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Simple Summary: Climate change is increasing the risk of spreading vector-borne diseases such as
African Animal Trypanosomiasis (AAT), which is causing major economic losses, especially in sub-
Saharan African countries. Mainly considering this disease, we have investigated transcriptomic and
genomic data from two cattle breeds, namely Boran and N‘Dama, where the former is known for its
susceptibility and the latter one for its tolerance to the AAT. Despite the rich literature on this disease,
there is still a need to investigate underlying genetic mechanisms to decipher the complex interplay of
regulatory SNPs (rSNPs), their corresponding gene expression profiles and the downstream effectors
associated with the AAT disease. The findings of this study complement our previous results, which
mainly involve the upstream events, including transcription factors (TFs) and their co-operations as
well as master regulators. Moreover, our investigation of significant rSNPs and effectors found in
the liver, spleen and lymph node tissues of both cattle breeds could enhance the understanding of
distinct mechanisms leading to either resistance or susceptibility of cattle breeds.

Abstract: African Animal Trypanosomiasis (AAT) is a neglected tropical disease and spreads by the
vector tsetse fly, which carries the infectious Trypanosoma sp. in their saliva. Particularly, this parasitic
disease affects the health of livestock, thereby imposing economic constraints on farmers, costing
billions of dollars every year, especially in sub-Saharan African countries. Mainly considering the AAT
disease as a multistage progression process, we previously performed upstream analysis to identify
transcription factors (TFs), their co-operations, over-represented pathways and master regulators.
However, downstream analysis, including effectors, corresponding gene expression profiles and their
association with the regulatory SNPs (rSNPs), has not yet been established. Therefore, in this study, we
aim to investigate the complex interplay of rSNPs, corresponding gene expression and downstream
effectors with regard to the AAT disease progression based on two cattle breeds: trypanosusceptible
Boran and trypanotolerant N’Dama. Our findings provide mechanistic insights into the effectors
involved in the regulation of several signal transduction pathways, thereby differentiating the
molecular mechanism with regard to the immune responses of the cattle breeds. The effectors and
their associated genes (especially MAPKAPK5, CSK, DOK2, RAC1 and DNMT1) could be promising
drug candidates as they orchestrate various downstream regulatory cascades in both cattle breeds.

Keywords: African trypanosomiasis; Boran; N’Dama; regulatory SNPs; gene expression profiles;
downstream effectors
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1. Introduction

Trypanosomiasis is a deadly neglected tropical disease that affects the health of several
mammalian species, including cattle, horses and humans. When it affects the health of
humans, this disease is commonly known as ‘sleeping sickness’ [1]. On the other hand,
African Animal Trypanosomiasis (AAT), also known as nagana (which means ’useless’
in the Zulu language), affects the health of livestock and it is spread by the tsetse fly
carrying salivarian trypanosomes [2–4]. It prevails extensively in 40 sub-Saharan African
countries and accounts for huge economic losses to farmers, particularly affecting meat
and milk production [5,6]. Therefore, it has gained socio-economic importance as it retards
the agricultural development of several regions in those areas [7]. Particularly, AAT is
caused by different Trypanosoma species, including Trypanosoma congolense, Trypanosoma
vivax and Trypanosoma brucei spp. [7]. Out of them, Trypanosoma congolense is regarded as
the most serious pathogen for livestock. In humans, these unicellular protozoans cause
various diseases; for example, T. brucei causes sleeping sickness, which alters the sleep-wake
cycle by interfering the circadian rhythm [8,9], whereas T. cruzi causes Chagas disease or
American trypanosomiasis [10,11].

Trypanosomes infect a wide range of hosts and are transmitted into the bloodstream
of the mammalian host [12–15]. When the tsetse fly transmits the trypanosomes into the
body of the cattle, the parasite first infects the skin resulting in the lesions due to local host
immune responses. Afterwards, it enters the blood circulation via lymphatic vessels [16–19].
Important symptoms primarily observed in animals after being infected with the most
pathogenic T. congolense include anaemia, loss of body conditions, thrombocytopenia [20],
lymphopenia, immunosuppression [21–23] and other secondary infections [24].

Few West African cattle breeds like N’Dama can control the development of the disease
AAT, in contrast to the other breeds such as Boran [25]. As a trait, trypanotolerance is the
ability to control parasitemia (development of parasites) and the associated anaemia [12–15].
Harnessing the genetic potential of trypanotolerant breeds like N’Dama, recent studies [26–29]
have focussed on investigating the trait of trypanotolerance.

Mainly considering the trait of trypanotolerance, several researchers [29–35] have
performed different types of analysis based on either gene expression data sets or geno-
type × phenotype data sets from the cattle breeds, namely trypanosusceptible Boran and
trypanotolerant N’Dama (for a short overview, see [26,36]). Among these previous stud-
ies [29–35], especially, Hanotte et al. [30] performed genome-wide analyses and identified
genomic regions to reveal the genetic differences between the cattle breeds related to the
trait of trypanotolerance. In this regard, Noyes et al. [34] analysed the gene expression
dataset to identify differentially expressed genes that responded to trypanosome infection
to differentiate between the susceptible and tolerant cattle breeds. To this end, Mekon-
nen et al. [29] investigated the genetic background of N’Dama along with other cattle
breeds. Moreover, O’Gorman et al. [33] and Gautier et al. [35] conducted the genetic and
expression analyses to identify the significant chromosomal regions which could affect the
susceptibility/tolerance of the cattle breeds.

To decipher the underlying regulatory mechanisms determining trypanosusceptibil-
ity/trypanotolerance of these cattle breeds, we have recently analysed a time-series gene
expression data set of the two cattle breeds [37,38]. Particularly, by considering the AAT
disease development as a multi-stage progression process, we investigated Monotonically
Expressed Genes (MEGs) to capture the complete progression process of the disease. As
a result of our previous studies [37,38], we reported several transcription factors (TFs),
their co-operations and master regulators governing the upstream molecular mechanism
during the infection. Despite the rich literature on this disease, there is still a need for
further investigation of genetic mechanisms of the regulatory processes addressing the
complex interplay between regulatory SNPs, their corresponding gene expression and the
downstream effectors in association with the AAT disease.

Recent progress in molecular biology created the opportunity to use heterologous
animal models to investigate complex traits and genetics underlying the disease mecha-
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nisms [39–41]. Remarkably, integratomics is fast becoming the latest trend in omics research
while integrating a variety of omics data (such as genomic, transcriptomic and proteomic
data), irrespective of the species [42]. Access to genome sequences of species like cattle
unlocked the potential for integrating transcriptomic and genomic data. The information
about effectors, which are end products located several steps downstream and regulate
the functioning of multiple signal transduction pathways, is pivotal for understanding
the complex molecular mechanisms such as the response of the cell to an extracellular
pathogen. In silico study of the candidate, MEGs were undertaken to identify the novel
trypanotolerance-associated rSNPs and downstream effectors. The candidate MEGs from
our analysis of effectors were analysed for their gene expression profiles.

To address this missing point of previous studies, we applied an integratomics ap-
proach to study the complex interplay of biological processes orchestrated by rSNPs, genes
and downstream effectors during the AAT disease progression. For this purpose, we per-
formed integrated systems biology and bioinformatics approaches while incorporating the
transcriptomic data [34] and genomic data from the 1000 Bull Genome Project [43] for both
cattle breeds. To examine the combinatorial interplay, we firstly identified the regulatory
SNPs (rSNPs), which are located in the promoter regions of the MEGs and which, as per
definition, exert a strong influence on the binding affinity of the TFs either by the deletion or
the creation (gain/loss) of a transcription factor binding site (TFBS) [44–46]. In accordance
with previous studies on the rSNPs [47,48], it is today well-known that the rSNPs based on
their consequences can influence and change individual steps of gene expression. Subse-
quently, we extracted for each tissue (liver, spleen and lymph node) the MEGs harbouring
the regulatory SNPs in their promoters by manually studying their gene expression profiles
during the AAT disease progression. Finally, we explored the corresponding downstream
effectors that have a pronounced effect on the activation and regulation of a multitude
of downstream signalling pathways. Taken together, our findings provide a multifaceted
glimpse of (i) the regulatory SNPs governing the susceptibility/tolerance mechanism of
the cattle breeds; (ii) downstream effectors associated with the MEGs harbouring rSNPs,
and their biological and immune-related functions, which could potentially distinguish the
susceptibility/tolerance mechanism of cattle breeds to AAT disease; (iii) deciphering novel
hypotheses and potential targets for breeding goals and therapeutic implications.

2. Materials and Methods

In this section, we illustrate an overview of the analyses to highlight the difference
between our previous studies [37,38] and the current study. Simultaneously this overview
shows how this present study complements our previous studies. Figure 1 outlines the
overview of our analyses.

2.1. Monotonically Expressed Genes

In this study, we investigate the complex interplay of regulatory SNPs (rSNPs), the
related gene expression and their corresponding downstream effectors.

A time-series microarray data set, originally published by Noyes et al. (http://www.
ebi.ac.uk/arrayexpress/, accession no. E-MEXP-1778, accessed on 12 March 2019) [34],
has been analysed [37] to identify the Monotonically Expressed Genes (MEGs), expressed
either with increasing or decreasing patterns during a biological process or a disease. The
data set consisted of the gene expression recordings from three tissues (liver, spleen and
lymph node) of two cattle breeds: trypanotolerant N’Dama and trypanosuceptible Boran.
In this experiment, tissue harvest was performed on days 0, 21 and 35. Only the liver
tissue samples were collected at additional time points such as days 12, 15, 18, 26, 29 and
32. Readers who are interested in this analysis and the identification of MEGs are kindly
referred to [37].

We use these identified MEGs in our further analysis. The numbers of MEGs are
provided in Table 1 and the lists of MEGs are provided in Supplementary File S1.

http://www.ebi.ac.uk/arrayexpress/
http://www.ebi.ac.uk/arrayexpress/
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Figure 1. Overview of analyses. Our first computational study (middle box in blue-dotted lines)
highlighted the transcription factor co-operations associated with the AAT disease progression [37]. In
our second study (top box in black dashed lines), we performed an upstream analysis to detect master
regulators and over-represented upstream pathways related to AAT [38]. In the current study (bottom
box in red dashed lines), we focus on the downstream analysis to decipher the complex interplay of
regulatory SNPs (rSNPs), their related gene expression and their corresponding downstream effectors,
which regulate a multitude of signal transduction pathways during the AAT disease progression.

Table 1. Numbers of statistically significant Monotonically Expressed Genes in ascending and
descending order for liver-, spleen- and lymph node-tissues for the cattle breeds Boran and N’Dama.

Boran N’Dama

Ascending Descending Ascending Descending

Liver 741 308 757 124

Spleen 669 126 13 139

Lymph node 87 5 119 114

2.2. Genotype Data

The genotype-phenotype data set of the cattle breeds Boran and N’Dama used in this
study are a part of the 1000 Bull Genomes Project [43].

The genotype data contains for 23 animals (11 Boran and 12 N’Dama) 783,637 variants
that are located in the promoter regions covering from −1000 bp to 0 bp relative to the
transcription start sites of the MEGs. Furthermore, we considered the resistance of the cattle
breed as a qualitative phenotype and assigned ‘0’ and ‘1’ to represent the disease pheno-
types for resistance and susceptibility, respectively. Similar to our previous studies [46,49],
for the purpose of quality control, filtering of genotype data was then carried out to remove
the SNPs with a minor allele frequency (MAF) less than 0.1, call rate less than 0.95 and
which significantly deviated from Hardy–Weinberg Equilibrium (p < 1× 10−8). After this
filtering, the data set contained about 19,330 SNPs and 23 animals for further analyses.
We performed a Genome-Wide Association analysis using PLINK 1.9 software [50]. The
genotype-phenotype association was evaluated with PLINK by chi-squared allelic test. As
suggested by Heinrich et al. [46], we used the false discovery rate (FDR) of 0.1 to control
the type I error rate.
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2.3. Identification of Regulatory SNPs

In previous studies [44,46], an SNP is defined to be a regulatory SNP (rSNP) if it is
located in the promoter region of a gene and if it affects the binding affinity of one or more
transcription factors (TFs) to their respective binding sites which leads to the gain/loss of
TFBSs. According to the rSNP detection pipeline, we extracted the flanking sequence of
±25 bp for each selected SNP. Finally, we scanned the flanking sequences of the SNPs for
both alternate and reference alleles using the MATCHTM program [51] and thus classified
an SNP as rSNP if it leads to gain and loss of a TFBS.

2.4. Finding the Effectors

Taking the rSNPs into account, we filtered the list of MEGs under study that harbour
at least one rSNP within their promoter. Using the filtered list of MEGs for each tissue
individually, we employed the systems biology platform geneXplain [52] to identify the
effector molecules. Effectors are important signalling molecules that are end products located
several steps downstream and regulate the functioning of a multitude of signalling cascades.
With regard to AAT disease, the knowledge about the effectors could provide promising
information to decipher their complex interplay with rSNPs and the corresponding MEGs.
The identification of effectors was performed using the ‘Effector search’ function on the
geneXplain platform, which utilises the TRANSPATH® database [53] for searching the
downstream effectors regulated by the input set of MEGs.

3. Results and Discussion

By analysing regulatory SNPs (rSNPs), the related gene expression profiles of MEGs
and their associated downstream effectors, we established their complex interplay involved
in the AAT disease progression for both cattle breeds. For this purpose, we firstly performed
a genome-wide association analysis and obtained 19,330 significant SNPs, out of which
1849 SNPs have been further classified as rSNPs.

Uncovering disease-related SNPs is recently gaining utmost importance as they can
have an impact on the disease progression and also on how the infected individual responds
to the infection [54–58]. In particular, rSNPs are of great interest as they could be causal
and thus alter the protein-DNA interaction. Afterwards, considering the MEGs of interest,
which harbour at least one rSNP in their promoter regions, we created for each tissue a
filtered list of monotonically expressed genes. Finally, using these lists of MEGs obtained
for each tissue (liver, spleen and lymph node) for both cattle breeds, we identified the
downstream effectors to investigate further the underlying molecular mechanisms that
orchestrate differences in the level of tolerance of the cattle breeds to AAT. The numbers of
rSNPs and MEGs of interest are given in Tables 2 and 3, respectively. The list of respective
rSNPs and MEGs are provided as Supplementary Files S2 and S3.

Table 2. Numbers of regulatory SNPs found for liver-, spleen- and lymph node-tissues for the cattle
breeds Boran and N’Dama.

Boran N’Dama

Gain of TFBS Loss of TFBS Gain of TFBS Loss of TFBS

Liver 365 403 342 385

Spleen 152 154 3 8

Lymph node 10 12 3 12
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Table 3. Numbers of MEGs under study harboring at least one rSNP in their promoter region, for
liver-, spleen- and lymph node-tissues for the cattle breeds Boran and N’Dama.

Boran N’Dama

Liver 194 102

Spleen 157 9

Lymph node 13 5

3.1. Identification of Downstream Effectors

We employed the “Effector Search” algorithm from the geneXplain platform [52] using
the tissue-based MEG sets of interest for the computational identification of downstream
effectors. From this analysis, we obtained a total of 18 effectors that are unique for the
breeds and the three tissues (given in Table 4). Remarkably, the effectors obtained are
completely different between the susceptible and tolerant cattle breeds.

Table 4. Downstream effectors obtained for liver-, spleen- and lymph node-tissues for the cattle
breeds Boran and N’Dama.

Cattle Breed Tissue Effectors

Boran Liver Itk:Lck:PLCgamma1:SLP-76

Boran Liver PKCdelta

Boran Liver SRF

Boran Spleen histone H3:DNA-PKcs

Boran Spleen p53:HEXIM1

Boran Spleen HEXIM1:p53

Boran Lymph node LIMPII:Prpf8

Boran Lymph node VICKZ3:Prpf8

Boran Lymph node SNRPGP15:Prpf8

N’Dama Liver CHTOG:h3f3a

N’Dama Liver p85alpha

N’Dama Liver TFII-I

N’Dama Spleen LYZL2-isoform2:LRP11

N’Dama Spleen PON 2-isoform1:LRP11

N’Dama Spleen WSX-1:LRP11

N’Dama Lymph node Ssu72

N’Dama Lymph node MTMR4

N’Dama Lymph node Clathrin LCb

3.2. Downstream Effectors for Liver Tissue

The analysis of the MEGs for the liver tissue resulted in the detection of three effectors
for Boran (namely SRF, PKCδ and a complex of proteins ITK, LCK, PLCγ and SLP76) and
N’Dama (p85α, chTOG:H3F3A and TF2-1).

Serum response factor (c-fos serum response element-binding transcription factor) is
a transcription factor belonging to the MADS (MCM1, Agamous, Deficiens and SRF) box
superfamily. It is mainly involved in the regulation of immediate-early genes and takes part
in important cellular processes like cell differentiation, cell growth and apoptosis. The gene
encoding this protein serves as the major target for several signalling pathways, in particu-
lar, the mitogen-activated protein kinase pathway (MAPK) that plays a significant role in
the immune surveillance mechanism supporting the trypanosome infection [59]. Therefore,
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the SRF protein could be directing the immune evasion, thereby assisting susceptibility of
the cattle breed in AAT disease progression.

The second effector, PKCδ, found in Boran’s liver tissue, has been reported as the
marker of inflammation and plays an essential role in tuberculosis disease progression
in humans [60]. This could be an important hint for the AAT disease progression in the
susceptible cattle breed Boran. Moreover, the third effector consists of four proteins, namely
ITK, SLP 76, LCK and PLCγ1. Inducible T-cell kinase (ITK) belongs to the Tec family of
non-receptor tyrosine kinases, which are expressed in immune cells like mast cells and T
cells. It plays a critical role in T-lymphocyte development and functioning and is involved
in regulating T-cell receptor signalling. Furthermore, it is activated with respect to antigen
receptors, for example, T-cell receptor stimulation [61–63]. It is reported to be important
for the replication of the virus inside the infected host cells [64], elucidating its role in
supporting the pathogen infection in AAT. SH2-domain-containing leukocyte protein of
76 kDa (SLP 76) is one of the key adaptor proteins expressed only in the haematopoietic
part of the immune cells such as monocyte, granulocyte and T lymphocyte lineage [65].
The protein SLP 76 plays a crucial role in the regulation of several signalling cascades [66].
Additionally, its expression is regulated during T cell maturation and activation [65].
This demonstrates the close association of the protein SLP 76 with the haematopoiesis and
generation of immune responses relating to anaemia in AAT disease, an important hallmark
of AAT. The association of LCK (lymphocyte-specific cytoplasmic protein-tyrosine kinase)
to CD4 and CD8 is necessary for antigen-specific T cell development and activation [67]. Of
particular interest, phospholipase C gamma 1 (PLCγ1) signalling is important for several
physiological processes like cell differentiation [68,69].

In our analysis, we found an effector as a complex of chTOG and H3F3A for the
liver tissue of N’Dama. The chTOG is a human TOG protein, reported as a mitotic error
correction factor playing an important role in accurate chromosome segregation during
cell division [70]. Further, H3F3A belongs to the group of basic nuclear histone proteins
supporting the structure of the chromosome, thereby maintaining the genome integrity [71].
Another effector, TF2-1, found in the liver tissue of N’Dama, is a non-infectious and
intracellular retrotransposon [72]. However, both of these effectors were not illustrated
in relation to host-pathogen interaction, and thus, their potential roles in AAT disease
progression are not studied. On the other hand, the third effector p85 α, is an adapter
subunit of heterodimer phosphatidylinositol 3-kinase, which is involved in the production
of phospholipids. By interacting with other proteins such as p110 α and PTEN, p85 α
could regulate the PI3K pathway either in a positive or negative manner [73]. Due to
the importance of the phosphatidylinositol 3-kinase (PI3K) signalling pathway in many
diseases [74], the regulatory activity of p85 α is gaining importance in response to infections
as well. This demonstrates the role of p85 α during AAT infection, which might play a
crucial part in trypanotolerance of N’Dama by maintaining the lipid synthesis in the host’s
liver intact without interruption from the pathogenic attack.

3.3. Downstream Effectors for Spleen

The analysis of the effectors for spleen tissue unravelled p53:HEXIM1, HEXIM1:p53
and histone H3:DNA-PKcs for Boran and LYZL2 isoform 2:LRP11, PON-2 isoform 1:LRP11
and WSX-1:LRP11 for N’Dama.

The first two effectors are a complex of two proteins: HEXIM1 and p53. Hexamethy-
lene bisacetamide-inducible protein 1 (HEXIM1) protein encoded by HEXIM1 is known
for its role in the regulation of gene expression, especially with regard to innate immu-
nity [75]. Particularly, it has been reported in the Trypanosoma cruzi infection, in association
with splenomegaly in the Hexim1+/− mice. It was shown how the downregulation of
HEXIM1 protects the host against T. cruzi infection [76]. This hints at the functioning of
HEXIM1 during the infection process by increasing inflammation. Another part of the
protein complex, p53, identified for the spleen tissue, acts as a tumour suppressor protein in
humans, therefore called as “guardian of the genome” [77,78]. In recent studies, it has been
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demonstrated that p53 regulates inflammation [79] which is highly associated with AAT.
Especially in a study involving bacterial infection [80], deletion or inhibition of p53 resulted
in the clearance of extracellular bacteria, which reveals the regulatory role of p53 in the
defence against extracellular pathogens establishing the modulation of microbicidal func-
tion. Another effector found in the spleen tissue, DNA Protein Kinase, has been reported
for its roles in regulating metabolic pathways, particularly in fatty acid synthesis [81].
It is one of the key players responding to DNA damage and in IRF-3-dependent innate
immunity [82]. Especially, DNA Damage Response PK has been studied as a driver in
evading host immunity [83] and in developmental transitions occurring between the vector
and the host [84]. This effector could play a role in immune evasion, thereby supporting
the trypanosome infection and increasing the susceptibility of Boran.

For the spleen tissue of N’Dama, the identified effectors, including LYZL2 isoform
2, PON2 isoform 1 and WSX1 are complexes of LRP11 protein. LRP11 plays a key role in
the development of stress responses in mice, as suggested by Xu et al. in [85]. It is well-
known that through the activation of the stress response, the host’s body provides energy
immediately available for immune responses against the parasitic infection, therefore
benefitting the host to recover earlier [86]. LYZL2 identified as one of the effectors, exhibits
lysozyme activity, which functions as bacteriolytic factors [87] and they are mainly involved
in the host defence. Their biological function in relation to parasitic infection has not been
largely studied yet. Interestingly, we found Paraoxonase 2 (PON2) in the spleen tissue of
N’Dama, which is an intracellular membrane protein exerting anti-oxidant functions [88].
Macrophages are key players against extracellular and intracellular pathogens. In this
regard, PON2 has been studied for their expression in the macrophages [89]. In a study
involving bacterial infection with Pseudomonas aeroginosa, the role of PON2 in the innate
immune defence has been demonstrated [90]. The next effector, WSX1, is a class I cytokine
receptor for IL27 and is predominantly expressed in lymphoid tissues like the spleen and
lymph nodes [91]. Being the IL27 receptor, WSX1 has been studied to be associated with
the IL27 signalling pathway. It is further involved in the regulation of Th1-type adaptive
immune responses and also of the cells of the innate immune system [92]. Villarino et al.
reported in their study [93] that WSX1 is necessary for resistance to parasitic infection from
Toxoplasma gondii. Particularly, this could provide an important hint on the functioning of
WSX1 in resistance of N’Dama to AAT disease.

3.4. Downstream Effectors for Lymph Node

The analysis of the MEGs of lymph node tissue reveals the effectors, namely LIMP-
2:Prpf8, VICKZ3:Prpf8 and SNRPGP15:Prpf8, for Boran and the effectors Ssu72, MTMR4,
Clathrin LCb for N’Dama.

Considering the biological roles of effector LIMP-2, it is a type III glycoprotein be-
longing to the CD36 superfamily of scavenger proteins, facilitating the transport of the
acid hydrolase β-glucocerebrosidase (GC) [94]. This protein provides a strong connection
between cholesterol export and innate immunity [95,96] as lipids play crucial roles in the
multiplication of the trypanosome infection cycle. Therefore, the LIMP2 protein might be a
strong candidate protein crucial for establishing the infection, thereby making the cattle
breed Boran susceptible to AAT. Another effector, VICKZ3, for the lymph node issue of
Boran, belongs to the family of RNA binding proteins and is expressed in the developing
central nervous system [97] during embryogenesis. This group of proteins are associated
with the regulation of RNA and are involved in controlling the cellular processes like
proliferation and translational repression [98]. Furthermore, the effector SNRPGP15 (Small
Nuclear Ribonucleoprotein G-like protein 15) is a part of the spliceosome, which mainly
takes part in RNA metabolism [99]. Finally, part of the protein complexes of all the three
effectors is pre-mRNA processing factor 8 (Prpf8) is a highly conserved protein and known
for its role in the pre-mRNA splicing process [100]. However, VICKZ3, SNRPGP15 and
PRPF8 have not been largely studied in terms of host-pathogen interaction; therefore, their
potential role in AAT disease progression is currently unknown.
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On the other hand, the effectors identified for the lymph node tissue of N’Dama
suggest their crucial roles in immunity, bolstering the host’s defence against the parasite.
The effector Ssu72 is a dual protein phosphatase that plays a role in RNA processing. A
recent study has associated the Ssu72 protein in macrophages with the process of im-
munometabolism [101], implicating a closer connection between immunity and trypan-
otolerance of N’Dama. The next effector, Myotubularin-related protein 4 (MTMR4), is an
intracellular protein that exhibits lipid and protein phosphatase activities in several cellular
functions. Especially MTMR4 is involved in the negative regulation of TGF-β signalling.
During the infection of Trypanosoma cruzi, the role of TGF-β has been demonstrated to
inhibit the functioning of immune effector cells and the production of interferon α, thereby
resulting in the multiplication of the pathogen [102]. Therefore, MTMR4 indirectly assists
the host in decreasing the pathogen numbers within the body, supporting the tolerance
mechanism of the cattle breed N’Dama. Another effector, Clathrin, is a cytosolic protein
made up of heavy and light chains. Clathrin light chains (LCb) are important compo-
nents of clathrin-coated vesicles, especially necessary to uptake large foreign particles into
the vesicles [103]. This effector found in lymph nodes could represent the engulfing of
infectious parasites during the AAT disease in the body of N’Dama.

In particular, the knowledge of these effectors provides essential information in distin-
guishing the downstream events underlying the susceptibility and tolerance mechanisms of
the cattle breeds Boran and N’Dama, respectively. Further validation of the results from the
molecular biology end is necessary to evaluate the biological importance of their functions
in the AAT disease progression as well as to gain a comprehensive understanding of their
roles in susceptibility/tolerance mechanisms of the cattle breeds.

3.5. Gene Expression Profile Analysis of MEGs Harbouring rSNPs

Using gene expression profiles, it is possible to gain insights into the differences in
the expression levels under certain cellular conditions. Therefore, we were additionally
interested in the gene expression profiles for the MEGs of interest to decipher their dif-
ferentiation between the cattle breeds. For this purpose, we manually analysed and then
annotated the gene expression profiles of MEGs for each tissue to investigate their expres-
sion patterns. A closer look at these gene expression profiles reveals the distinguishing
expression patterns for five MEGs (namely MAPKAPK5, CSK, DOK2, RAC1 and DNTM1)
expressed over several time points in the liver tissue of both breeds Boran and N’Dama
(see Supplementary File S4). Interestingly, these genes are key players in the detection of
effectors found in liver tissue (see Supplementary File S4). Gene expression profiles of other
MEGs of interest are provided in Supplementary File S5.

Figure 2 exemplarily shows the changes in the gene expression profile of MAPKAPK5
for liver tissue of both cattle breeds, harbouring rSNPs in its promoter region. Considering
the biological roles, MAPKAPK5 (MAPK Activated Protein Kinase 5), encoded by the
gene MAPKAPK5, is a serine/threonine-protein kinase that plays a major role in the post-
transcriptional regulation of MYC, [104,105] which is intimately associated with immune
evasion [106]. The protein encoded by the gene CSK plays a critical role in the activation of T-
cells and is involved in several pathways, which include the regulation of Src family kinases
[107]. Expression of DOK2 has been reported to regulate the cell cycle of haematopoietic
stem cells. Furthermore, the inactivation of DOK2 also resulted in the aberrant activation of
MAP kinase [108], implicating that their functional loss could exacerbate the AAT disease.
The protein encoded by RAC1 (Rac Family Small GTPase 1) is important in regulating
cellular processes like phagocytosis of apoptotic cells and binds to effector proteins in their
active state [109]. DNMT1 plays a critical part in regulating the immune system and is
regarded indispensable for the inhibition of Foxp3+Treg cells [110].
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Figure 2. An overview of gene expression profile analysis. Schematic representation of rSNP at
position 62,288,820 bp of chromosome 17 influencing the gene expression pattern of MAPKAPK5.
‘d’ refers to the distance of the rSNP from the transcription start site (TSS).

4. Conclusions

Transcription factors are involved in regulating transcription processes by binding
to short DNA sequences called transcription factor binding sites (TFBSs). In particular,
single nucleotide polymorphisms (SNPs) are widely studied with regard to the disease
mechanisms as they can have direct control over the disease susceptibility (causal poly-
morphisms). Importantly, regulatory SNPs (rSNPs) that are located in the regulatory
regions like promoters can significantly affect the gene expression, especially by modifying
the binding sites of the TFs. Knowledge about the rSNPs and their complex interplay
with the corresponding gene expression and downstream effectors could reveal multiple
disease-associated polymorphisms, which can be further used as targets in drug design
and breeding programs. Taking the importance of rSNPs and their combinatorial interplay
into account, we performed a systematic investigation of genomic and transcriptomic data
of two cattle breeds, Boran and N’Dama, to unravel the underlying genetic mechanisms
of AAT disease progression. Our findings provide mechanistic insights into significant
rSNPs, which are harboured within the promoter regions of MEGs. Moreover, our further
investigation of effectors found in the liver, spleen and lymph node tissues of both cattle
breeds enhanced our understanding of distinct mechanisms leading to either resistance
or susceptibility of cattle breeds. Our current study complements our previous studies,
which mainly focused on the upstream events, including TFs and their co-operations as
well as master regulators. Taken together, our findings provide a multifaceted glimpse
of (i) novel insights into the rSNPs governing the susceptibility/tolerance mechanism of
the cattle breeds; (ii) downstream effectors, particularly LYZL2, WSX1 and MTMR4 and
their biological roles related to innate and adaptive immune responses during the AAT
disease progression.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biology11050742/s1, Supplementary File S1: Lists of Monoton-
ically Expressed Genes obtained from the MFSelector approach. Supplementary File S2: Lists of
regulatory SNPs obtained for liver-, spleen- and lymph node tissues of Boran and N’Dama. Supple-
mentary File S3: List of breed-specific and tissue-specific MEGs harbouring regulatory SNPs in their
promoter regions. Supplementary File S4: Gene expression profiles of monotonically expressed genes
MAPKAPK5, CSK, DOK2, RAC1 and DNTM1 that harbour regulatory SNPs in their promoter regions.
Supplementary File S5: Lists of QR codes of videos for gene expression profiles corresponding to
the MEGs harbouring rSNPS associated with liver-, spleen- and lymph node tissues of Boran and
N’Dama.
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