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ABSTRACT 
 

Aim: This study aimed to explore the advancements, methodologies, and applications of RNA 
sequencing (RNA-seq) technology, emphasizing its transformative impact on genomic research. 
Study Design: The research involved an in-depth review of RNA-seq technology, focusing on the 
steps of sample preparation, sequencing, and data analysis. 
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Place and Duration of Study: Conducted through a detailed literature review over six months, at 
Hygia college of Pharmacy the study sourced information from various molecular biology and 
genomics publications. 
Methodology: Advanced computational techniques were utilized to map and quantify RNA 
sequences, facilitating a comprehensive analysis of gene expression patterns, alternative splicing, 
and novel transcript discovery. High-throughput sequencing platforms like Illumina and PacBio 
generated extensive datasets from diverse biological samples, including tissues, single cells, and 
environmental microbiomes. 
Results: The results highlighted RNA-seq's ability to provide a high-resolution view of the 
transcriptome, surpassing previous technologies in both sensitivity and accuracy. RNA-seq 
uncovered critical insights into differential gene expression, identifying significant pathways involved 
in development, disease, and environmental responses. The technology also discovered numerous 
previously unannotated transcripts and isoforms, contributing to the expansion of existing genomic 
databases. 
Conclusion: The study concludes that RNA-seq is a crucial advancement in molecular biology, 
offering unprecedented insights into gene regulation and expression. Its adoption has facilitated 
significant breakthroughs in understanding cellular processes, disease mechanisms, and 
therapeutic targets. As RNA-seq technology continues to evolve, it promises to drive further 
innovations and applications across diverse fields in the life sciences. 
 

 
Keywords: RNA sequencing; transcriptome; gene expression; alternative splicing; high-throughput 

sequencing. 
 

1. INTRODUCTION  
 
RNA sequencing (RNA-seq) has revolutionized 
molecular biology by offering an unprecedented 
method for analyzing RNA molecules. Unlike 
traditional techniques such as microarrays, RNA-
seq provides superior sensitivity, accuracy, and 
scalability. It enables the unbiased detection and 
quantification of both known and novel 
transcripts, offering a comprehensive view of the 
transcriptome. RNA-seq surpasses the 
limitations of previous methods by digitally 
quantifying gene expression levels, thereby 
enabling the detection of low-abundance 
transcripts with high precision. 
 
One of the most significant advantages of RNA-
seq is its ability to capture the complexity of gene 
expression regulation. By profiling RNA 
molecules across different cellular conditions or 
developmental stages, researchers can uncover 
intricate networks of transcriptional control, 
including alternative splicing events and non-
coding RNA-mediated mechanisms. This 
comprehensive insight into gene expression 
dynamics is crucial for understanding the 
complexities of cellular functions and regulatory 
pathways [1-4]. 
 

1.1 Overview of RNA Sequencing 
 
RNA sequencing is a powerful technique used to 
determine the quantity and sequences of RNA in 

a biological sample at a given moment. It allows 
researchers to explore the transcriptome, which 
is the complete set of RNA transcripts produced 
by the genome. Unlike DNA sequencing, which 
provides a static view of genetic information, 
RNA-seq captures the dynamic aspects of gene 
expression and regulation. 
 

The RNA-seq process typically involves isolating 
RNA from a sample, converting it into 
complementary DNA (cDNA) using reverse 
transcription, and then sequencing the cDNA 
using high-throughput sequencing technologies. 
The resulting data is analyzed to identify and 
quantify RNA species, including mRNA, non-
coding RNA, and small RNAs. RNA-seq provides 
a snapshot of the transcriptome, enabling 
researchers to investigate gene expression 
patterns, discover novel transcripts, and 
understand the functional elements of the 
genome [5]. 
 

1.2 Historical Background and 
Technological Advances 

 

RNA sequencing began with traditional methods 
such as Northern blotting and microarrays. 
Northern blotting, developed in the late 1970s, 
allowed for detecting specific RNA molecules but 
was limited in its sensitivity and throughput. 
Microarrays, introduced in the 1990s, enabled 
the simultaneous analysis of thousands of 
transcripts but were constrained by probe design 
and hybridization efficiency. 
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Fig. 1. Overview of RNA sequencing 
 
The advent of next-generation sequencing (NGS) 
in the mid-2000s marked a significant turning 
point in transcriptomics. NGS technologies, such 
as Illumina, 454 Pyrosequencing, and SOLiD, 
provided the foundation for RNA-seq by enabling 
massively parallel sequencing of millions of short 
DNA fragments. This leap in technology allowed 
for the high-resolution and high-throughput 
analysis of the transcriptome, overcoming the 
limitations of earlier methods. 
 

Technological advances have continued to 
propel the field forward. The introduction of 
single-molecule sequencing platforms, like 
Pacific Biosciences' PacBio and Oxford 
Nanopore Technologies, has enabled the direct 
sequencing of full-length RNA molecules without 
the need for fragmentation. These technologies 
offer longer read lengths and the ability to detect 
RNA modifications, providing a more 
comprehensive view of the transcriptome [6]. 
 

1.3 RNA Sequencing Technologies 
 

1.3.1 High-throughput sequencing platforms 
 

High-throughput sequencing platforms have 
revolutionized transcriptomics by enabling the 

large-scale analysis of RNA molecules with 
unparalleled speed and precision. These 
platforms allow for the simultaneous sequencing 
of millions of DNA fragments, making it possible 
to conduct comprehensive transcriptomic studies 
[8-10]. 

 
1.3.2 Illumina sequencing 

 
Illumina sequencing is the most widely adopted 
high-throughput sequencing technology due to its 
high accuracy, scalability, and cost-effectiveness. 
This platform uses a sequencing-by-synthesis 
approach, where cDNA fragments are 
synthesized and sequenced in parallel.                        
During this process, fluorescently labeled 
nucleotides are incorporated into the growing 
DNA strand, and the emitted fluorescence is 
captured to determine the sequence of 
nucleotides. Illumina sequencing generates 
millions of short reads, which can be aligned                   
to a reference genome or assembled de                     
novo. This technology is ideal for various 
applications, including gene expression profiling, 
differential expression analysis, and the 
discovery of novel transcripts and splice variants 
[11]. 
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Table 1. Overview of various RNA sequencing technologies, their descriptions, advantages, and limitations [7] 
 

Technology Description Advantages Limitations 

Illumina (Solexa) 
Sequencing 

High-throughput sequencing technology 
that generates short reads (50-300 bp) 

High accuracy, high throughput, 
relatively low cost per base 

Short read lengths can make it difficult 
to assemble complex regions 

Pacific Biosciences 
(PacBio) SMRT 
Sequencing 

Single Molecule Real-Time sequencing 
technology producing long reads (up to 
20 kb or more) 

Long reads facilitate assembly of 
complex regions, detection of full-length 
transcripts, low GC bias 

Higher error rates compared to Illumina, 
higher cost 

Oxford Nanopore 
Sequencing 

Real-time sequencing technology that 
generates ultra-long reads (up to several 
megabases) 

Ultra-long reads enable analysis of large 
structural variations, portable devices 
available 

Higher error rates, particularly in 
homopolymeric regions, requires 
complex data analysis 

SOLiD Sequencing Sequencing by Oligonucleotide Ligation 
and Detection, produces short reads (35-
85 bp) 

High accuracy, particularly for SNP 
detection 

Short read lengths, complex library 
preparation, declining usage in favor of 
other technologies 

Ion Torrent 
Sequencing 

Semiconductor sequencing technology 
producing reads of 200-400 bp 

Rapid sequencing speed, relatively low 
cost, simple workflow 

Lower throughput compared to Illumina, 
homopolymer errors 

10x Genomics 
Chromium 

Linked-reads technology that enhances 
short-read sequencing to provide long-
range information 

Resolves haplotypes and structural 
variants, effective for single-cell RNA 
sequencing 

Requires specific equipment and 
reagents, relatively high cost 

NanoString nCounter Digital molecular barcoding technology 
for direct counting of RNA molecules 
without amplification 

High precision and reproducibility, 
simple data analysis, no amplification 
bias 

Lower throughput compared to 
sequencing-based methods, limited to 
predefined probe sets 

Sanger Sequencing First-generation sequencing technology 
producing reads of 500-1000 bp 

High accuracy, gold standard for 
validation and small-scale projects 

Low throughput, high cost per base, not 
suitable for high-throughput 
transcriptome analysis 
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1.3.3 454 pyrosequencing and solid 
 
Although 454 Pyrosequencing and SOLiD were 
among the pioneers in next-generation 
sequencing, their usage has declined in favor of 
more advanced technologies like Illumina. 454 
Pyrosequencing, developed by Roche, utilizes a 
sequencing-by-synthesis method that detects the 
release of pyrophosphate during nucleotide 
incorporation. SOLiD (Sequencing by 
Oligonucleotide Ligation and Detection), 
developed by Applied Biosystems, employs a 
sequencing-by-ligation approach, where short 
fluorescently labeled probes are ligated to the 
DNA template and the emitted fluorescence is 
used to determine the sequence. Despite their 
contributions to the field, these platforms have 
been largely overshadowed by technologies 
offering higher throughput and lower costs [12]. 
 
1.3.4 Single-cell RNA sequencing 
 
Single-cell RNA sequencing (scRNA-seq) is a 
powerful technique that enables the examination 
of gene expression at the resolution of individual 
cells. This technology has dramatically enhanced 
our understanding of cellular heterogeneity and 
the complexities of tissue composition [13]. 
 
1.3.5 Cell-specific gene expression 
 
scRNA-seq allows researchers to analyze gene 
expression patterns in individual cells, revealing 
the diversity of cell types within a tissue. This 
single-cell resolution can identify rare cell 
populations that might be missed in bulk RNA 
sequencing, providing a more comprehensive 
view of cellular diversity [14]. 
 

1.4 Developmental Biology and Stem Cell 
Research 

 
By profiling gene expression in single cells, 
scRNA-seq enables researchers to trace cell 
lineage and differentiation pathways. This 
information is crucial for understanding 
developmental processes and the mechanisms 
underlying stem cell biology, as well as for 
identifying key regulatory genes involved in cell 
fate decisions [15]. 
 

1.5 Disease Mechanisms and Drug 
Response 

 
scRNA-seq is instrumental in uncovering the 
cellular basis of diseases. For example, in cancer 
research, it can identify distinct tumor 

subpopulations with unique gene expression 
profiles, aiding in the understanding of tumor 
heterogeneity and progression. Additionally, 
scRNA-seq can assess how different cell types 
within a tissue respond to therapeutic 
interventions, providing insights into drug efficacy 
and resistance mechanisms [16]. 
 

1.6 Long-read RNA Sequencing 
 

Long-read RNA sequencing technologies, such 
as those developed by Pacific Biosciences 
(PacBio) and Oxford Nanopore Technologies, 
offer significant advantages over short-read 
sequencing platforms by providing more 
comprehensive and accurate transcriptomic data 
[17]. 
 

1.7 Full-length Transcript Sequencing 
 

Long-read sequencing can capture entire RNA 
molecules in a single read, providing a more 
accurate representation of transcript isoforms 
and complex splicing events. This capability is 
particularly important for understanding the full 
complexity of the transcriptome and for 
annotating genes and transcripts that are difficult 
to resolve with short-read sequencing [18]. 
 

1.8 Structural Variants and RNA 
Modifications 

 
Long-read technologies are capable of detecting 
structural variations, such as gene fusions and 
large insertions or deletions, which are often 
missed by short-read platforms. Additionally, 
these technologies can identify RNA 
modifications, such as methylation, which play 
critical roles in regulating gene expression and 
RNA stability [19]. 
 

1.9 Direct RNA Sequencing 
 
Oxford Nanopore Technologies' platform enables 
the direct sequencing of RNA molecules without 
the need for cDNA conversion. This direct 
approach preserves the native RNA sequence 
and allows for the detection of RNA 
modifications, providing a more accurate and 
detailed view of the transcriptome [20]. 
 

1.10 Applications of RNA Sequencing 
 

RNA sequencing has a wide range of 
applications across various fields of biology and 
medicine, driving significant advancements in our 
understanding of gene expression and regulation 
[21]. 
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1.11 Gene Expression Profiling 
 

RNA-seq provides detailed insights into gene 
expression levels under different conditions, 
enabling researchers to identify differentially 
expressed genes and understand regulatory 
mechanisms. This information is crucial for 
studying cellular responses to environmental 
changes, developmental stages, and disease 
states [22]. 
 

1.12 Transcriptome Assembly and 
Annotation 

 

RNA-seq data can be used to assemble and 
annotate transcriptomes, helping to identify new 
genes, splice variants, and non-coding RNAs. 
This comprehensive view of the transcriptome 
enhances our understanding of genome 
functionality and the complexity of gene 
regulation [23]. 
 

1.13 Disease Research and Diagnostics 
 

RNA-seq is pivotal in studying the molecular 
basis of diseases, such as cancer, neurological 
disorders, and infectious diseases. By analyzing 
gene expression profiles and identifying disease-
specific transcripts, RNA-seq facilitates the 
discovery of biomarkers and therapeutic targets. 
This information is critical for developing 
diagnostic tools and personalized treatment 
strategies [24]. 
 

1.14 Personalized Medicine 
 

By analyzing the transcriptomes of individual 
patients, RNA-seq enables personalized 
medicine approaches. It allows for the 
identification of patient-specific gene expression 
profiles, guiding the selection of targeted 
therapies and improving treatment outcomes 
[25]. 
 

1.15 Evolutionary and Comparative 
Genomics 

 

RNA-seq is employed in evolutionary studies to 
compare gene expression patterns across 
different species. This comparative approach 
provides insights into the evolution of gene 
regulation and function, shedding light on the 
genetic basis of adaptation and speciation [26]. 
 

1.16 Transcriptome Profiling 
 
Transcriptome profiling involves the 
comprehensive analysis of all RNA transcripts 

present in a cell or tissue at a specific time. This 
technique provides a detailed snapshot of gene 
expression and regulation, offering insights into 
cellular function and the molecular basis of 
various biological processes [27]. 
 

2. METHODOLOGIES 
 

2.1 Techniques 
 
2.1.1 RNA sequencing (RNA-seq) 
 
The most widely used method for transcriptome 
profiling. It involves isolating RNA, converting it 
to complementary DNA (cDNA), and sequencing 
the cDNA using high-throughput sequencing 
technologies. RNA-seq provides both qualitative 
and quantitative data on RNA species, including 
mRNA, non-coding RNA, and small RNAs. 
 
2.1.2 Microarrays 
 

Although less commonly used today, microarrays 
are a popular method for transcriptome profiling. 
They involve hybridizing labelled cDNA to a grid 
of probes on a chip, with each probe 
corresponding to a specific gene. Microarrays 
can measure the expression levels of thousands 
of genes simultaneously but are limited by probe 
design and hybridization efficiency. 
 

2.2 Applications 
 

2.2.1 Gene expression studies 
 

Understanding how genes are expressed under 
different conditions, developmental stages, or 
disease states. 
 

2.2.2 Comparative transcriptomics 
 

Comparing transcriptomes across different 
species, tissues, or conditions to identify 
conserved and divergent expression patterns 
[28]. 
 

2.3 Gene Expression Analysis 
 

Gene expression analysis involves quantifying 
the expression levels of genes to understand 
their role in various biological processes. This 
analysis helps in identifying genes that are 
upregulated or downregulated in response to 
specific conditions. 
 

2.3.1 Methods 
 

Quantitative PCR (qPCR): A highly sensitive 
method for measuring the expression of specific 
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genes. It involves amplifying target cDNA and 
quantifying the amount of amplified product in 
real-time using fluorescent dyes. 
 
RNA Sequencing (RNA-seq): Provides a 
comprehensive view of gene expression across 
the entire transcriptome. It is particularly useful 
for identifying differentially expressed genes and 
studying complex gene expression patterns. 
 
2.3.2 Applications 
 
Disease Research: Identifying genes associated 
with diseases, such as cancer, and 
understanding their role in disease progression. 
 
Drug Response: Investigating how gene 
expression changes in response to therapeutic 
treatments, aiding in the development of effective 
drugs [29-30]. 
 

2.4 Identification of Novel Transcripts 
 
RNA sequencing allows for the discovery of 
novel transcripts that are not annotated in 
existing databases. This includes previously 
unknown genes, alternative splice variants, and 
non-coding RNAs. 
 
2.4.1 Techniques 
 
De Novo Assembly: Constructing transcripts 
from RNA-seq reads without the need for a 
reference genome. This method is particularly 
useful for studying organisms with incomplete or 
unannotated genomes. 
 
Reference-Based Assembly: Aligning RNA-seq 
reads to a reference genome to identify novel 
transcripts that are not present in the reference 
annotation. 
 
2.4.2 Applications 
 
Functional Genomics: Identifying new genes 
and understanding their functions. 
 
Transcript Diversity: Studying the complexity of 
the transcriptome and the role of alternative 
splicing in gene regulation [31-33]. 
 

2.5 RNA Editing and Modification 
 
RNA editing and modification are post-
transcriptional processes that alter the nucleotide 
sequence or chemical structure of RNA 
molecules. These modifications play crucial roles 

in regulating RNA stability, translation, and 
function. 
 
2.5.1 Types of RNA modifications 
 
Adenosine-to-Inosine (A-to-I) Editing: 
Catalyzed by adenosine deaminases acting on 
RNA (ADARs), A-to-I editing alters the coding 
sequence and can affect protein function. 
 
N6-Methyladenosine (m6A): The most common 
internal modification in eukaryotic mRNA, m6A 
influences RNA splicing, stability, and translation. 
 
Other Modifications: Include 5-methylcytosine 
(m5C), pseudouridine (Ψ), and N1-
methyladenosine (m1A), each playing distinct 
roles in RNA metabolism. 
 
2.5.2 Detection methods 
 
High-Throughput Sequencing: Techniques like 
RNA-seq combined with specific protocols to 
enrich for or detect modified RNAs. 
 
Mass Spectrometry: Used to identify and 
quantify RNA modifications with high precision. 
 
2.5.3 Applications 
 
Regulatory mechanisms: Understanding how 
RNA modifications regulate gene expression and 
cellular functions. 
 
Disease mechanisms: Investigating the role of 
RNA modifications in diseases, such as cancer 
and neurological disorders [34-36]. 
 

2.6 Bioinformatics Tools and Data 
Analysis 

 
The vast amount of data generated by RNA 
sequencing requires sophisticated bioinformatics 
tools for analysis and interpretation. These tools 
help in processing raw sequencing data, 
identifying differentially expressed genes, and 
discovering novel transcripts. 
 
2.6.1 Key tools and pipelines 
 
Quality Control: Tools like FastQC and 
Trimmomatic assess the quality of raw 
sequencing reads and remove low-quality 
sequences and adapters. 
 
Alignment: Software such as HISAT2 and STAR 
align RNA-seq reads to a reference genome, 
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producing alignment files for downstream 
analysis. 
 
Transcript Assembly and Quantification: 
Tools like StringTie and Cufflinks assemble 
transcripts from aligned reads and quantify their 
expression levels. 
 
Differential Expression Analysis: DESeq2 and 
edgeR are widely used for identifying 
differentially expressed genes between 
conditions [37-39]. 
 
2.6.2 Data visualization 
 
Heatmaps: Visualize the expression levels of 
genes across different samples, highlighting 
patterns of differential expression. 
 
Volcano Plots: Display the relationship between 
fold change and statistical significance in 
differential expression analysis. 
 
Principal Component Analysis (PCA): 
Reduces the dimensionality of RNA-seq data, 
allowing for the visualization of sample clustering 
based on gene expression profiles. 
 
2.6.3 Applications 
 
Functional Annotation: Assigning functions to 
newly identified genes and transcripts based on 
sequence similarity and expression patterns. 
 
Pathway Analysis: Identifying biological 
pathways and processes that are enriched in 
differentially expressed genes, providing insights 
into the underlying mechanisms of observed 
phenotypes [40]. 
 

2.7 Data Preprocessing and Quality 
Control 

 
Data preprocessing and quality control are 
essential steps in RNA sequencing (RNA-seq) 
data analysis to ensure the reliability and 
accuracy of downstream analyses. 
 

2.7.1 Adapter trimming 
 

Remove adapter sequences from raw reads to 
prevent biases in alignment and quantification. 
 

2.7.2 Quality filtering 
 

Remove low-quality reads and bases to improve 
the accuracy of alignment and downstream 
analyses. 

2.7.3 Quality assessment 
 
Evaluate the overall quality of sequencing data 
using tools like FastQC to identify potential 
issues such as sequence duplication, 
overrepresented sequences, or sequencing 
errors. 
 
2.7.4 Read normalization 
 
Normalize read counts to account for variations 
in sequencing depth between samples, ensuring 
that differential expression analysis is not biased 
by sequencing depth [41]. 
 

2.8 Mapping and Alignment of RNA-seq 
Reads 

 
Mapping and alignment of RNA-seq reads 
involve aligning sequenced reads to a reference 
genome or transcriptome to determine their 
origin and location. 

 
2.8.1 Reference-based alignment 

 
Align reads to a known reference genome or 
transcriptome using alignment algorithms like 
HISAT2 or STAR. 

 
2.8.2 Splice junction detection 

 
Identify splice junctions between exons by 
aligning reads across exon-exon boundaries, 
allowing for the detection of alternative splicing 
events. 

 
2.8.3 Quantification 

 
Estimate the abundance of transcripts by 
counting the number of reads aligned to each 
gene or transcript, facilitating downstream 
analysis of gene expression [42-44]. 

 
2.9 Differential Expression Analysis 
 
Differential expression analysis compares gene 
expression levels between different experimental 
conditions or sample groups to identify genes 
that are significantly upregulated or 
downregulated. 

 
2.9.1 Normalization 

 
Normalize read counts to correct for differences 
in sequencing depth and library size between 
samples. 
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Fig. 2. Mapping reads to a reference or performing de novo assembly. Reprinted with 
permission from Macmillan Publishers Ltd: Nature Biotechnology. Haas, B.J. and Zody, M.C. 

'Advancing RNA-seq Analysis.' 28:421-423, copyright 2010 
 
2.9.2 Statistical testing 
 
Apply statistical tests, such as the negative 
binomial distribution model in DESeq2 or edgeR, 
to identify genes with significant expression 
changes. 
 
2.9.3 Fold Change thresholding 
 
Set fold change thresholds to determine the 
magnitude of expression differences deemed 
biologically significant. 
 
2.9.4 Multiple testing correction 
 
Adjust p-values for multiple hypothesis testing to 
control for false positives, typically using 
methods like the Benjamini-Hochberg procedure 
[45-48]. 
 

2.10 Functional Annotation and Pathway 
Analysis 

 
Functional annotation and pathway analysis aim 
to interpret the biological significance of 
differentially expressed genes and identify 
enriched biological pathways or processes. 

2.10.1 Gene Ontology (GO) analysis 
 

Annotate genes with GO terms describing their 
molecular function, biological process, and 
cellular component. 
 

2.10.2 Pathway enrichment analysis 
 

Identify pathways enriched with differentially 
expressed genes using databases like KEGG or 
Reactome. 
 
2.10.3 Gene Set Enrichment Analysis (GSEA) 
 
Analyze predefined gene sets to identify 
coordinated changes in functionally related gene 
sets rather than individual genes [49]. 
 

2.11 Challenges and Limitations 
 
Despite the advancements in RNA-seq 
technology and analysis methods, several 
challenges and limitations persist. 
 
2.11.1 Data quality 
 

Poor-quality sequencing data, such as low 
sequencing depth or high levels of sequencing 
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errors, can affect the accuracy and reliability of 
downstream analyses. 
 
2.11.2 Biological variability 
 
Biological variability between samples, such as 
differences in cell composition or experimental 
conditions, can confound differential expression 
analysis and lead to false positives or false 
negatives. 
 
2.11.3 Computational complexity 
 
RNA-seq data analysis requires significant 
computational resources and expertise in 
bioinformatics, posing challenges for researchers 
with limited computational infrastructure or 
expertise. 
 
2.11.4 Transcriptome complexity 
 
The complexity of the transcriptome, including 
alternative splicing, non-coding RNAs, and 
isoform expression, presents challenges for 
accurate quantification and interpretation of gene 
expression data. 
 
2.11.5 Integration of multi-omics data 
 
Integrating RNA-seq data with other omics data, 
such as proteomics or metabolomics, can 
enhance our understanding of biological 
processes but presents challenges in data 
integration and interpretation [50-52]. 
 

2.12 Technical Variability and 
Reproducibility 

 
Technical variability in RNA sequencing (RNA-
seq) data arises from various sources, including 
sample preparation, library construction, 
sequencing technology, and data analysis 
methods. Ensuring reproducibility and minimizing 
technical variability are essential for obtaining 
reliable and consistent results. 
 

2.12.1 Normalization 
 

Normalization methods such as TPM 
(Transcripts Per Million) or DESeq normalization 
account for differences in sequencing depth and 
library composition between samples, reducing 
technical variability. 
 

2.12.2 Batch effects 
 

Batch effects, caused by variations in 
experimental conditions or sequencing runs, can 

confound differential expression analysis. 
Strategies such as batch correction algorithms or 
experimental design optimization can mitigate 
these effects. 
 
2.12.3 Quality control 
 
Rigorous quality control measures, including 
sample replicates, spike-in controls, and quality 
metrics assessment, help identify and remove 
low-quality or outlier samples, improving data 
reproducibilit. [53]. 
 

2.13 Data storage and Computational 
Requirements 

 
The storage and computational requirements for 
RNA-seq data can be substantial due to the large 
volume of raw sequencing data and the 
computational complexity of data analysis 
pipelines. 
 
2.13.1 Data compression 
 
Compression techniques such as gzip or bzip2 
reduce the storage footprint of raw sequencing 
data without loss of information, facilitating 
efficient data storage and transfer. 
 
2.13.2 Cloud computing 
 
Cloud computing platforms offer scalable and 
cost-effective solutions for storing and analyzing 
large-scale RNA-seq datasets, allowing 
researchers to access computational resources 
on-demand without the need for extensive local 
infrastructure. 
 
2.13.3 Data management 
 

Effective data management practices, including 
version control, metadata annotation, and data 
curation, ensure data integrity, reproducibility, 
and accessibility throughout the research 
lifecycle [54-55]. 
 

2.14 Interpretation of Complex Data Sets 
 

Interpreting complex RNA-seq data sets involves 
integrating multidimensional data, including gene 
expression profiles, alternative splicing events, 
non-coding RNA expression, and functional 
annotations. 
 

2.14.1 Visualization techniques 
 

Data visualization methods such as heatmaps, 
volcano plots, and multidimensional scaling 
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(MDS) plots facilitate the exploration and 
interpretation of complex RNA-seq data sets, 
enabling researchers to identify patterns, 
clusters, and outliers. 
 
2.14.2 Integration with multi-omics data 
 
Integrating RNA-seq data with other omics data, 
such as proteomics, metabolomics, or 
epigenomics, provides a comprehensive 
understanding of biological processes and 
pathways, enhancing the interpretation of 
complex data sets. 
 
2.14.3 Pathway and network analysis 
 
Pathway and network analysis tools, such as 
gene ontology (GO) enrichment analysis, 
pathway enrichment analysis, and protein-protein 
interaction networks, help uncover the functional 
significance of differentially expressed genes and 
biological pathways implicated in complex 
phenotypes or diseases [56]. 
 

2.15 Case Studies and Research 
Highlights 

 
Several case studies and research highlights 
demonstrate the utility and impact of RNA-seq in 
advancing our understanding of gene 
expression, cellular function, and disease 
mechanisms. 
 
2.15.1 Cancer genomics 
 
RNA-seq studies have identified novel cancer 
biomarkers, characterized tumor heterogeneity, 
and elucidated underlying molecular 
mechanisms of cancer progression and drug 
resistance. 
 
2.15.2 Neurodegenerative diseases 
 
RNA-seq analyses have revealed dysregulated 
gene expression patterns and alternative splicing 
events associated with neurodegenerative 
diseases such as Alzheimer's disease and 
Parkinson's disease, providing insights into 
disease pathogenesis and potential therapeutic 
targets. 
 
2.15.3 Developmental biology 
 
RNA-seq studies have elucidated gene 
expression dynamics during embryonic 
development, organogenesis, and tissue 

differentiation, shedding light on the regulatory 
networks orchestrating complex biological 
processes. 
 
2.15.4 Infectious diseases 
 
RNA-seq analyses have unraveled host-
pathogen interactions, immune responses, and 
microbial virulence factors implicated in 
infectious diseases, informing the development 
of diagnostics, vaccines, and therapeutics [57-
59]. 
 

2.16 RNA-seq in Cancer Research 
 
RNA sequencing (RNA-seq) has revolutionized 
cancer research by providing comprehensive 
insights into the transcriptomic landscape of 
tumors. 
 
2.16.1 Identification of biomarkers 
 
RNA-seq enables the discovery of novel 
biomarkers associated with cancer diagnosis, 
prognosis, and treatment response. 
 
2.16.2 Tumor Heterogeneity 
 
RNA-seq reveals the heterogeneity of cancer 
cells within tumors, elucidating intra-tumoral 
variability and its implications for therapy 
resistance and disease progression. 
 
2.16.3 Understanding oncogenic pathways 
 
RNA-seq studies elucidate dysregulated gene 
expression patterns and signaling pathways 
driving tumorigenesis, informing the development 
of targeted therapies and personalized treatment 
strategies [60]. 
 

2.17 Insights into Neurological Disorders 
 
RNA-seq has advanced our understanding                   
of neurological disorders by uncovering 
molecular mechanisms underlying disease 
pathogenesis and identifying potential 
therapeutic targets. 
 
2.17.1 Gene Expression Signatures 
 
RNA-seq analyses reveal disease-specific gene 
expression signatures and alternative splicing 
events associated with neurological disorders, 
providing insights into disease subtypes and 
progression. 
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Table 2. Applications of RNA sequencing in developmental biology: Key studies and findings [65-66] 
 

Study Focus Organism Methodology Key Findings 

Gene expression during 
embryogenesis 

Zebrafish Bulk RNA-seq, time-course 
analysis 

Identified critical genes involved in early development. 

Neural differentiation Mouse Single-cell RNA-seq Revealed distinct cell states during neural progenitor 
differentiation. 

Stem cell differentiation Human pluripotent stem 
cells 

RNA-seq, RNA velocity analysis Uncovered pathways regulating stem cell fate decisions. 

Organogenesis Drosophila Spatial transcriptomics Mapped gene expression changes during wing 
development. 

Tissue regeneration Axolotl Bulk RNA-seq, comparative 
analysis 

Highlighted regeneration-specific gene expression profiles. 

Aging and development Caenorhabditis elegans Long-read RNA-seq Identified age-related changes in transcript isoform usage. 

Plant development Arabidopsis thaliana RNA-seq, environmental stress 
analysis 

Discovered genes involved in stress responses during 
development. 

Cell lineage tracing Xenopus laevis Single-cell RNA-seq Traced cell lineage and differentiation pathways in early 
embryos. 

Disease modeling Human brain organoids RNA-seq, comparative analysis Found alterations in gene expression related to 
neurodevelopmental disorders. 
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2.17.2 Non-coding RNA regulation 
 

RNA-seq studies elucidate the role of non-coding 
RNAs, such as microRNAs and long non-coding 
RNAs, in modulating gene expression networks 
and neuronal function, offering new avenues for 
therapeutic intervention. 
 
2.17.3 Neuroinflammation and immune 

response 
 
RNA-seq enables the characterization of 
neuroinflammatory processes and immune 
responses in neurological disorders, highlighting 
the interplay between the central nervous system 
and the immune system in disease pathology 
[61-64]. 
 

2.18 RNA-seq in Developmental Biology 
 
In developmental biology, RNA-seq has 
transformed our understanding of gene 
expression dynamics during embryonic 
development, organogenesis, and tissue 
differentiation. 

 
3. FUTURE DIRECTIONS 
 
In the future, RNA-seq is poised to continue 
shaping biomedical research and clinical practice 
in several ways: 
 

3.1 Single-Cell RNA Sequencing 
 

Advancements in single-cell RNA-seq 
technologies will enable the characterization of 
cellular heterogeneity and lineage trajectories 

with unprecedented resolution, facilitating the 
discovery of rare cell populations and transitional 
states in health and disease. 
 

3.2 Long-Read Sequencing 
 
Long-read RNA-seq technologies will provide 
more accurate and complete transcriptomic 
information, enabling the identification of 
complex gene isoforms, RNA modifications, and 
fusion transcripts. 
 

3.3 Integrative Multi-Omics Approaches 
 
Integration of RNA-seq data with other omics 
datasets, such as genomics, epigenomics, 
proteomics, and metabolomics, will enable 
comprehensive systems biology analyses and 
deepen our understanding of complex biological 
processes and disease mechanisms. 
 

3.4 Clinical Translation 
 

The application of RNA-seq in clinical settings, 
such as precision oncology and personalized 
medicine, will continue to expand, driving the 
development of novel diagnostic biomarkers, 
prognostic indicators, and targeted therapies 
tailored to individual patients' molecular profiles 
[67]. 
 

4. EMERGING TECHNOLOGIES AND 
INNOVATIONS 

 

Innovations in RNA sequencing (RNA-seq) 
technology continue to drive advancements in 
biomedical research [68-69]. 

 
Table 3. Innovative RNA sequencing techniques transforming developmental biology 

 

Technology/Innovation Description Applications in 
developmental biology 

Key Advantages 

Single-cell RNA-seq Analyzes gene 
expression at the 
individual cell level 

Studies cell heterogeneity 
in development and 
differentiation 

Captures cellular 
diversity and rare cell 
types 

Spatial transcriptomics Combines RNA-seq 
with spatial information 

Maps gene expression 
within tissue architecture 

Provides spatial 
context to gene 
expression data 

RNA velocity Estimates the dynamics 
of RNA transcription 

Investigates 
developmental 
trajectories and cell fate 
decisions 

Predicts future states 
of cells based on 
transcriptional kinetics 

Long-read RNA-seq Uses longer 
sequencing reads to 
analyze full-length 
transcripts 

Captures isoform 
diversity and complex 
gene structures 

Better resolution of 
transcript variants and 
splicing events 

Targeted RNA-seq Focuses on specific Examines particular Cost-effective and 



 
 
 
 

Nirmal et al.; Asian J. Med. Health, vol. 22, no. 10, pp. 40-57, 2024; Article no.AJMAH.124006 
 
 

 
53 

 

Technology/Innovation Description Applications in 
developmental biology 

Key Advantages 

genes or regions pathways or gene 
networks in development 

efficient for targeted 
studies 

CRISPR-based RNA-
seq 

Integrates CRISPR 
technology for gene 
editing 

Investigates functional 
roles of genes during 
development 

Allows for precise 
manipulation of gene 
function 

Multi-omics integration Combines RNA-seq 
with other omics data 
(e.g., proteomics) 

Holistic understanding of 
developmental processes 

Provides a 
comprehensive view 
of biological systems 

Metatranscriptomics Studies RNA from 
entire microbial 
communities 

Explores microbiome 
effects on host 
development 

Reveals interactions 
between host and 
microbial RNA 

Enhanced 
computational tools 

Utilizes advanced 
algorithms for data 
analysis 

Improves interpretation of 
complex RNA-seq 
datasets 

Increases accuracy 
and insights from large 
datasets 

 

5. INTEGRATING MULTI-OMICS DATA 
 
Integrating RNA-seq data with other omics 
datasets enhances our understanding of complex 
biological systems and diseases. 
 

5.1 Genomics 
 
Integrating RNA-seq with genomic data enables 
the identification of genetic variants associated 
with gene expression changes, facilitating the 
discovery of regulatory elements and disease-
associated mutations. 
 

5.2 Epigenomics 
 
Combining RNA-seq with epigenomic data 
elucidates the impact of chromatin modifications 
and DNA methylation on gene expression 
regulation, providing insights into gene regulatory 
networks and cellular differentiation. 
 

5.3 Proteomics and Metabolomics 
 
Integrating RNA-seq with proteomic and 
metabolomic data enables a comprehensive 
understanding of cellular processes and 
pathways, revealing the functional consequences 
of gene expression changes in health and 
disease [70-71]. 
 

6. CLINICAL AND THERAPEUTIC 
APPLICATIONS 

 
RNA-seq has significant implications for clinical 
diagnostics, prognostics, and therapeutic 
interventions. 
  

Precision Oncology: RNA-seq-based molecular 
profiling of tumors guides personalized treatment 
strategies, including targeted therapies and 
immunotherapies, tailored to individual patients' 
molecular profiles. 
 
 Infectious Disease Diagnostics: RNA-seq 
enables the rapid detection and characterization 
of infectious agents, facilitating the diagnosis and 
surveillance of infectious diseases such as 
COVID-19. 
 
Drug Discovery and Development: RNA-seq-
based transcriptomic profiling informs drug 
discovery efforts by identifying novel drug 
targets, elucidating drug mechanisms of action, 
and predicting drug responses in preclinical 
models and clinical trials [72-75]. 
 

7. CONCLUSION 
 
RNA sequencing technologies have profoundly 
transformed biomedical research, offering 
unparalleled insights into gene expression 
dynamics and regulatory mechanisms. Recent 
advancements, such as nanopore sequencing 
and single-cell RNA-seq, are expanding the 
possibilities for detailed and high-resolution 
transcriptomic analysis. Additionally, the 
integration of RNA-seq data with other omics 
datasets is enhancing our understanding of 
complex biological systems and diseases. 
Clinically, RNA-seq has vast implications,                   
with applications ranging from precision    
oncology to infectious disease diagnostics and 
drug discovery, making it a pivotal tool in 
advancing both research and therapeutic 
strategies
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8. EMERGING TRENDS IN RNA-SEQ: 
FROM COMPREHENSIVE ANALYSIS 
TO PERSONALIZED MEDICINE 

 
Emerging RNA sequencing (RNA-seq) 
technologies, such as nanopore sequencing                  
and single-cell RNA-seq, are driving significant 
advancements in transcriptomic analysis,          
offering a more detailed understanding of gene 
expression. By integrating RNA-seq with                   
other omics data, researchers gain a 
comprehensive view of biological processes and 
disease mechanisms. Clinically, RNA-seq is 
transforming diagnostics, prognostics, and 
therapeutic interventions, playing a crucial role in 
personalized medicine and drug discovery.                 
The implications of RNA-seq in molecular biology 
and genomics are profound, as it revolutionizes 
our understanding of gene expression, genome 
regulation, and cellular function. RNA-seq 
enables comprehensive transcriptome                  
profiling, revealing insights into gene expression 
patterns, alternative splicing, non-coding                 
RNA regulation, and RNA modifications. 
Moreover, it uncovers regulatory networks that 
govern gene expression, providing a deeper 
understanding of transcriptional regulation,                  
RNA processing, and post-transcriptional 
modifications. Integrating RNA-seq with                 
genomic data further enhances our knowledge          
of genotype-phenotype relationships, regulatory 
elements, and genetic variants associated                
with gene expression changes, advancing                   
the field of molecular biology and                          
genomics. 

 
DISCLAIMER (ARTIFICIAL INTELLIGENCE) 

 
Author(s) hereby declare that generative AI 
technologies such as Large Language Models, 
etc. have been used during the writing or editing 
of manuscripts. This explanation will include the 
name, version, model, and source of the 
generative AI technology and as well as all input 
prompts provided to the generative AI 
technology. 
 
Details of the AI usage are given below: 
 

1. Grammarly 
2. Gemini  
3. quillbot 

 

CONSENT 
 

It is not applicable. 

ETHICAL APPROVAL 
 

It is not applicable. 
 

ACKNOWLEDGEMENTS 
 
The authors, Ashish Kumar Nirmal, N T 
Pramathesh Mishra, Shweta Mishra, Shreya 
Talreja, Bushra Fatima, Sakshi Srivastava, 
Chandani Nigam, and Shivendra Misra, would 
like to express their sincere gratitude to Hygia 
College of Pharmacy, Faizullahganj, Lucknow, 
Uttar Pradesh, India, for their invaluable support 
in the completion of this article entitled "RNA 
Sequencing: A New Frontier in Molecular 
Biology." We are especially grateful to our 
colleagues and faculty members for their 
insightful discussions and encouragement 
throughout this research. The infrastructure and 
resources provided by our institutions played a 
critical role in enabling us to explore and 
contribute to the field of molecular biology. 
 

COMPETING INTERESTS 
 
Authors have declared that no competing 
interests exist. 

 
REFERENCES 
 
1. Wang Z, Gerstein M, Snyder M. RNA-Seq: 

a revolutionary tool for transcriptomics. Nat 
Rev Genet. 2009;10(1):57-63. 

2. Mortazavi A, Williams BA, McCue K, 
Schaeffer L, Wold B. Mapping and 
quantifying mammalian transcriptomes by 
RNA-Seq. Nat Methods. 2008;5(7):621-
628. 

3. Ozsolak F, Milos PM. RNA sequencing: 
advances, challenges and opportunities. 
Nat Rev Genet. 2011;12(2):87-98. 

4. Tang F, Barbacioru C, Wang Y, Nordman 
E, Lee C, Xu N, et al. mRNA-Seq whole-
transcriptome analysis of a single cell. Nat 
Methods. 2009;6(5):377-382. 

5. Koren S, Walenz BP, Berlin K, Miller JR, 
Bergman NH, Phillippy AM. Canu: scalable 
and accurate long-read assembly via 
adaptive k-mer weighting and repeat 
separation. Genome Res. 2017;27(5):722-
736. 

6. Stark R, Grzelak M, Hadfield J. RNA 
sequencing: the teenage years. Nat Rev 
Genet. 2019;20(11):631-656. 

7. Liao Y, Smyth GK, Shi W. The Subread 
aligner: fast, accurate and scalable read 



 
 
 
 

Nirmal et al.; Asian J. Med. Health, vol. 22, no. 10, pp. 40-57, 2024; Article no.AJMAH.124006 
 
 

 
55 

 

mapping by seed-and-vote. Nucleic Acids 
Res. 2013;41(10):e108. 

8. Trapnell C, Hendrickson DG, Sauvageau 
M, Goff L, Rinn JL, Pachter L. Differential 
analysis of gene regulation at transcript 
resolution with RNA-seq. Nat Biotechnol. 
2013;31(1):46-53. 

9. DeLuca DS, Levin JZ, Sivachenko A, 
Fennell T, Nazaire MD, Williams C, et al. 
RNA-SeQC: RNA-seq metrics for quality 
control and process optimization. 
Bioinformatics. 2012;28(11):1530-              
1532. 

10. Conesa A, Madrigal P, Tarazona S, 
Gomez-Cabrero D, Cervera A, McPherson 
A, et al. A survey of best practices for 
RNA-seq data analysis. Genome Biol. 
2016;17:13. 

11. Wang Z, Gerstein M, Snyder M. RNA-Seq: 
a revolutionary tool for transcriptomics. Nat 
Rev Genet. 2009;10(1):57-63. 

12. Mortazavi A, Williams BA, McCue K, 
Schaeffer L, Wold B. Mapping and 
quantifying mammalian transcriptomes by 
RNA-Seq. Nat Methods. 2008;5(7):621-
628. 

13. Schena M, Shalon D, Davis RW, Brown 
PO. Quantitative monitoring of gene 
expression patterns with a complementary 
DNA microarray. Science. 1995; 
270(5235):467-470. 

14. Bustin SA. Quantification of mRNA using 
real-time reverse transcription PCR (RT-
PCR): trends and problems. J Mol 
Endocrinol. 2002;29(1):23-39. 

15. Trapnell C, Williams BA, Pertea G, 
Mortazavi A, Kwan G, van Baren MJ, et al. 
Transcript assembly and quantification by 
RNA-Seq reveals unannotated transcripts 
and isoform switching during cell 
differentiation. Nat Biotechnol. 2010; 
28(5):511-515. 

16. Schwanhäusser B, Busse D, Li N, Dittmar 
G, Schuchhardt J, Wolf J, et al. Global 
quantification of mammalian gene 
expression control. Nature. 2011; 
473(7347):337-342. 

17. Eisen MB, Spellman PT, Brown PO, 
Botstein D. Cluster analysis and display of 
genome-wide expression patterns. Proc 
Natl Acad Sci U S A. 1998;95(25):14863-
14868. 

18. Dobin A, Davis CA, Schlesinger F, 
Drenkow J, Zaleski C, Jha S, et al. STAR: 
ultrafast universal RNA-seq aligner. 
Bioinformatics. 2013;29(1):15-21. 

19. Anders S, Huber W. Differential expression 
analysis for sequence count data. Genome 
Biol. 2010;11(10):R106. 

20. Dominissini D, Moshitch-Moshkovitz S, 
Schwartz S, Salmon-Divon M, Ungar L, 
Osenberg S, et al. Topology of the human 
and mouse m6A RNA methylomes 
revealed by m6A-seq. Nature. 2012; 
485(7397):201-206. 

21. Kawahara Y, Ito K, Sun H, Aizawa H, 
Kanazawa I, Kwak S. Glutamate receptors: 
RNA editing and death of motor neurons. 
Nature. 2004;427(6977):801. 

22. Meyer KD, Saletore Y, Zumbo P, Elemento 
O, Mason CE, Jaffrey SR. Comprehensive 
analysis of mRNA methylation reveals 
enrichment in 3' UTRs and near stop 
codons. Cell. 2012;149(7):1635-1646. 

23. Li H, Handsaker B, Wysoker A, Fennell T, 
Ruan J, Homer N, et al. The Sequence 
Alignment/Map format and SAMtools. 
Bioinformatics. 2009;25(16):2078-2079. 

24. Pertea M, Pertea GM, Antonescu CM, 
Chang TC, Mendell JT, Salzberg SL. 
StringTie enables improved reconstruction 
of a transcriptome from RNA-seq reads. 
Nat Biotechnol. 2015;33(3):290-295. 

25. Sloan CA, Chan ET, Davidson JM, Malladi 
VS, Strattan JS, Hitz BC, et al. ENCODE 
data at the ENCODE portal. Nucleic Acids 
Res. 2016;44(D1):D726-D732. 

26. Martin M. Cutadapt removes adapter 
sequences from high-throughput 
sequencing reads. EMBnet J. 2011;17(1): 
10-12. 

27. Patel RK, Jain M. NGS QC Toolkit: a 
toolkit for quality control of next generation 
sequencing data. PLoS One. 
2012;7(2):e30619. 

28. Andrews S. FastQC: a quality control tool 
for high throughput sequence data. 2010. 
Available from: 
http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/. 

29. Love MI, Huber W, Anders S. Moderated 
estimation of fold change and dispersion 
for RNA-seq data with DESeq2. Genome 
Biol. 2014;15(12):550. 

30. Robinson MD, McCarthy DJ, Smyth GK. 
edgeR: A Bioconductor package for 
differential expression analysis of digital 
gene expression data. Bioinformatics. 
2010;26(1):139-140. 

31. Benjamini Y, Hochberg Y. Controlling the 
false discovery rate: a practical and 
powerful approach to multiple testing. J R 
Stat Soc Ser B. 1995;57(1):289-300. 



 
 
 
 

Nirmal et al.; Asian J. Med. Health, vol. 22, no. 10, pp. 40-57, 2024; Article no.AJMAH.124006 
 
 

 
56 

 

32. Ashburner M, Ball CA, Blake JA, Botstein 
D, Butler H, Cherry JM, et al. Gene 
ontology: tool for the unification of biology. 
Nat Genet. 2000;25(1):25-29. 

33. Kanehisa M, Goto S. KEGG: Kyoto 
encyclopedia of genes and genomes. 
Nucleic Acids Res. 2000;28(1):27-30. 

34. Subramanian A, Tamayo P, Mootha VK, 
Mukherjee S, Ebert BL, Gillette MA, et al. 
Gene set enrichment analysis: a 
knowledge-based approach for interpreting 
genome-wide expression profiles. Proc 
Natl Acad Sci U S A. 2005;102(43):15545-
15550. 

35. Huang da W, Sherman BT, Lempicki RA. 
Systematic and integrative analysis of 
large gene lists using DAVID 
bioinformatics resources. Nat Protoc. 
2009;4(1):44-57. 

36. Kim D, Pertea G, Trapnell C, Pimentel H, 
Kelley R, Salzberg SL. TopHat2: accurate 
alignment of transcriptomes in the 
presence of insertions, deletions and gene 
fusions. Genome Biol. 2013;14(4):R36. 

37. Dobin A, Gingeras TR. Mapping RNA-seq 
Reads with STAR. Curr Protoc 
Bioinformatics. 2015;51:11.14.1-11.14.19. 

38. Tarazona S, Furió-Tarí P, Turrà D, Di 
Pietro A, Nueda MJ, Ferrer A, et al. Data 
quality aware analysis of differential 
expression in RNA-seq with NOISeq 
R/Bioc package. Nucleic Acids Res. 
2015;43(21):e140. 

39. Young MD, Wakefield MJ, Smyth GK, 
Oshlack A. Gene ontology analysis for 
RNA-seq: accounting for selection bias. 
Genome Biol. 2010;11(2):R14. 

40. Xia J, Gill EE, Hancock RE. 
NetworkAnalyst for statistical, visual and 
network-based meta-analysis of gene 
expression data. Nat Protoc. 2015;10(6): 
823-844. 

41. Love MI, Anders S, Kim V, Huber W. RNA-
Seq workflow: gene-level exploratory 
analysis and differential expression. 
F1000Research. 2015;4:1070. 

42. Risso D, Ngai J, Speed TP, Dudoit S. 
Normalization of RNA-seq data using 
factor analysis of control genes or 
samples. Nat Biotechnol. 2014;32(9):896-
902. 

43. Leek JT, Storey JD. Capturing 
heterogeneity in gene expression studies 
by surrogate variable analysis. PLoS 
Genet. 2007;3(9):1724-1735. 

44. Teng M, Love MI, Davis CA, Djebali S, 
Dobin A, Graveley BR, et al. A benchmark 

for RNA-seq quantification pipelines. 
Genome Biol. 2016;17(1):74. 

45. Jiang H, Wong WH. Statistical inferences 
for isoform expression in RNA-Seq. 
Bioinformatics. 2009;25(8):1026-1032. 

46. Lun AT, Bach K, Marioni JC. Pooling 
across cells to normalize single-cell RNA 
sequencing data with many zero counts. 
Genome Biol. 2016;17(1):75. 

47. Korthauer KD, Chu LF, Newton MA, Li Y, 
Thomson J, Stewart R, et al. A statistical 
approach for identifying differential 
distributions in single-cell RNA-seq 
experiments. Genome Biol. 2016;17(1): 
222. 

48. Law CW, Chen Y, Shi W, Smyth GK. 
Voom: precision weights unlock linear 
model analysis tools for RNA-seq read 
counts. Genome Biol. 2014;15(2):R29. 

49. Soneson C, Love MI, Robinson MD. 
Differential analyses for RNA-seq: 
transcript-level estimates improve gene-
level inferences. F1000Research. 2015;4: 
1521. 

50. Li P, Piao Y, Shon HS, Ryu KH. 
Comparing the normalization methods for 
the differential analysis of Illumina high-
throughput RNA-Seq data. BMC 
Bioinformatics. 2015;16:347. 

51. Bray NL, Pimentel H, Melsted P, Pachter 
L. Near-optimal probabilistic RNA-seq 
quantification. Nat Biotechnol. 2016;34(5): 
525-527. 

52. Dillies MA, Rau A, Aubert J, Hennequet-
Antier C, Jeanmougin M, Servant N, et al. 
A comprehensive evaluation of 
normalization methods for Illumina high-
throughput RNA sequencing data analysis. 
Brief Bioinform. 2013;14(6):671-683. 

53. Patro R, Duggal G, Love MI, Irizarry RA, 
Kingsford C. Salmon provides fast and 
bias-aware quantification of transcript 
expression. Nat Methods. 2017;14(4):             
417-419. 

54. Bolger AM, Lohse M, Usadel B. 
Trimmomatic: a flexible trimmer for Illumina 
sequence Data. Bioinformatics. 2014; 
30(15):2114-2120. 

55. Hartley SW, Mullikin JC. QoRTs: a 
comprehensive toolset for quality control 
and data processing of RNA-Seq 
experiments. BMC Bioinformatics. 2015; 
16:224. 

56. Bray F, Ferlay J, Soerjomataram I, Siegel 
RL, Torre LA, Jemal A. Global cancer 
statistics 2018: GLOBOCAN estimates of 
incidence and mortality worldwide for 36 



 
 
 
 

Nirmal et al.; Asian J. Med. Health, vol. 22, no. 10, pp. 40-57, 2024; Article no.AJMAH.124006 
 
 

 
57 

 

cancers in 185 countries. CA Cancer J 
Clin. 2018;68(6):394-424. 

57. Hanahan D, Weinberg RA. Hallmarks of 
cancer: the next generation. Cell. 
2011;144(5):646-674. 

58. Schwanhäusser B, Busse D, Li N, Dittmar 
G, Schuchhardt J, Wolf J, et al. Global 
quantification of mammalian gene 
expression control. Nature. 2011; 
473(7347):337-342. 

59. Liu J, Lee W, Jiang Z, Chen Z, 
Jhunjhunwala S, Haverty PM, et al. 
Genome and transcriptome sequencing of 
lung cancers reveal diverse mutational and 
splicing events. Genome Res. 
2012;22(12):2315-2327. 

60. Hänzelmann S, Castelo R, Guinney J. 
GSVA: gene set variation analysis for 
microarray and RNA-seq data. BMC 
Bioinformatics. 2013;14:7. 

61. Westermann AJ, Förstner KU, Amman F, 
Barquist L, Chao Y, Schulte LN, et al. Dual 
RNA-seq unveils noncoding RNA functions 
in host–pathogen interactions. Nature. 
2016;529(7587):496-501. 

62. Bak RO, Dever DP, Porteus MH. 
CRISPR/Cas9 genome editing in human 
hematopoietic stem cells. Nat Protoc. 
2018;13(2):358-376. 

63. So J, Kim A, Lee SH, Shin D, Jung K, Lee 
HS, et al. Genome-wide association study 
of lung function phenotypes in a founder 
population. J Hum Genet. 2021;66(6):567-
576. 

64. Picelli S, Faridani OR, Björklund AK, 
Winberg G, Sagasser S, Sandberg R. Full-
length RNA-seq from single cells using 
Smart-seq2. Nat Protoc. 2014;9(1):171-
181. 

65. Amemiya HM, Kundaje A, Boyle AP. The 
ENCODE blacklist: identification of 
problematic regions of the genome. Sci 
Rep. 2019;9(1):9354. 

66. Jain M, Olsen HE, Paten B, Akeson M. 
The Oxford Nanopore MinION: delivery of 
nanopore sequencing to the genomics 

community. Genome Biol. 2016;17:              
239. 

67. Svensson V, Natarajan KN, Ly L-H, 
Miragaia RJ, Labalette C, Macaulay IC, et 
al. Power analysis of single-cell RNA-
sequencing experiments. Nat Methods. 
2017;14(4):381-387. 

68. Rodriques SG, Stickels RR, Goeva A, 
Martin CA, Murray E, Vanderburg CR, et 
al. Slide-seq: A scalable technology for 
measuring genome-wide expression at 
high spatial resolution. Science. 
2019;363(6434):1463-1467. 

69. Li S, Łabaj PP, Zumbo P, Sykacek P, Shi 
W, Shi L, et al. Detecting and correcting 
systematic variation in large-scale RNA 
sequencing data. Nat Biotechnol. 2014; 
32(9):888-895. 

70. Consortium EP. An integrated 
encyclopedia of DNA elements in the 
human genome. Nature. 2012;489(7414): 
57-74. 

71. Akhade VS, Pal D, Kanduri C. Long 
noncoding RNA: genome organization and 
mechanism of action. Adv Exp Med Biol. 
2017;1008:47-74. 

72. Mertins P, Mani DR, Ruggles KV, Gillette 
MA, Clauser KR, Wang P, et al. 
Proteogenomics connects somatic 
mutations to signalling in breast cancer. 
Nature. 2016;534(7605):55-62. 

73. El-Athman R, Fuhr L, Relógio A. A 
systems-level analysis reveals circadian 
regulation of splicing in colorectal cancer. 
EBioMedicine. 2018;33:68-81. 

74. Cheng J, Wang Y, Wang Z, Li X, Zhang Z, 
Zhu X, et al. Integrative analysis of DNA 
methylation and gene expression reveals 
hepatocellular carcinoma-specific 
diagnostic biomarkers. Genome Med. 
2018;10(1):42. 

75. Kwong A, Shin VY, Au CH, Law FB, Ho 
DN, Ip BK, et al. Meta-analysis of 
methylated genes in hepatocellular 
carcinoma. Anticancer Res. 2015;35(1):   
75-61. 

 
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of the publisher and/or the editor(s). This publisher and/or the editor(s) disclaim responsibility for 
any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content. 

_________________________________________________________________________________ 
© Copyright (2024): Author(s). The licensee is the journal publisher. This is an Open Access article distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

 

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle5.com/review-history/124006 

https://www.sdiarticle5.com/review-history/124006

