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iv. Basics of human genomics...

iv. Basics of human genomics, regulatory mechanisms of genetic variation, its role in health, diseases and
adaptation including drug response

Basics of Human Genomics

The Human Genome: An Overview

The human genome consists of approximately 3.2 billion base pairs (bp) of DNA distributed across 23 chromosome pairs
(22 autosomes and one pair of sex chromosomes, XX in typical females and XY in typical males). In addition to the nuclear
genome, humans harbor a smaller, maternally inherited mitochondrial genome of about 16.6 kilobases (kb). While the
original Human Genome Project (completed in the early 2000s) provided an invaluable reference sequence, continuing
efforts such as the 1000 Genomes Project and more recent population-scale genome projects have expanded our
understanding of human genetic diversity and variation.

Genome Organization and Composition

e Coding Regions: Roughly 1-2% of the human genome encodes proteins (the exome). These segments include
exons that are transcribed and translated to produce the proteome.

e Non-Coding Regions: The remaining 98-99% of the genome includes introns, regulatory elements (promoters,
enhancers, silencers, insulators), long noncoding RNAs (IncRNAs), microRNAs (miRNAs), pseudogenes, and
repetitive elements (transposable elements, satellite DNA, etc.). The characterization of these non-coding regions
has revealed that they play critical roles in regulating gene expression and chromosomal architecture.

Types of Genetic Variation

e Single Nucleotide Polymorphisms (SNPs): The most common form of genomic variation, occurring
approximately once every 300 bp across the genome. SNPs are often used as markers in genetic association
studies to correlate genetic variants with phenotypes.

¢ Insertions and Deletions (Indels): Short stretches of inserted or deleted nucleotides that can lead to frameshifts
when they occur in coding regions or influence regulatory sequences when they occur in non-coding regions.

e Copy Number Variants (CNVs): Large segments of DNA (hundreds to millions of base pairs) that have been
duplicated or deleted. CNVs.can have profound effects on gene dosage and phenotype.

e Structural Variants: Complex changes such as inversions, translocations, and large-scale rearrangements. While
less frequent, they can underlie significant phenotypic consequences.

o Repetitive Elements: Includes microsatellites, minisatellites, and transposable elements (LINEs, SINEs, LTRs).
These elements can impact genome stability, gene regulation, and chromatin organization.

Genetic Variation Across Human Populations

Genetic diversity is shaped by factors such as population bottlenecks, migration, natural selection, and drift. Population
genetics studies reveal how certain alleles vary in frequency among populations, providing insights into historical
migrations, admixture events, and selective pressures (e.g., pathogen resistance).

Regulatory Mechanisms of Genetic Variation

Regulatory Elements and Chromatin Architecture

Historically, non-coding regions were dismissed as “junk DNA.” It is now known that these regions orchestrate complex
regulatory processes:

o Promoters: Regions immediately upstream of genes essential for the initiation of transcription. They contain
specific motifs recognized by RNA polymerase and associated transcription factors.

e Enhancers and Silencers: Distal elements that can increase or repress transcription. Their 3D interaction with
promoters is facilitated by DNA looping, mediated by architectural proteins (e.g., CTCF) and co-activators (e.g.,
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Mediator complex).
e Insulators: Boundary elements that restrict enhancer activity to specific genomic domains, contributing to
chromatin compartmentalization.

Epigenetic Modifications

Epigenetic regulation involves chemical modifications that do not alter the DNA sequence itself but influence gene
expression and genome stability:

o DNA Methylation: Typically occurs at CpG dinucleotides. High methylation in promoter regions is often associated
with transcriptional repression. In contrast, gene body methylation can influence alternative splicing and
transcription elongation.

e Histone Modifications: Post-translational modifications (methylation, acetylation, = phosphorylation,
ubiquitination) on specific histone residues modulate chromatin accessibility and recruitment of transcriptional
machinery. For instance, H3K4me3 is linked to active promoters, while H3K9me3 and H3K27me3 are associated
with repressive chromatin.

e Chromatin Remodeling Complexes: Proteins such as SWI/SNF, ISWI,.and NuRD complexes alter nucleosome
positioning and histone-DNA interactions, influencing gene accessibility and expression.

Noncoding RNAs and Regulatory Complexity

e Long Noncoding RNAs (IncRNAs): Frequently involved in chromatin modification and transcriptional regulation.
They can guide chromatin-modifying complexes to specific genomic loci or act as molecular scaffolds.

o MicroRNAs (miRNAs): Small (~22 nt) RNAs that bind'-mRNA transcripts to regulate their stability or translation.
miRNA dysregulation is implicated in numerous diseases, including cancer and cardiovascular disorders.

e Circular RNAs (circRNAs): A more recently characterized class of noncoding RNAs that can act as “sponges” for
miRNAs, modulating the activity of multiple gene targets.

Genetic Variants in Regulatory Regions

Regulatory variants can disrupt transcription facter binding sites, alter chromatin states, or affect enhancer-promoter
loops. Even single-nucleotide changes in these regions can cause disease phenotypes or modify disease risk by fine-tuning
gene expression. Genome-Wide Association Studies (GWAS) increasingly reveal that many disease-associated SNPs lie in
non-coding, regulatory regions, underscoring the importance of functional genomics approaches to interpret these signals.

Roles of Genetic Variation in Health and Disease

Mendelian (Monogenic) Disorders

Certain diseases follow clear inheritance patterns (autosomal dominant, autosomal recessive, or X-linked) and are caused
by mutations in a single gene:

e Example: Cystic fibrosis (CF) results from mutations in the CFTR gene, primarily affecting chloride ion transport
and leading to thick mucus production in lungs and digestive tissues.

e Pathogenic Mechanisms: Loss-of-function (nonsense, frameshift) or gain-of-function (missense in specific
domains) mutations can drastically impact protein function, leading to characteristic phenotypes.

Complex (Polygenic) Disorders

Diseases such as type 2 diabetes, schizophrenia, and hypertension involve multiple genetic variants each contributing
relatively small effect sizes. Polygenic risk scores (PRS) aggregate these variants to estimate an individual’s genetic
predisposition. Environmental factors (diet, lifestyle, stress, etc.) also modulate disease expression:

e Heritability Estimates: Twin and family studies help disentangle genetic from environmental contributions.

e Gene-Gene and Gene-Environment Interactions: Epistatic interactions can magnify or buffer genetic effects.
Meanwhile, environmental triggers (exposure to toxins, diets high in specific nutrients, etc.) can unmask or
exacerbate genetic susceptibilities.
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Mechanistic Insights from Genome-wide Studies

e Genome-Wide Association Studies (GWAS): Link SNPs or CNVs to disease phenotypes in large populations.
Though many signals map to non-coding regions, functional follow-up (e.g., reporter assays, CRISPR-mediated
editing) is needed to ascertain causality.

e Exome Sequencing and Rare Variant Analysis: Targeted sequencing can identify rare but highly penetrant
variants that may not be captured by GWAS, providing insights into disease mechanisms.

e Multi-Omics Integration: Incorporating transcriptomics (RNA-seq), proteomics, epigenomics (ChIP-seq, ATAC-
seq), and metabolomics data can elucidate how variants affect molecular and cellular networks:

Cancer Genomics
Cancer is driven by the accumulation of somatic mutations that confer growth and survival advantages to cells:

e Driver vs. Passenger Mutations: Driver mutations occur in genes that regulate cell cycle, apoptosis, and DNA
repair (e.g., TP53, KRAS, PTEN), directly contributing to oncogenesis. Passenger mutations accumulate incidentally.

e Tumor Heterogeneity: Different subclones can harbor distinct genetic and epigenetic changes, influencing
metastatic potential and drug resistance. Single-cell sequencing technologies are increasingly used to delineate
this heterogeneity.

Adaptation and Drug Response

Genetic Variation and Adaptation

Over evolutionary time, certain variants increase in frequency if they confer a survival or reproductive advantage in a
given environment:

o Examples of Adaptation:
o Lactase Persistence: A regulatory SNP upstream of the LCT gene (encoding lactase) allows continued
expression into adulthood, conferring the ability to digest lactose in dairy-consuming populations.
o High-Altitude Adaptation: Variations in genes such as EPAS1 and EGLN1 in Tibetan populations reduce
hemoglobin levels and enhance oxygen efficiency in hypoxic environments.
o Infectious Disease Resistance: Allelic variants in genes such as CCR5 (e.g., CCR5-A32) afford protection
against HIV infection.

Pharmacogenomics: Drug Response and Toxicity
Pharmacogenomics examines how genomic variation influences drug metabolism, efficacy, and adverse effects:

o Pharmacokinetics: Genes encoding drug-metabolizing enzymes (e.g., CYP450 family) and drug transporters (e.qg.,
ABC transporters) can carry variants that alter metabolic rates. Polymorphisms in CYP2D6 affect the metabolism
of many common drugs (e.g., antidepressants), classifying individuals as poor or ultra-rapid metabolizers.

e Pharmacodynamics: Variations in drug targets such as receptors or signaling molecules (e.g., VKORC1 for
warfarin) can modulate drug efficacy. Pharmacodynamic variations can necessitate dosage adjustments or
alternative therapies.

e Personalized Medicine: Combining genomic data with clinical parameters can guide drug selection and dosing to
optimize therapeutic outcomes and minimize adverse reactions.

Genetic Testing for Personalized Treatment

e Clinical Implementation: Genotyping key pharmacogenomic loci (e.g., CYP2C9, CYP2C19, SLCO1B1) is
increasingly integrated into clinical decision-making, allowing for dose optimization in therapies such as statins,
immunosuppressants, and chemotherapeutics.

e Ethical and Regulatory Considerations: Implementation of precision medicine must address genetic privacy,
cost, and ensure equitable access to genomic technologies.
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Conclusion

The landscape of human genomics and genetic variation is complex, extending well beyond the coding regions to
encompass vast regulatory territories, epigenetic factors, and dynamic chromatin landscapes. Understanding the
molecular mechanisms that underlie genetic variation is essential for deciphering the etiology of both rare monogenic
disorders and common polygenic diseases. Furthermore, genetic diversity fuels human adaptation, influencing traits
ranging from lactose tolerance to high-altitude survival. In a clinical context, pharmacogenomics underscores the critical
role of genetic variability in determining drug response, highlighting the move toward personalized medicine.

Future directions in human genomics include refining our grasp of non-coding regulatory variants, enhancing polygenic
risk models, and integrating multi-omics data to elucidate complex disease pathways. Novel genome editing technologies
(e.g., CRISPR-Cas9) and single-cell approaches promise to deepen our understanding of how genotype translates into
phenotype. Ultimately, these insights will continue to revolutionize biomedical research and personalized healthcare.
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