2.90e%
MYF5 Basic helix-loop-helix factors (bHLH) MyoD/ASC-related factors MA1641.1 | P13349 4.03¢%
ZNF667 C,H, zinc finger factors More than 3adjacent zinc finger factors MA1984.1 | Q5HYK9 4.64¢%
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4.3 CSN2 Putative Promoter

4.3.1 Phylogenetics of CSN2 Promoter Region

The CSN2 putative promoter among 23 distinct species was aligned using the Clustal-Omega
package within the Jalview software for phylogenetic analysis, and it reveals six distinct clades
(Figure 8). The tree indicates a closer evolutionary relationship among the sequences of putative
promoters in the first clade namely; humans, chimpanzees, dogs, horses, and rabbits. The second
clade consists of sheep, goats, cattle, pigs, and Arabian camels. Similarly, mice and Norway rat
form the third clade, and then the fourth clade follows with species including lion, tiger, cat,
giant panda, megabat, and narwhal. Olive baboons and macaques form the fifth clade. Lastly, the
sixth clade represents the bonobo, kangaroo rat and opossum, which form the out-group whose
sequence does not closely related to any of the other species.
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Figure 8. Phylogenetic tree of CSN2 gene 2 kb putative promoter with branch lengths.

As would be expected, the ruminants and cats fall within the same clade, however, primates fall

within three clades, the last of which is within the outlier group that includes opossums.
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4.3.2 ldentification of Candidate Motifs and Associated TFs of CSN2

The top five motifs in the putative promoter sequence of the CSN2 gene upstream of the TSS
were identified using the MEME-Suite algorithm with an e-value threshold of 0.05 and motif
widths set to between 6 and 25 nucleotides. Based on the motifs relative order and distance it
appears that those listed from human to Norway rat (p-value ranging from 1.84e to 2.28e%°)
follow a similar pattern, except motifs discovered in mice (p-value of 1.14e™). Particularly
motifs 1, 2, 3 and 4 form a cluster residing in the region within -390bp in the species listed from
human to compartmented stomach from TSS. The motif presentation in the remaining species
shows similarity among them but differs distinctly from those mentioned earlier. Motif 5 is
located near the TSS within -40bp within the core promoter in the species listed from lion to

kangaroo rat (Figure 7A).

Similarity can also be observed in the relative order and distance of motifs from the canonical
TSS in those listed from lion to giant panda (p-values ranging from 2.55¢%° to 1.42e”%). Though
similar motifs are also found in the remaining species, they do not appear to follow the same
strict ordering and relative distance from the canonical TSS (Figure 7A). It is also worthwhile to
note that the motif 5 consensus sequence is shorter than the rest with only 22 residues (Figure
9B). The motifs discovered in opossum, as would be expected, are markedly different from the
other 22 species. While kangaroo rat exhibits the same cluster of motifs 1, 2, 3, and 4 presented
in the same relative order, however in contrast to the group containing human to Norway rats, the
cluster is located upstream of -1420bp relative to the canonical TSS, with exception of motif 5
located very close to TSS.

The motifs identified in the CSN2 gene promoter using the MEME-Suite algorithm were further
analyzed using the TOMTOM algorithm to determine the top five TFs associated with each
motif with p-values less than 1.0e% This analysis yielded 23 distinct TFs (Table 5). Motifs 2
and 3 are largely composed of the STAT factors family of TFs. The next most prevalent family

of TFs is the zinc finger which appears in all but motifs 3 and 4.
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Figure 9. CSN2 predicted putative promoter profile.
A) Promoter motif distribution relative to TSSs. B) Promoter motifs symbols and consensus

sequence, and (C) predicted promoter motif sequence logos (The height of a

relative frequency at the given position in the motif)
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Table 5. CSN2 TFs match the query motif in the JASPAR2022 CORE vertebrates.

Matched TFs with motif 1 | Class Family Matrix 1D UniProt ID P-value
KLF15 C,H, zinc finger factors Three zinc factor Kruppel-related MA1513.1 | U9UIH9 3.19¢™
ZNF682 C,H, zinc finger factors More than 3 adjacent zinc fingers MA1599.1 | 095780 5.09¢ %
MZF1 C,H, zinc finger factors More than 3 adjacent zinc fingers MAO0056.2 | P28698 6.33e™
FOXH1 C,H, fork head/winged helix factors | FOX MAO0479.1 | 075593 1.08¢%
GSC2 C,H, homeo domain factors Paired-related HD factors MAO0891.1 | 015499 1.16e
Matched TFs with motif 2 | Class Family Matrix 1D UniProt ID P-value
ZNF416 C,H, zinc finger factors More than 3adjacent zinc fingers MA1979.1 | Q8NA42 1.92¢%
STAT5a::STATSb STAT domain factors STAT factors MAOQ0519.1 | P42230::P42232 2.13e™®
STATSb STAT domain factors STAT factors MA1625.1 | P42232 3.31e®
STAT5a STAT domain factors STAT factors MA1624.1 | P42230 3.90e
STAT1 STAT domain factors STAT factors MAOQ137.3 | P42224 8.02¢%
Matched TFs with motif 3 | Class Family Matrix 1D UniProt ID P-value
STAT5a STAT domain factors STAT factors MA1624.1 | P42230 5.08e™
STAT1 STAT domain factors STAT factors MAO0137.3 | P42224 5.96¢
STAT3 STAT domain factors STAT factors MAO0144.2 | P40763 3.39¢®
Six4 Homeo domain factors HD-SINE MA2001.1 | Q61321 5.87¢
STAT5a::STAT5b STAT domain factors STAT factors MAQ0519.1 | P42230::P42232 6.27e®
Matched TFs with motif 4 | Class Family Matrix 1D UniProt ID P-value
GATA6 Other C, zinc finger-type factors C4-GATA —related MA1104’2 | Q92908 4.29.e%
TRPS1 Other C, zinc finger type-actors C4-GATA-related MA1970.1 | QOUHF7 5.10e%
ONECUT1 Homeo domain factors HD-CUT MA0679.2 | QOUBCO 5.94¢
GATAl Other C, zinc finger-type factors C4-GATA-related MAO0035.4 | P15976 6.24e
Matched TFs with motif 5 | Class Family Matrix 1D UniProt ID P-value
ZNF24 C,H, zinc finger factors More than 3 adjacent zinc fingers MA1124.1 | P17028 1.14e%
EWSR1::FLI1 Tryptophan cluster factors Ets-related MA0149.1 | FLIVV7:F1IVV8 | 2.94e™
SPi1 Tryptophan cluster factors Ets-related MA0080.6 | P17433 3.22¢%
ZKSCANS C,H, zinc finger factors Factors with multiple dispersed zinc fingers | MA1652.1 | Q9Y2L8 4.86e
SPIB Tryptophan cluster factors Ets-related MA0081.2 | Q01892 4.99¢
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4.4 CSN3 Putative Promoter

4.4.1 Phylogenetics of CSN3 Promoter Region

The phylogenetic tree of CSN3 putative promoter sequences presented in Figure 10 was
constructed using the Clustal Omega multiple sequence alignment package within Jalview
software and it elucidated eight distinct clades which is the highest among all milk gene studied.
The clade constructions were based on evolutionary distances, depicting the phylogenetic
relationships among the 23 species. Clustering in clade one includes goats, bonobos, chimpanzee
goats humans, and olive baboons, while clade two comprises Arabian camels, horses, and pigs.
Clade three encompasses sheep, goats, and cattle. Similarly, clade four consists of dogs and cats
followed by clade five containing mice and Norway rats. Species such as lion, tiger, and giant
panda form clade six, and mega bats, macaques, and narwhals form the seventh clade in the
phylogenetic tree. However, the last clade namely: kangaroo rat, rabbit, and opossum were

placed as an out-group in the tree.
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Figure 10. Phylogenetic tree of CSN3 gene 2 kb putative promoter with branch lengths.
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4.4.2 ldentification of Candidate Motifs and Associated TFs of CSN3
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Figure 11. CSN3 predicted putative promoter profile.

A) Promoter motif distribution relative to TSSs. B) Promoter motif symbols and consensus
sequence, and (C) predicted promoter motif sequence logos (The height of a letter shows its
relative frequency at the given position in the motif).

A comprehensive analysis of 2 kb putative promoter sequences of CSN3 from 23 distinct species
was conducted using the MEME-Suite algorithm. To capture various motifs, the search
parameters were set to a minimum motif width of 6 and a maximum motif width of 25

nucleotides. To ensure statistical significance, only motifs with an E-value of less than 0.05 were
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considered. This rigorous approach led to the identification of the top 5 most significant motifs

within the CSN3 putative promoter regions.

A noticeable similarity is observed in the relative distance among and order of a cluster of five
motifs in five clades from Norway rat to bonobo. The exception is motif 3 in mice (whose p-
value of 2.27e-17 is much higher than other species in this group), which is located further
upstream at about -1840bp. Also, the distance of the cluster of the five motifs from their
respective canonical TSSs ranges from -1570 to -960bp except for the cluster of motifs in Olive
baboon, which is situated at -620 to -210bp from its TSS.

For most taxa considered, there is a distinct pattern regularity of the five identified motifs. Based
on the observed relative distance from the canonical TSS, two distinct groups are present. The
first grouping includes those listed from bonobo to Norway rat, except motifs discovered in olive
baboon where cluster of the motifs, are situated -1570 to -1000bp upstream of the canonical TSS;
while the second grouping, includes those listed from lion to macaque which appears to display
two sets of the cluster with two motifs each. One cluster centered around -400bp contains the
motifs 1 and 2; while the second cluster is centered near -800bp and contains motifs 3 and 4.
Motif 5 does not appear strictly limited to a specific location or relative order vis-a-vis the other
motifs and in all cases is present in the negative strand of the DNA. The remaining samples
which comprise narwhal, kangaroo rat, rabbit, and opossum do not exhibit properties that are
similar to the other two groups, nor among each other (Figure 9A). It is also worthwhile to note

that except for motifs 2 and 4, the other 3 motifs consensus are 22 residues long (Figure 11B).

The conserved candidate motifs of CSN3 were subjected to the Tomtom algorithm to identify the
top 5 conserved TFs associated with each motif with a p-value of less than 1.0e-02, resulting in
21 statistically significant TFs (Table 6). The STAT5a: STAT5b, located in motif 5, had the
highest significance level with a p-value 9.89¢™
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Table 6. CSN3 TFs match the query motif in the JASPAR2022 CORE vertebrates.

Matched TFs with motif 1 | Class Family Matrix 1D UniProt ID P-value
ZNF24 C,H, zinc finger factors More than 3 adjacent zinc fingers MA1124.1 | P17028 3.28e ™
ETV2::DRGX Tryptophan cluster factors:: Homeo domain factors | Ets-related::paired related HD factors MA1940.1 | ABNNAS5:Q3KNT2 | 6.85¢%
ETV5::DRGX Tryptophan cluster factors:: Homeo domain factors | Ets-related::paired related HD factors MA1944.1 | ABNNA5::P41161 7.24e®
ERF:HOXB13 Tryptophan cluster factors:: Homeo domain factors | Ets-related:: HOX related factors MA1937.1 | P50548::Q92826 7.36e%3
PBX1 Homeo domain factors TALE-type homeo domain factors MAO0070.1 | P40424 7.38e®
Matched TFs with motif 2 | Class Family Matrix 1D UniProt ID p-value
Sox1 High mobility group (HMG) domain factors Sox-related factors MAO0870.1 | P53783 1.48¢%
CDX2 Homeo domain factors HOX MAO0465.2 | Q99626 2.15¢%
Foxql Fork head/winged helix factors FOX MA0040.1 | Q63244 2.24e®
ONECUT3 Homeo domain factors HD-CUT MAQ757.1 | 060422 3.60e%
ZNF85 C,H, zinc finger factors More than 3 adjacent zinc fingers MA1720.1 | Q03923 405
Matched TFs with motif 3 | Class Family Matrix 1D UniProt ID

TCF7L2 High mobility group (HMG) domain factors TCF-7-related factors MAO0523.1 | QINQPO 4.83e™
Lefl High mobility group (HMG) domain factors TCF-7-related factors MAOQ768.2 | P27782 1.30e%
Sox2 High mobility group (HMG) domain factors Sox-related factors MA0143.4 | P48431 1.31e®
Bcl11B C,H, zinc finger factors Factors with multiple dispersed zinc finger | MA1989.1 | Q99PV8 1.38e%8
Sox3 High mobility group (HMG) domain factors Sox-related factors MA0514.2 | P53784 3.70e™®
Matched TFs with motif 4 | Class Family Matrix 1D UniProt ID P-value
RUNX3 Runt domain factors Runt —related factors MAO0684.2 | Q13761 7.93¢%
Matched TFs with motif 5 | Class Family Matrix 1D UniProt ID P-value
STAT5a::STAT5b STAT domain factors STAT factors MAO0519.1 | P42230::P42232 9.89¢ "
STAT2 STAT domain factors STAT factors MA1623.1 | Q9WVL2 1.08¢%
STAT4 STAT domain factors STAT factors MAO0518.1 | P42228 1.62¢03
STAT3 STAT domain factors STAT factors MAO0144.2 | P40763 2.87¢%
STAT1 STAT domain factors STAT factors MAO0137.3 | P42224 3.55¢
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4.5 LALBA Putative Promoter

4.5.1 Phylogenetics of LALBA Promoter Region

Phylogenetic analysis of the LALBA putative promoter sequences from 23 distinct species was
performed using the Clustal-Omega program within the Jalview software environment. The
analysis revealed four separate clades based on their respective evolutionary distance values. The
species in these clades include bonobo, chimpanzee, human, macaque, olive baboon, Norway
mouse, and dog in the first clade; tiger, lion, cat, giant panda, megabat, Arabian camel, and
narwhal in the second clade; and sheep, goat, and cattle in the third clade. Pigs, kangaroos,

rabbits, horses, and opossums were placed as an out-group in the tree (Figure 12).
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Figure 12. Phylogenetic tree of LALBA gene 2 kb putative promoter with branch lengths.

The ruminant species were placed in the same clade while, the felines were closely placed in
clade 2. Similarly the five primates were all placed in clade 1, but along with the two rodents and
dog. Interestingly, rabbit, horse and pig were placed in the same clade as the out-group opossum
indicating possible divergent and slower evolution in these putative promoter regions as

compared to their species-level relatives.
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4.4 .2 ldentification of Candidate Motifs and Associated TFs of LALBA
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Figure 13. LALBA predicated putative promoter profile.

A) Promoter motif distribution relative to TSSs. B) Promoter motif symbols and consensus
sequence, and (C) predicted promoter motif sequence logos (The height of a letter shows its
relative frequency at the given position in the motif).

The MEME Suite algorithm identified the candidate conserved motifs within the putative

promoter sequences of LALBA across 23 diverse species. The motif width parameters were set



between 6 and 25 nucleotides, and an E-value threshold of less than 0.05 was applied to ensure
statistical significance. The motifs’ relative order and distance (Figure 13 A) reveal a similar
pattern from bonobo to rabbit (except for motifs found in olive baboons, sheep, and cattle) all
located within -580bp from the canonical TSS. The incongruity of the motif profile of the Olive,
baboon (p-value of 8.81e™*) despite the sequence of the putative promoter showing strong
relatedness to the other primate species, is surprising. Similarity is also observed in the relative
order and distance of motifs from the canonical TSS in kangaroo rats, which, in previous
putative promoters considered typically, behaves as an outlier. However, motifs in horse and
opossum species do not exhibit the same strict ordering and relative distance from the canonical
TSS. In sheep, motifs 2, 3 and 5 are observed exhibiting similar patterning are much closer to the
TSS, and their predicted motifs 1 and 4 are much further upstream and in the case of motif 4, it is
position in the negative strand. This could be due to incomplete data acquisition and the missing

motifs may reside 5° of the canonical TSS.

The top five conserved motifs were subjected to the TomTom algorithm to identify the five most
statistically significant TFs based on p-values of less than 1.0e’%%. The process resulted in the
identification of 25 TFs that are highly likely to play a crucial role in LALBA gene regulation
(Table 7). Motif 3 is highly composed of the class of STAT TF domain factors, while motif 5 is
Sox-related domain factors with p- value of less than 1e™ and motif 2 is solely composed of

bHLH factors with p- value of 1e™.
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Table 7. LALBA TFs match the query motif in the JASPAR2022 CORE vertebrates.

Matched TFs with motif 1 | Class Family Matrix ID | UniProt ID P-value
NFIC::TLX1 SMAD/NF-1 DNA binding::Homeo domain factors | Nuclear factorl::NK MAO0119.1 | P08651 4.69¢%
SPDEF Tryptophan cluster factors Ets-related MAO0686.1 | P31314::095238 | 3.72¢™®3
NFIX SMAD/NF-1 DNA binding domain factors Nuclear factorl MA1528.1 | Q14938 4.08¢%
ZNF449 C,H, zinc finger factors More than 3 adjacent zinc finger factors | MA1656.1 | Q6P9G9 4.75¢®
Plagll C,H, zinc finger factors More than 3 adjacent zinc finger factors | MA1615.1 | 035745 5.63¢%
Matched TFs with motif 2 | Class Family Matrix ID | UniProt ID P-value
HEY?2 Basic helix-loop helix factors (bHLH) Hairy-related factors MAO0649.1 | Q9UBP5 9.50e ™
HEY1 Basic helix-loop helix factors (o0HLH) Hairy-related factors MAQ0823.1 | Q9Y5J3 1.05¢%
HES1 Basic helix-loop helix factors (o0HLH) Hairy-related factors MAO0616.2 | Q9Y543 1.41¢%
HES1 Basic helix-loop helix factors (bHLH) Hairy-related factors MA0821.2 | Q5TA89 2.49¢™™
HES1 Basic helix-loop helix factors (bHLH) Hairy-related factors MA1493.1 | Q96HZ4 6.45¢%
Matched TFs with motif 3 | Class Family Matrix 1D P-value
Rfx6 Fork head/winged helix factors RFX-related factors MA1724.1 | Q8C7R7 8.06e™
STAT4 STAT domain factors STAT factors MA0518.1 | P42228 9.59¢
STATL STAT domain factors STAT factors MAO0137.3 | P42224 1.19¢%
STAT5a:: STATSb STAT domain factors STAT factors MAO0519.1 | P42230::P42232 1.32¢%
STAT3 STAT domain factors STAT factors MAO0144.2 | P40763 1.63e®
Matched TFs with motif 4 | Class Family Matrix ID | UniProt ID P-value
ZNF530 C,H, zinc finger factors More than 3 adjacent zinc finger factors | MA1981.1 | Q6P9A1 3.65e™
EWSR1-FL11 Tryptophan cluster factors Ets-related MA0149.1 | FLIVV7:F1IVV8 | 6.15¢%
ASCL1 Basic helix-loop helix factors (o0HLH) MyoD/ASC-related factors MA1100.2 | P50553 1.21e%
Neurod2 Basic helix-loop helix factors (bHLH) Tal-related MA1993.1 | Q62414 2.74e
Neurod1 Basic helix-loop helix factors (bHLH) Tal-related MA1109.1 | Q13562 3.20e™®
Matched TFs with motif 4 | Class Family Matrix ID | UniProt ID P-value
Sox11 High mobility group (HMG) domain factors Sox-related factors MAO0869.2 | Q7TM6Y2 6.27e®
Sox4 High mobility group (HMG) domain factors Sox-related factors MAO0867.2 | Q06945 8.64e
Sox10 High mobility group (HMG) domain factors Sox-related factors MAQ442.2 | P56693 1.35¢%
Sox9 High mobility group (HMG) domain factors Sox-related factors MAO0077.1 | P48436 5.92¢
Sox6 High mobility group (HMG) domain factors Sox-related factors MAQ515.1 | P40645 6.59¢ %
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4.6 BLG Putative Promoter

4.6.1 Phylogenetics of BLG Promoter Region

Figure 14 illustrates the alignment of BLG promoter sequences using the Clustal-Omega
program within the Jalview software package for phylogenetic analysis. Only 6 mammalian
species were considered, the complete upstream sequences of BLG of the other species were not
available and some species under consideration do not express BLG. The neighbour-joining tree
shows that goats, sheep, and cattle are closely related and cluster together in a clade. In contrast,
pigs, horses, and cats are positioned as the out-group. The genetic distances represented in the
figure provide a quantitative measure of the genetic differentiation and evolutionary divergence

among the selected mammalian species
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Figure 14. Phylogenetic tree of BLG gene 2 kb putative promoter with branch lengths.
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4.6.2 ldentification of Candidate Motifs and Associated TFs of BLG

Name p-value  Motif Locations
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Figure 15. BLG predicated putative promoter profile.

A) Promoter motif distribution relative to TSSs. B) Promoter motif symbols and consensus
sequence, and (C) predicted promoter motif sequence logos (The height of a letter shows its
relative frequency at the given position in the motif).

Figure 15A presents the distribution of the top 5 conserved motifs identified from BLG
sequences of six species using the MEME suite algorithm. The minimum and maximum motif
widths were restricted to 6 and 25, respectively, and only motifs with e-values of 0.05 were
selected for further analysis. The relative order and distance of motifs from goat to pig follow a
consistent pattern. Motifs 1, 2, 4 and 5 in goats, sheep, cattle, pigs and horse are typically
situated within -490bp from the canonical TSS, but motif 3, which is shorter than the other
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motifs (21bp) (Figure 15B), is further upstream with that of pig and horse being on the negative
strand. Although similar motifs are found in cats, they do not display the same strict ordering and
relative distance from the canonical TSS. Further, 12 and 11 nucleotides in the consensus of
motifs 1 and 5 are perfectly conserved, respectively (Figure 15C).

As shown in Table 8, the motifs identified using MEME suite analysis were further subjected to
Tomtom software to decipher the top 5 most significant TFs in each motif with p-values less than
1.0e’%. This analysis revealed 25 TFs potentially involved in the regulation of the BLG gene.
The C,H;, TFs are found in four motifs, with motif 5 being composed exclusively of this TF

class. Four of the five TFs in motif 1 are of the Sox-related factors family.
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Table 8. BLG TFs match the query motif in the JASPAR2022 CORE vertebrates.

Matched TFs with motif 1 | Class Family Matrix ID | UniProt ID | P-value
Zic3 C,H, zinc finger factors More than 3 adjacent zinc fingers MAO0697.2 | Q62521 6.43¢™
Sox8 High mobility group (HMG) domain factors | Sox-related factors MAO0868.2 | P57073 1.43e%3
Sox5 High mobility group (HMG) domain factors | Sox-related factors MAO0087.2 | P35710 1.65¢%
Sox6 High mobility group (HMG) domain factors | Sox-related factors MAO0515.1 | P40645 2.09e™
Sox9 High mobility group (HMG) domain factors | Sox-related factors MAO0077.1 | P48436 2.96e%3
Matched TFs with motif 2 | Class Family Matrix ID | UniProt ID | P-value
ZNF582 C,H, zinc finger factors More than 3 adjacent zinc fingers MA1983.1 | QI96NG8 1.46e%
YY2 C,H, zinc finger factors More than 3 adjacent zinc fingers MA0748.2 | 015391 2.78e®
ZBTB12 C,H, zinc finger factors More than 3 adjacent zinc fingers MA1649.1 | Q9Y330 2.92e™
RFX3 Fork head/winged helix factors RFX-related factors MAO0798.3 | P48380 3.81e™®
RFX1 Fork head/winged helix factors RFX-related factors MA0509.3 | P48743 3.96e®
Matched TFs with motif 3 | Class Family Matrix ID | UniProt ID | P-value
TWIST1 Basic helix-loop-helix factors (bHLH) Tal-related factors MA1123.2 | Q15672 1.21e®
TBX1 T-box factors TBX1-related factors MAO0805.1 | 043435 2.57¢®
TGIF1 Homeo domain factors TALE-type homeo domain factors MA0796.1 | Q15583 2.70e™®
MGA T-box factors TBX6-homeo domain factors MAO0801.1 | P48380 2.83¢%
TBX15 T-box factors TBX1-related factors MA0803.1 | P48743 2.83¢%
Matched TFs with motif 1 | Class Family Matrix ID | UniProt ID | P-value
MYC Basic helix-loop-helix factors (bHLH) bHLH-ZIP MAO0143.3 | P01106 1.06e™
KLF15 C,H, zinc finger factors Three-zinc finger Kruppel-related MA1513.1 | Q9UIH9 2.47¢%
ZNF320 C,H; zinc finger factors More than 3 adjacent zinc fingers MA1976.1 | A2RRDS8 254
MYCN Basic helix-loop-helix factors (bHLH) bHLH-ZIP MAO0104.4 | P04198 1.28¢%
KLF16 C,H, zinc finger factors Three-zinc finger Kruppel-related MAO0741.1 | QIBXK1 1.38¢%
Matched TFs with motif 1 | Class Family Matrix ID | UniProt ID | P-value
ZNF610 C,H, zinc finger factors C,H, zinc finger factors MA1713.1 | Q8N9Z0 5.88¢
RREB1 C,H, zinc finger factors Factors with multiple dispersed zinc fingers | MA0073.1 | Q92766 5.94¢
ZNF189 C,H, zinc finger factors More than 3 adjacent zinc fingers MA1725.1 | 075820 6.06e™™
KLF9 C,H, zinc finger factors Three-zinc finger Kruppel-related MA1107.2 | Q13886 1.06e%
ZNF528 C,H; zinc finger factors More than 3 adjacent zinc fingers MA1597.1 | Q3MIS6 1.14e®
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Table 9. Common TFs among all six milk genes and distance from TSSs.

Gene name Common | Location of TFBSs relative to TSS Consensus DNA-
TFs recognition motif
CSN1S1 and CSN1S2 STAT1 -200 to -80bp and -1580bp upstream TTC[A/TIN[G/A]GAA

STAT5a | Exception: CSN1S1, binding motifs are scattered in
STAT5b | cattle, kangaroo rats and opossum.

CS1N1, CSN1S2, CSN2 and CSN3 | STAT1 -300 to-80bp and further upstream from -600bp TTC[A/TIN[G/A]GAA

STAT5a
STAT5b
CS1N1, CSN1S2, CSN2, CSN3 STAT1 -390 to -80bp and further upstream from -600bp TTC[A/TIN[G/A]GAA
and LALBA STAT5a
STAT5b
CS1IN1, CSN2,CSN3 and LALBA | STAT3 -390 to -80bp and further upstream from -600bp TTC[A/TIN[G/A]GAA
LALBA and BLG Sox6 -400 to -100bp CIA/T]TTG[A/T][AIT]
Sox9 Exception: LALBA — cattle and olive baboon C[A/TITTG[A/T][AIT]

(distal); opossum and horse (scattered). BLG: cat -
500 to -570bp.

CS1IN1, CSN1S2, CSN2, CSN3, Null Null Null
LALBA and BLG

The STAT transcription factors (STAT1, STAT5a, and STAT5b) share TFBSs within the -390 to
-80bp range in the promoter regions of five milk genes (CSN1, CSN1S2, CSN2, CSN3, and
LALBA), extending up to -600bp upstream from the TSS. However, in CSN1S1 of kangaroo rat
and cattle, their shared TFBSs for STAT1, STAT5a and STAT5b are found dispersed along the
breadth of promoter regions. These STAT TFs recognize a common CcoNnsensus
(TTC[A/TIN[G/A]GAA sequence. On the other hand, Sox6 and Sox9 transcription factors,
common to LALBA and BLG, share TFBSs between -400 and -100bp which are known to bind
the consensus C[A/T]TTG[A/T][A/T] sequence. In LALBA, exceptions exist where the shared
TFBSs for cattle and olive baboon are in the distal promoter, while in opossum and horse, they
are scattered across the promoter region. In cats, the TFBSs for these shared TFs are specifically
located between -500 and 570bp (Table 9).
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4.7 GO Analysis Results of Candidate Motifs

Table 10. GO analysis of candidate motifs of caseins milk genes

*

#

GO terms (GO ID) Gene M1 | M2 | M3 M4~ | M5
Biological process (BP)
G-protein coupled receptor signaling pathway (GO:0007186) | CSN1S1 | ¥ v v v 4
CsN1s2 |V | v | VY oY
CSN2 v oV v
Signal transduction (GO:0007165) | CSN1S1 | v v v v v
CSN1s2 | v | v | Y v
CSN2 v v v v
csN3 || A
Immune response (GO:0006955) | CSN1S2 v
Cell differentiation (GO:0030154) | CSN2 v
Myeloid leukocyte activation (GO:0002274) | CSN2 v
Cell communication (GO:0007154) | CSN2 4 v v
Regulation of epithelial cell proliferation (GO:0050678) | CSN2 v v v v
Molecular function (MF)
Sequences specific DNA binding (GO:0043565) | CSN2 4 v
Calcium ion binding (GO:0005509) | CSN2 v
Transcription factor activity (GO:0003700) | CSN2 v
Cellular component (CC)
Integral to membrane (G0O:0016021) | CSN1S1 | v v v v 4
CSN1s2 |V | Y |V v
CSN2 VoY v
SN I A R YV
Extra cellular region (GO:0005615) | CSN1S2 v
CSN2 v
Proteinaceous extracellular matrix (GO:0005578) | CSN2 v

*M1: Motif 1; M2: Motif 2; M3: Motif 3; M4: Motif 4 and M5: Motif 5
Bold checkmarks signify the GO term linked to shared binding motifs of STAT family TFs

among the four caseins and LALBA.

After analyzing the significant motifs for each of the casein milk genes using the Meme- Suite

algorithm, further GO function enrichment analyses were carried out. The outcomes of the

analysis were categorized into three main groups: BP, CC, and MF. Among all caseins, the most

commonly observed GO terms for BP were the G-protein coupled receptor signaling pathway
(GO:0007186) and Signal transduction (GO:0007165). Additionally, Integral to membrane
(G0:0016021) emerged as one of the predominant CC GO terms, while the remaining GO terms

were less frequently observed across the caseins. These enrichments were significant at FDR <

0.05 (Table 10).
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Table 11. GO analysis result of candidate motifs of whey (LALBA and BLG) milk genes.

Biological process (BP)

Gene

*

M1

*

M2

*

M3

*

M4

G-protein coupled receptor signaling path way (GO:0007186)

LALBA
BLG

v

v
v

Positive regulation of transcription from RNA polymerase Il promoter (GO:0045944)
Transcription (GO:0006350)

Negative regulation of inflammatory response (GO:0050728)

Regulation of interleukin-5 production (G0O:0032674)

Regulation of production of small RNA for gene silencing by RNA (G0:0070920)
Mammary gland duct morphogenesis (GO:0060603)

Cell communication (GO:0007154)

Regulation of estrogen receptor signaling pathway (G0:0033146)

Protein amino acid phosphorylation (GO:0006468)

Signal transduction (GO:0007165)

BLG
BLG
LALBA
LALBA
LALBA
LALBA
LALBA
BLG
BLG
BLG

SH

Molecular function (MF)

Gene

M1

M2

M3

M4

M5

MF serine-type endopeptidase inhibitor activity (GO:0004867)
Serine-type endopeptidase activity (GO:0004252)

Transmembrane receptor protein tyrosine kinase activity (GO:0004714)
Cytokine activity (GO:0005125)

Purinergic nucleotide receptor activity, G-protein coupled (GO:004508)
Calcium ion binding (GO:0005509)

Protein dimerization activity (GO:0046983)

Transcription factor activity (GO:0003700)

ATP binding (GO:0005524)

Zinc ion binding (G0O:0008270)

LALBA
LALBA
LALBA
LALBA
BLG
BLG
BLG
BLG
BLG
BLG

Cellular Component (CC)

Gene

M1

M4

Integral to membrane (GO:0016021)

LALBA
BLG

SNZ
w

Extracellular region (GO:0005576)
Myosin filament (GO:0032982)
Intracellular membrane-bounded organelle (GO:0043231)

LALBA
LALBA
BLG

NN

*M1: Motif 1; M2: Motif 2; M3: Motif 3; M4: Motif 4 and M5: Motif 5

Bold checkmarks signifies the GO term linked to share binding motifs of STAT family TFs
among the four caseins and LALBA, while a checkbox denotes the common binding motifs for

the TFs associated with whey proteins.

To gain a deep understanding of LALBA and BLG putative promoter regions, GO analyses were
performed using the GOMo software. The annotations of these candidate genes were categorized
into BP, CC, and MF. The analysis revealed that G-protein coupled receptor signaling pathway
(GO:0007186) emerged as the most prevalent GO term for BP, while integral to membrane
(G0O:0016021) stood out as the predominant term for CC in both genes. Furthermore, the

analysis indicated that other GO terms appeared less frequently in the examination of both genes.

These enrichments were notably significant at FDR < 0.05, as detailed in Table 11.
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5. DISCUSSION

The present study identified three conserved cis-regulatory elements that are universally present
in the 2kb putative promoter sequences of four caseins (CSN1S1, CSN1S2, CSN2 and CSN3)
and LALBA and one cis-regulatory element in a similar promoter region of CSN1S1, CSN2,
CSN3, and LALBA genes. Additionally, the study shows the presence of two shared TFBSs
between LALBA and BLG. Interestingly, LALBA shares common TFBSs with all caseins and
BLG, positioning it as an intermediate between the caseins and the two whey proteins. However,
there is no single shared TFBSs among all six milk genes in the examined region. This may be
due to genetic drift that resulted in these genes’ promoter regions likely undergoing loss of
certain promoter variants or the fixation of others over time, potentially resulting in differences

in TFBSs among genes (Vaishnav et al., 2022; Santpere, 2023).

It is known that, milk protein compositions in different species vary markedly. Significant
variations exist in the relative proportion of the various milk proteins in different species; and, in
some instances, this variations extend to the presence, or absence, of milk proteins across
different species. This variation may be attributable to the presence/absence of TFBSs, their
nucleotide composition and the resultant affinity to their TFs. In a study by Runthala et al.
(2023), it was shown that bovine, camel, goat, and horse milk contain CSN1S1, CSN1S2, CSN2,
and CSN3 proteins, but in varying relative ratios of 38:10:40:12, 22:9:65.5:3.5, 20:16:41:17 and
17.7:1.5:79:1.8, respectively. Human milk lacks CSN1S2, and the relative ratio of CSN1S1,
CSN2, and CSN3-caseins in human milk is 3:70:27, respectively. On the other hand, BLG is
typically expressed in ruminant species and is present in many, but not all, mammalian species,

with its notable absence in rodents and human milk (Wodas et al., 2020).

In this current study, the phylogenetic trees of the putative promoter sequences of the six milk
genes of the considered species namely; ruminants, rodents, carnivores, and primates indicates
close evolutionary relatedness. As is to be expected, the opossum, a metatherian, emerges as an
outlier species in the CSN1S1, CSN2, CSN3 and LALBA genes (Figures 4, 8, 10, and 12),
aligning with findings from previous studies (Malewski, 1998; Murphy et al., 2001; Sims et al.,
2009; Madende and Osthoff, 2019; Feng et al., 2021; Hassanin et al., 2022; Parveen et al.,
2023).Within primates, bonobos exhibit variations from humans and chimpanzees in the CSN2

and CSN1S1 putative promoter regions, potentially attributable to mutation accumulation.
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Furthermore, in the phylogenetic tree of CSN1S2 and BLG genes, there is a close evolutionary

relationship observed among ruminant species (Figures 6 and 14).

In the current study, a comparative analysis of the 5’ upstream flanking region among 23 species
shows a high level of motif conservation among ruminants, rodents, primates, and carnivorous
species, but significant variations were observed in other species (Figures 5A, 7A, 9A, 11A,
13A, and 15A). The study revealed that the putative promoters of the CSN1S1, CSN1S2, CSN2,
CSN3, LALBA and BLG genes contain binding sites for a total of 134 TFs potentially involved
in the regulation of milk gene expression (Tables 3-8). Among these, three TFs have been
identified to have overlapping binding sites for CSN1S1, CSN1S2, CSN2, CSN3 and LALBA,
while two TFs share binding sites for LALBA and BLG. The presence of these shared binding
sites in the promoter regions of these genes suggests that they are under the influence of a similar
gene expression regulatory mechanism in the MG, particularly during late pregnancy and
lactation (Rosen et al., 1999; Kabotyanski et al., 2006; Buser et al., 2011).

The large concentration of TF binding motifs identified in the present study are situated in the
proximal and core promoter regions, specifically between -400 to -80bp upstream of the
canonical TSSs in concordance with prior research (Xu et al., 2018; Shijun et al., 2020; Song et
al., 2022), indicating the critical role of the core or proximal promoter region in regulating
transcriptional activity in ruminant species. The proximity of putative TF binding motifs to the
transcription initiation site increases the likelihood that these factors are involved in the
regulation of gene expression (Malewski, 1998; Patel et al., 2014; Song et al., 2022).
Additionally, the findings from this study indicate that a few common TFBSs are also located -
600bp further upstream from the TSSs in the distal promoter region as summarized in Table 9,
consistent with the findings of Gerencsér et al. (2002), who reported that STAT5 binding sites
are highly conserved across species in the distal part of the CSN3 promoter sequence centered
around -800bp upstream of the TSS. To the best of my knowledge no one has previously
documented, the conservation of transcription factor binding motifs in primates, marsupials, and
carnivores within the -400 to -100bp regions and also extending upstream of -600 from the
canonical TSS in all the analyzed milk genes. The existence of common motifs among the milk
genes currently being studied potentially suggests that these genes may have similar regulatory
patterns (Zemke et al., 2023)
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In this study, a comparative analysis of TFBS organization in the putative promoters of CSN1S1,
CSN1S2, CSN2, CSN3 LALBA and BLG genes reveals notable similarities in their promoter
structures. The key trans-elements identified that may bind in the putative promoters’ region
situated between -390bp and -80bp, excluding BLG, are STAT1, STAT5a, and STAT5b.
Additionally, STAT3 is found to be specifically within the promoter regions of CSN1S1, CSN2,
CSN3, and LALBA genes. The presence of STAT family TFs in these genes' core and proximal
promoters is consistent with previous findings indicating the presence of STATS binding sites in
the core or proximal promoter region of CSN2 across humans, cows, and rodents, extending
~250bp upstream from the TSS (Rijnkels et al., 2003; Qian and Zhao, 2014b). In certain species,
binding sites for these cis-elements were also observed further upstream of positions -600bp
from the TSS, except for CSN1S1 in kangaroo rat and cattle, where their TFBSs are scattered
along the breadth of the promoter regions (Figure 5A, 7A, 9A, 11A, 13A, 15A).

Furthermore, Qian and Zhao, (2014b) demonstrated that TFBSs for STAT5 are conserved in the
core or proximal promoters of the CSN1S1 gene across cows, sheep, goats, camels, and humans.
Thus, except BLG, all five milk genes (CSN1S1, CSN1S2, CSN2, CSN3 and LALBA) exhibit
the highest motif pattern similarity in both the proximal and core promoter regions, with some
similarities also present in the distal region across the species under consideration. Therefore, the
presence of STAT1, STAT3 STAT5a and STAT5b binding sites in both the core promoter
region and the proximal region leads us to speculate that these STAT TF families could

significantly impact the transcriptional regulation of these milk genes.

In the current study, these elements are recognized for binding to the same small palindromic
consensus sequence TTCNNNGAA (Figures 5C, 7C, 9C, 11C, 13C, 15C), which defines a
gamma interferon activation site (GAS) and facilitates the binding of dimerized STAT family
TFs (Decker et al., 1997). The current findings are consistent with previous research indicating
that STAT1, STAT5a, and STATS5b are capable of binding to the consensus motif
TTCNNNGAA (Decker et al., 1997; Liongue and Ward, 2013; Zhou and Chen, 2021). Previous
evidence shows that the structure of STAT1, STAT3, STAT5a, and STAT5b TFs are highly
conserved across different species, typically consisting of around 750-900 amino acids and
containing six domains: the N-terminal domain (NTD), coiled-coil domain (CCD), DNA-binding
domain (DBD), linker domain (LD), Src homology 2 (SH2) domains, and transcription
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activation domain (TAD) (Zhu et al., 2023). Among these domains, the DBD (AA 332-583) is
what enables STAT5a/b dimer to bind to the consensus GAS (TTCNNNGAA) motifs found in
the regulatory elements of target genes (Liao et al., 2010).

The high-level conservation of STAT5a and STAT5b TFBSs among the gene promoters of
CSN1S1, CSN1S2, CSN2, CSN3 and LALABA in the current study suggests that the milk gene
promoter of one mammalian species can effect the regulated transcription of a transgene in
MECs of another species. These are comparable with the previous studies, goat and cow CSNZ2,
cow CSN1S1, human LALBA, and sheep BLG gene promoters enabling the synthesis of a
desired protein at a significantly high level in milk (up to tens of grams per liter of milk) (Huang
et al., 2007; Baldassarre et al., 2008; Wang et al., 2008; Amiri et al., 2013; Li et al., 2013;
Shepelev et al., 2018).

STATD5a and STATSb are the two isoforms of STAT5 which are essential TFs involved in PRL
signaling (Wyszomierski and Rosen, 2001). Moreover, these two STATS5 isoforms exhibit
homology (96% protein similarity) with differences primarily found in their C-terminal end
(Rani and Murphy, 2016). STATS5, a member of the STAT transcription factor family, is well-
known for its vital role in regulating milk gene expression in MECs during lactation (Watson and
Neoh, 2008). It is prominently activated during late pregnancy and lactation, with notable levels
of STATS5 observed in the nucleus of MECs while being undetectable during the involution
phase (Bednorz et al., 2011). Recent studies have further highlighted that STAT5 plays a pivotal
role in the transcription of milk protein genes and acts as a crucial regulator of MG development
(Shin et al., 2019; Iskandar et al., 2021; Song et al., 2022; Guo et al., 2023).

STATS5 is a latent cytoplasmic TF that can be activated in response to various cytokines,
hormones, and growth factors, leading to its translocation into the nucleus (Wingelhofer et al.,
2018; Kim et al., 2022). Its activation can be triggered by prolactin (PRL) and growth hormone
(GH) and act as through the JAK2/STAT signaling pathway or by the epidermal growth factor
(EGF) through the Src-kinase/STAT signaling pathway (Figure 17). This activation process
involves phosphorylation and dimerization, enabling STATS to translocate into the nucleus, bind
to DNA as dimers, and stimulate the transcription of caseins and whey genes by binding to
clustered STATS5 binding sites in promoters (Xie et al., 2002; Tian et al., 2020). Recent studies
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have highlighted the crucial role of STAT5 activation in regulating the transcription of milk
protein genes (Shin et al., 2019). Among the two STATS5 protein isoforms, STAT5a serves as the
primary and essential mediator of MEC differentiation and milk protein gene expression, while
STATS5b plays a more significant role in growth hormone (GH) signaling in the liver (Qian &
Zhao, 2014b).

STAT1 is primarily involved in MG development (Watson, 2001; Khan et al., 2020), but there
are some indications that it may also play some role in milk production traits, such as milk fat
(Cobanoglu et al., 2006; Cobanoglu et al., 2016). Furthermore, it has been proven that the
hormone prolactin regulates STAT1 expression. When prolactin binds to its receptor, a cascade
of events occurs, resulting in the activation of STAT1, which is subsequently regulated during
MG growth and development (Bole-Feysot et al., 1998; Cobanoglu et al., 2006). In addition to
STAT5a/b and STATL, studies have shown that the prolactin receptor (PRLR) also activates
STAT3 (Bachelot and Binart, 2007). In this current investigation it have been demonstrates that
STATS3 binds to the consensus DNA sequence TTCNNNGAA (Figures 5C, 9C, 11C, and 13C),
as previously reported by Decker et al. (1997). Furthermore, Hughes and Watson et al. (2018)
discovered that the STAT3 TF acts as a mediator of MG post-lactation regression (involution),

which is normally induced by the phosphorylation of a particular tyrosine residue.
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Figure 16. Model of the interplay of STAT1, STAT3 and STAT5 in regulation of milk
genes.

The black boxes represent exons, interspersed with the thin lines representing introns, while the
light blue thick lines represent the STAT TFs binding region.

In pre-lactation, STATL is predominant, while early lactation sees elevated STAT5a/b levels and
lower STAT3 expression. Mid-lactation maintains significant STAT5a/b expression for milk
production, potentially decreasing slightly from early lactation. Late lactation may witness a
decline in STAT5a/b expression due to reduced milk demand, accompanied by increased STAT3
expression, which regulates mammary gland involution and lactation cessation.

(Sources for levels of STATSs’ expression are: Philp et al., 1996; Watson, 2001; Watson and
Neoh, 2008; Walker et al., 2013)
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Figure 16 illustrates a proposed model for the regulation of the expression of milk genes
commensurate with the stages of lactation. The model proposes that expression level of caseins
and LALBA as being dependent on the relative abundance of the different species of the STAT
factors. Since all the STAT factors share the same TFBS GAS consensus sequence, it is likely
that these factors compete for the same binding site in the milk genes’ promoter regions.
Consequently, it is speculated that STAT5 and STAT3 competitively bind to the same TFBSs to
regulate milk gene expression with STAT5 driving expression and STAT3 depressing its
expression. The oscillation of the fold-change in STAT5 and STAT3 implies that these STAT

factors play antagonistic roles in the level of milk gene expression (Philip et al., 1996).
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Figure 17. The prolactin signaling pathway of the universally present STAT family TFs.
(Source: Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis.)

Furthermore, in the current study, two TFBSs for Sox6 and Sox9, have been identified in the
putative promoter region shared between two whey milk proteins (LALBA and BLG), as
indicated in Tables 7 and 8. These shared TFBSs are located within the -400 to -100bp range
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upstream of the TSS. In LALBA, variations are noted, with these TFBSs for opossums and
horses scattered along the breadth of the promoter region, while cattle and olive baboon’s TFBSs
are localized in the distal promoter region. Variations are also observed in BLG of cats, where
the TFBSs for these common TFs are specifically located between -500 and -570bp. Notably,
these Sox TFs are capable of binding to the same potential consensus sequence
(CIA/T]TTG[A/T][A/T]), as reported by previous research Liu et al. (2015).

Sox9 is known to regulate mammary gland (MG) development and stem/progenitor cell function,
contributing to alveoli formation during pregnancy (Wang et al., 2017; Malhotra et al., 2014).
Similarly, Sox6 expression in luminal cells is linked to maintaining differentiated lineages and
alveologenesis (Kendrick et al., 2008). However, there is currently no evidence demonstrating a

direct role for Sox6 and Sox9 in regulating milk gene expression.

In the gene ontology analysis of putative promoter motifs in all six milk genes studied, three
categories - BP, MF, and CC were significantly enriched with a false discovery rate (FDR)
below 0.05 (Tables 10 and 11). Among the frequently identified GO terms in this study, the G-
protein coupled receptor (GPCR) protein signaling pathway (GO:0007186) is consistently

represented with the common regulatory motifs found in all milk genes studied.

GPCRs, which are 7-transmembrane proteins, interact with heterotrimeric G proteins on the
intracellular side of the membrane (Thal et al., 2018). Previous studies have identified three G
protein subunits: Ga (which binds to GTP/GDP), G, and Gy (Wettschureck and Offermanns,
2005). Further studies by Syrovatkina et al. (2016) have also shown four parts of Ga (Gas, Gai,
Gag/11, and Ga 12/13), which play a role in activating distinct downstream signals of different
GPCRs. Activation of GPCRs linked to the Gaq subunit has been shown to increase STAT5
phosphorylation (Tian et al., 2020). The oxytocin receptor (OXTR), a GPCR that binds to Gag,
when overexpressed, enhances prolactin-induced STATS activation, leading to premature
secretory differentiation and premature milk production without pregnancy and in early
pregnancy. Conversely, a decline in OXTR-induced STAT5 phosphorylation leads to reduced
milk production (Li et al., 2018). Another GPCR associated with Gaq is GPR54, which can be
activated by kisspeptins (Kps) and is highly expressed during lactation. When activated, GPR54
promotes B-casein synthesis in the MG by activating STATS5 signaling pathways (Sun et al.,
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2017). Therefore, the identification of the GO terms GPCR in casein and whey milk genes in the
present study highlights its key role in the GPCR signaling pathway on milk gene expression.

57



6. CONCLUSION

The computational study identified and pinpointed the GAS consensus sequence that can serve
as a shared TFBSs for STAT1, STAT3, STAT5a, and STAT5b in the putative promoters of
CSN1S1, CSN1S2, CSN2, CSN3, and LALBA genes within the -390 to -80bp range, with a few
additional shared GAS TFBSs located further upstream of -600bp. An exception in this case is
BLG, which is only expressed in ruminants and some, but not all, mammals and the power of the
analysis may have been limited due to the small number of publicly available BLG putative
promoter sequence data. Furthermore, TFBSs for Sox6 and Sox9 were found to be shared
between the whey protein genes LALBA and BLG within the -400 to -100bp range. The totality
of these results leads us to conclude that though there are shared substantial commonalities
among the cis-regulatory elements of milk genes of various species that likely operate through a
similar signaling pathway to elicit milk gene expression in lactating mammals, exceptions to
these norms exist that point to parallel mechanisms of milk gene expression that have yet to be
elucidated. Further, the variations observed in these cis-acting regulatory elements may be

responsible for differing proportion of caseins and whey proteins in milk.

Noting the oscillation of the various STAT species depending on the different physiological
stages of the MG, beyond the immediacy of the STAT TFs regulation of milk genes expression,
it is apparent that another mechanism exists that regulates the STATSs relative expression and,
hence, supersedes the STATs as being the ultimate precise regulators of spatio-temporal

expression regulation of milk genes.
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7. RECOMMENDATIONS

Future research should prioritize the experimental validation of the shared TFs identified in all
milk genes and their corresponding TFBSs to verify their regulatory function in the expression of
caseins and whey milk genes. Furthermore, it is suggested to expand the study of the cis-
regulatory elements of other milk genes including whey acidic protein (WAP) and lactoferrin in
search of identifying a master switch for lactogenesis.
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