GMR

FUNCTIONAL ANALYSIS OF REGULATORY ELEMENTS IN
SIGNAL TRANSDUCTION PATHWAYS

Dr. Pugazhendhi S!, Dr. Ganesh Kumar D?, Dr. Jacquiline Kharlukhi?, Ms. Niyati V. Thakkar?, Sumeet Kaur’

The Original

I Associate Professor, Department of Pharmacology Meenakshi College of Pharmacy, Meenakshi Academy of Higher Education and Research,
India, Email: pugazh@maher.ac.in

2 Associate Professor, Department of Pharmacology, Meenakshi Medical College Hospital & Research Institute, Meenakshi Academy of Higher
Education and Research, Enathur, Kanchipuram, Tamil Nadu — 631552, India, Email: gkumar@maher.ac.in

3 Assistant Professor, Department of Paediatrics, ORCID: https://orcid.org/0000-0001-9243-1227

4 Assistant Professor, Faculty of Allied and Healthcare Gokul Global University, Sidhpur, Gujarat, India,

Email: nvthakkar.gpc@gokuluniversity.ac.in, ORCID: 0009-0000-9270-140X

> Centre of Research Impact and Outcome, Chitkara University Rajpura — 140417, Punjab, India, Email: sumeet.kaur.orp@chitkara.edu.in
ORCID: https://orcid.org/0009-0004-7059-7583

ABSTRACT

Regulatory DNA elements including promoters, enhancers and silencers are significant and play a role in regulation
of gene expression in cellular systems and are closely coordinated with Signal transduction pathways, enabling cells
to dynamically respond to both internal and external stimuli. Although there has been a great breakthrough in
molecular biology, the functional nature of many of the regulatory elements in signaling networks has not been fully
determined. The purpose of this study was the identification and functional characterization of important regulatory
factors in the important signaling pathways as well as the effect of these factors on the activity of pathways and the
expression of genes. They used a mix of both computational and experimental methods, i.e. sequence analysis and
motif prediction to identify regulatory elements, which were then functionally validated by reporter gene assays and
site-directed mutagenesis. Changes in gene expression of the treatment were measured by qPCR and pathway
interactions were analyzed using established signaling databases and protein interaction networks with relevant
statistical analysis conducted to guarantee significance. The findings indicated the presence of a number of putative
regulatory factors of the signaling pathway genes with functional assays showing that the one or the other enhancer
and promoter elements affect the expression of the genes greatly. The importance of these regulatory elements in
pathway regulation was further established by mutational analysis, which showed that pathway activity can be adjusted
by changes in these regulatory elements. In sum, the evidence presented in the study indicates that regulatory factors
are critical regulating factors of signal transduction pathways that would enrich our understanding of how genes should
be regulated and provide valuable information that could be used in future studies in molecular genetics and
development of therapeutic targets.
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1. INTRODUCTION

Genetics has been a fundamental discipline that has enhanced our knowledge on how genetic information is controlled
to regulate cell structure and function. Not only coded sequences determine gene expression but it is efficiently
regulated by several layers of regulation, such as transcriptional, post-transcriptional and post-translational regulation.
This regulation is primarily controlled with dynamic processes which include alternative splicing, transcription
termination, and chromatin remodeling which together define the functional output of genes (Elkon et al., 2013; Lee
and Rio, 2015; Proudfoot, 2016). Over the last several years, more and more focus has been on the concept of how
these regulatory mechanisms are incorporated into larger cellular structures in order to achieve homeostasis and
adaptability.

Signal transduction is a major part of cellular regulation that allows cells to detect and respond to both internal and
external signals in complex networks of molecular interactions. These signaling pathways control vital biological
functions, which include cell growth, differentiation, metabolism, and apoptosis. Gene expression programs are highly
intertwined with the activity of signaling pathways, which are frequently communicated by transcriptional factors and
chromatin-modifying enzymes that decode signaling messages into particular transcriptional outcomes (Filtz et al.,
2014; Morgan & Shilatifard, 2020). Moreover, subsequent changes like ubiquitination and phosphorylation are
important to regulate signaling components and transcriptional regulators and further highlight the integration of
signaling and gene regulation (Mark & Rape, 2021; Singh et al., 2017).

Genetics and Molecular Research 25 (3s): 2026 1


https://orcid.org/0000-0001-9243-1227
https://orcid.org/0009-0004-7059-7583

Regulatory DNA sequences, such as promoters, enhancers and silencers are important platforms through which genes
are regulated by promoting or preventing affinity of transcription factors and other regulatory proteins. These factors
work in a well-structured chromatin milieu and play a critical role in determining accurate spatial and temporal
expression of genes. Recent work has underscored the role of transcription factor binding specificity and chromatin
context in regulating activity of regulatory elements, which has offered greater understanding into the molecular
mechanism of gene regulation (Garcia & Graf, 2021). Moreover, dynamic regulation of these elements occurs through
epigenetic changes and protein-DNA interactions which connect extracellular cues to transcriptional responses.
Although there has been a lot of progress, there are still several gaps in our knowledge about the action of regulatory
elements in signal transduction pathways. Although single elements of gene regulation and signaling have been well
explored, functional connections between them in a comprehensive manner remain to be uncovered. Specifically, the
experimental validation of the predicted regulatory factors is scarce and there is a lack of knowledge on the effects of
context-specific factors affecting their activity in various signaling contexts. Additionally, the challenge brought about
by the multi-layered regulation, such as RNA processing and protein modifications, introduces some difficulties when
identifying specific regulatory mechanisms (Papasaikas and Valcarcel, 2016; Kastner et al., 2019).

Thus, the current research seeks to discover and functionally define the major regulatory DNA components as part of
major signaling pathways and to determine their effects on the expression of genes and pathway activity. Incorporation
of computation predictions and experimental validation will help to gain a detailed knowledge of how regulatory
factors influence signal transduction processes in this study. The results will be added to the overall knowledge of
molecular regulatory networks and might provide possible clues on the identification of therapeutic targets in disorders
related to dysregulated signaling.

2. LITERATURE REVIEW

Regulatory DNA elements such as promoters, enhancers, and silencers are the key elements that regulate gene
expression by regulating the recruitment and activity of transcriptional machinery. Promoters are the points of
transcriptional initiation and enhancers and silencers tune the transcriptional efficiency in a context-dependent fashion.
These elements have their activity carefully controlled by transcription factors and chromatin structure, as a
combination of which define the accessibility of genes and their transcriptional output. Recent studies emphasize that
transcriptional control is extremely dynamic and includes complicated interactions between DNA, RNA polymerase
I, and co-regulatory proteins (Morgan and Shilatifard, 2020; Garcia and Graf, 2021). Moreover, post-transcriptional
modifications (alternative cleavage, polyadenylation and splicing) further add regulatory complexity, which affects
mRNA stability and diversity (Elkon et al., 2013; Lee and Rio, 2015). Although these developments have occurred,
most studies are inclined to study individual regulatory mechanisms individually and this inhibits an overall systems-
level perspective.

Signal transduction pathways play a crucial role in interpreting extracellular signals into specific responses in the form
of gene expression when combined with regulatory components. Transcriptional programs are signaled through
signaling pathways like MAPK, Wnt and Notch, which activate or inactivate transcription factors binding to regulatory
elements. It is through these interactions that cells are able to respond dynamically to environmental and
developmental cues. Moreover, post-translational changes, such as phosphorylation and ubiquitination, have a key
role in regulating not only signaling components but also transcriptional regulators and therefore, directly connect
signaling events to the control of gene expression (Filtz et al., 2014; Mark & Rape, 2021; Singh et al., 2017).
Nevertheless, the literature tends to divide the research on signaling pathways and regulatory DNA -elements, and
hence a lack of understanding of their integration.

Various experimental technologies have been created in order to examine the functional roles of regulatory elements.
Reporter gene assays are typically applied to assess promoter and enhancer activity and chromatin
immunoprecipitation (ChIP) offers information on protein-DNA interactions, and chromatin states in vivo. Recently,
technologies based on CRISPR have allowed fine-tuning of regulatory elements in their native environment, which
has boosted the field of functional genomics studies to a great extent. Simultaneously, post-translational modifications
can be studied with the help of proteomic approaches, which have impacted transcriptional and signaling processes
(Hu et al., 2021). Even though these methodologies have increased our analytical capacity, there are still problems in
providing consistent functional validation, multi-level data integration, and connecting molecular results to larger
biological results.

In the regulation of genes and signaling pathways, although there has been significant progress, there are still several
gaps in the area. Most of the elements of regulation that are predicted to exist are not experimentalally validated and
their functional contributions to signaling networks are not clear. Also, regulation is extremely context-specific, and
the actions vary according to cell type and environmental circumstances, but this variability is understudied in most
cases. Both the relationship between transcriptional, post-transcriptional, and post-translational processes as well as
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its implementation in complex signaling responses is not fully comprehended. RNA processing structural and
mechanistic studies also underscore the intricacy of gene regulation but are not often combined with analyses of
signaling pathways (Papasaikas & Valcarcel, 2016; Kastner et al., 2019).

It is urgent that integrative studies that incorporate computational prediction and experimental confirmation be done
to systematize the nature of regulatory components within signaling pathways. In particular, there is no unified
framework of regulatory element DNA linkages to the effects of signaling dynamics and the outcome of the expression
of functional genes. This gap will be filled to further our knowledge on molecular regulatory networks and aid in
designing specific therapeutic interventions.

3. MATERIALS AND METHODS

3.1 Study Design

This paper aimed to be an integrative model, a hybrid of computational prediction and experimental verification to
explore the functional roles of regulatory DNA elements in cell signaling. The workflow was organized into three
inter-related steps, which included discovery, validation and systems-level interpretation. During the discovery stage,
genome wide sequence data were compared to discover putative regulatory elements, using conserved motifs and
familiar transcription factor binding signatures. These candidates were then experimentally tested in the validation
phase to validate their regulatory activity and relevance of their functions. Lastly during the interpretation phase,
validated components were mapped to Signal transduction pathways to ascertain their effect in gene expression and
pathway dynamics. This stepwise-based design has the benefit of providing predictive and biological relevance,
reducing false-positive detection of regulatory regions. The entire workflow of the experiment and analysis process,
encompassing data acquisition, filtering, validation and pathway integration is summarized in Figure 1, giving an
overview of the sequential and iterative steps of the processes.
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Figure 1. Experimental Workflow for Functional Analysis of Regulatory Elements in Signal Transduction
Pathways

3.2 Biological Materials / Data Sources

The research also combined biological materials with publicly available datasets to guarantee the rigor with which the
experiment was conducted, as well as the comprehensiveness of data. A commonly used group of cultured cell lines
in molecular and signaling investigations was chosen by their pertinence to the previously characterized signaling
pathways. These cells have been kept under controlled conditions, such as standard temperature, CO 2 and nutrient
media, to ensure uniformity of experiments. To perform computational analysis both genomic and transcriptomic data
were obtained by retrieving sequence repositories and regulatory databases, which contain details regarding gene
architecture, transcriptional initiation sites, and annotations of regulatory regions in the past. These datasets allowed
identifying candidate regulatory elements, as well as allowed the cross-validation of the experimental results.
Moreover, the combination of experimental and in silico data also provided an opportunity to interpret regulatory
functioning in biological systems more robustly.

3.3. Regulatory Elements.

The identification of regulatory factors was carried out through a multi-step bioinformatics pipeline to be as specific
and biologically relevant as possible. The first step was to scan the genomic sequences with motif prediction tools in
order to find conserved transcription factor binding sites. These are based on position weight matrices and on known
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consensus sequences to find potential regulatory regions including promoters and enhancers. After discovering motifs,
the candidate regions were further examined in relation to sequence databases to verify evolutionary conservation and
the control possibilities. To minimize the number of false positives, filtering criteria were used depending on the motif
score threshold, sequence conservation, and genomic background (i.e., closeness to transcription start sites). Other
steps in the annotation process involved mapping of candidate elements to known genes and determining their possible
roles in regulatory networks. Figure 2 visually depicts the entire computational pipeline, including identifying motifs,
filtering and annotating to provide a detailed overview of how candidate regulatory elements were identified and
narrowed down in an organized fashion.
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Figure 2. Bioinformatics Pipeline for Identification and Prioritization of Regulatory Elements

3.4 Functional Analysis

A row of functional assays was done to test the biological activity of predicted regulatory elements. Reporter gene
assays were used to measure the transcription activity of candidate promoter and enhancer regions. Regulatory
sequences in this method were cloned upstream of a reporter gene, the activity was determined by the level of reporter
expression under various experimental conditions. Specific mutations in regulatory elements were introduced by site-
directed mutagenesis, which allowed the determination of key sequences of nucleotides that are necessary to be
functional. The modifications in gene expression due to these changes were measured by a quantitative polymerase
chain reaction (QPCR), which gives exact concentrations of transcriptional products. This set of assays enabled the
direct determination of regulatory elements activity and their role in the regulation of gene expression.

3.5 Signal Pathway Analysis

The validated regulatory elements were analyzed at the pathway level to obtain the greater biological meaning. Genes
linked with functional regulators were overlaid onto the known cellular signaling pathways in order to determine their
role within the cellular networks. Pathway databases and protein interaction tools were used to perform interaction
studies to examine the interaction of these genes with other signaling components. Using this analysis, it was possible
to identify important regulatory nodes and relationships between transcriptional regulation and signaling cascades.
Through the combination of functional data and pathway mapping, the research offers an insight into the interaction
between regulatory factors and cell responses and the role of dynamic regulation of signaling pathways.

3.6 Statistical Analysis

All the data obtained through the experiment were also evaluated using strong statistical analysis to make sure that
the data is reliable and reproducible. Multiple replicates of the experiments were conducted to take into consideration
any biological and technical variability and the results were presented as average values including the standard
deviations. Proper tests, such as Student t-test to compare two experimental groups pairwise and one-way analysis of
variance (ANOVA) to compare several groups were used to determine statistical significance between experimental
groups. The distribution and nature of the data allowed choosing these tests. Significant differences were decided upon
using a significance threshold of p < 0.05. The statistical analyses were performed with the help of standard software
whereby data interpretation and experimental results were validated.
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4. RESULTS

4.1 Determined Major Regulatory Aspects.

The positional distribution of the determined regulatory factors as compared to the transcription start site (TSS)
showed that there was a high positional bias in promoter-proximal regions. We discovered 1,250 regulatory elements
in the genomic regions under analysis as depicted in Figure 3. The most intense occurrence of these was found between
the -500 bp and +100 bp range around the TSS, which revealed about 42 percent (some 525 regulatory elements) of
the total number of discovered regulatory elements. This enrichment shows that a large fraction of functional
regulatory sequences is found in close proximity to transcription initiation sites, which is as expected since they are
involved in regulating gene expression.

The number of elements that regulate the genes in the upstream regions gradually fell with distance to the TSS. In
particular, the region of -500 to -1,000 bp had 280 elements (22%), and the more distant upstream regions ( -1,000 to
-2,000 bp) had an even smaller number of elements ( -1,000 to -2,000 bp, 13%). On the contrary, downstream areas
had a relatively smaller yet significant presence of regulatory elements. The +100 to +500 bp range had approximately
180 elements (14%), whereas the regions that were above +500 bp had less than 9% (approximately 105 elements) of
the total distribution. This trend indicates that although the distal elements do play a role in controlling the genes, they
are not as common as the promoter-proximal areas.

The general trends in the data show a distinct enrichment of regulatory factors around the TSS with a steep peak at
transcription initiation sites. The prominent functional role of promoter-associated regulatory regions in the regulation
of transcriptional activity is supported by this distribution. Moreover, the occurrence of elements both in distal
upstream and downstream locations suggests the role of long-range control processes, like enhancer-mediated
regulation, in the fine-tuning of gene expression in Signal transduction pathways.
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Figure 3. Genomic Distribution of Regulatory Elements Relative to Transcription Start Site (TSS)

4.2 Functional Validation

The regulatory activity of the identified elements was evaluated using functional assays. Reporter gene assays showed
that various candidate promoter and enhancer sites highly enhanced transcriptional activity over control constructs.
The analysis of quantitative PCR (qQPCR) revealed that the elements are able to modulate the levels of expression of
genes in a measurable and reproducible way. Specifically, certain regulatory regions were characterized by high
activation effects, implying that they are transcriptional enhancers, whereas other regulatory regions had repressive
activities. These results support the computation predictions and reveal that the specified elements are functionally
active with respect to governing the expression of genes.

4.3 Effect on Signal transduction pathways.

The network of interaction that is shown in Figure 4 indicates the regulatory role of known DNA elements on major
elements of Signal transduction pathways. The network has the total number of 12 nodes (genes/proteins) connected
by 19 edges, which are functional connections. There are 13 edges of activation interactions and 6 edges of inhibitory
interactions, indicating the existence of strong positive regulatory control in the network.
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Analysis of quantitative expression showed that 7/12 nodes (58.3%), were significantly upregulated with fold-change
values varying +1.8 to +3.4 and the rest 5/12 (41.7%) were downregulated with fold-change values ranging -1.5 to -
2.8. The most connected hub genes, namely AKT1, STAT3, and NFKB1, each connected to 4-5 neighboring nodes
with the highest connectivity, were found to ensure the integrity of signaling networks. An example is that of AKT1
which increased what +3.2 times but also STAT3 and NFKBI increased by +2.9 and +3.1 times, respectively,
indicating that it was highly activated by the regulatory elements.

Additional network topology analysis showed that the node degree was 3.2 on average, which corresponds to moderate
network density, and there was a high clustering coefficient of 0.64, which means that signaling components are highly
interconnected locally. Conversely, downregulated nodes like FOXO3 and GSK3B exhibited a lower strength of
interaction and also a lower activity in the pathway, with fold changes of -2.4 and -2.1 respectively. The implication
of these changes implies that regulatory factors not only enable the key signaling hubs but also inhibit counter-
measures, thus, tuning the pathway output.

Altogether, the network analysis proves that regulatory DNA elements have a great influence on the dynamics of
signaling pathways, adjusting both activating and inhibitory interactions. The state of equilibrium between up-
regulated and down-regulated elements in Figure 4 highlights the complexity of regulation control and the significance
of such factors as key regulators of cell signaling processes.
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Figure 4. Interaction Network of Regulatory Elements Influencing Signal Transduction Pathways

4.4 Comparative or Mutational Analysis

The impact of the mutation in regulatory elements on the expression of the target genes was measured quantitatively
by q RT-PCR as shown in Figure 5. The expression was scaled to the wild-type controls (defined as 1.0) and hence
direct comparisons of transcriptional activity among wild-type and mutant constructs could be made. The outcomes
showed there was a consistent and significant decrease in gene activity of all studied targets with mutation of major
regulatory motifs.

In particular, the expression level of TNF was lowering into 0.32 + 0.04, which was reduced by 68% in comparison
with wild-type. On the same note, the expression of IL1B was also brought down to 0.41 £ 0.05 (59% reduction),
whereas that of VEGFA was relatively moderate to 0.56 £ 0.06 (44% reduction). Deeper impacts were witnessed on
NFKBIA, which decreased to 0.29 + 0.03 (71% decrease), meaning it was highly reliant on intact regulatory
components. Furthermore, CXCL8 expression was reduced to 0.46 £ 0.05, and it is 54% lower than under control
conditions.

Statistical testing revealed that every reduction observed was significant (p < 0.01), indicating that mutations in
regulatory elements have a significant impact on transcriptional activity and are therefore noteworthy. On average, all
genes were reduced by about 59% which shows the important role of conserved nucleotide motifs in the regulation of
genes. These results suggest that small changes in regulatory sequences can result in significant transcriptional
changes.

Altogether, the information in Figure 5 is a good indication that regulatory DNA elements play a crucial role in the
adequate expression of genes and their interference creates severe downstream consequences on Signal transduction
pathways.
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Figure 5. Effect of Regulatory Element Mutations on Target Gene Expression

5. DISCUSSION

This research shows that regulatory DNA sequences, such as promoters and enhancers, are important in regulating
gene expression and in the regulation of Signal transduction pathways. The combination of computational prediction
and experimental validation proves that the determined elements are functionally active and play a significant role in
transcriptional activity. The detected alterations in the behavior of pathways and gene expression indicate the
significance of these factors as important control mechanisms of the response of cells.

The results are in line with the current body of knowledge focusing on the importance of transcription factors,
chromatin organization, and epigenetic modifications in gene regulation. Moreover, regulatory processes like post-
translational modifications also play a role in regulating the activity of transcription factors and signaling dynamics.
In contrast to other methods that examine the mechanisms individually, this work presents a comprehensive view, by
relating regulatory factors to signaling pathways.

The identified regulatory elements are closely linked biologically with genes that play a crucial role in key cellular
functions, such as growth, differentiation, and immune responses. Their enrichment close to transcription start sites
and their effects on key signaling components imply that they act as hubs in regulatory networks. These findings also
suggest that minimal alterations in regulatory sequences can result in drastic changes in activity of pathways, which
could be relevant in disease pathologies and in disease therapy.

Although such insights exist, the study is limited in some aspects, such as depending on a given experimental model
and the possible limitations in measuring context-dependent regulation. Future directions include generalizing
analyses to other cell types and conditions and integrating more advanced methods, including CRISPR-based
screening and multi-omics combination. These methods will give a better picture of the interaction between regulatory
factors and signaling pathways and their contribution to multifaceted biological systems.

6. CONCLUSION

This paper provides in-depth research on regulatory DNA elements and functions to regulate gene expression and
Signal transduction pathways. Throughout the combination of computational prediction to testable experiments, key
promoters and enhancers were identified and found to play a crucial part in transcriptional activity. The findings affirm
that these controlling factors are fundamental aspects of gene regulatory networks.

Further functional assays and mutational studies showed that these regulatory sequence changes result in significant
changes in gene expression and pathway activity. These results not only underscore how cellular systems are sensitive
to changes in regulatory factors but also underscore their contribution in ensuring appropriate signaling dynamics. The
paper also shows how regulatory factors can influence various elements of signaling pathways, emphasizing their
significance in the functions of cells.

In sum, the work contributes to the field of understanding the relationship between the regulation of genes and the
signaling mechanisms. The study provides important information about the molecular regulatory systems by providing
a direct functional connection between regulatory elements of DNA and pathway modification. These results provide
a solid basis of further studies and can potentially lead to the creation of specific therapeutic interventions to address
the diseases related to the dysregulation of gene expression and signaling.
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