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CHAPTER 1

Introduction to
Precision Medicine

An innovative approach tailoring healthcare to the individual




PRECISION MEDICINE CHAPTER 1: INTRODUCTION TO PRECISION MEDICINE

What is Precision Medicine?

Precision medicine is an innovative approach to healthcare that moves beyond the traditional "one-size-fits-all"
model. Rather than applying uniform treatments to all patients with a given diagnosis, it recognizes that each
individual's unique genetic makeup, environmental exposures, lifestyle factors, and biological characteristics can

profoundly influence disease susceptibility, progression, and response to therapy.

The fundamental premise is straightforward yet transformative: by understanding the molecular and biological
basis of disease in each patient, clinicians can deliver the right treatment, to the right patient, at the right time --
maximizing therapeutic benefit while minimizing adverse effects.

"An approach that accounts for individual variability in genes, environment, and lifestyle to improve

prevention and treatment strategies."

-- National Institutes of Health (NIH)

Core Goals

Improve Treatment Effectiveness Reduce Adverse Drug Reactions
-- Match therapies to each -- Pharmacogenomic profiling

= patient's unique molecular . prevents harmful drug
profile for optimal outcomes. interactions and side effects.
Enhance Disease Prevention -- Identify susceptibility Earlier Risk Identification -- Detect disease risks

e early, before clinical symptoms emerge. > through genomic and biomarker screening programs.
Personalized Healthcare Strategies -- Build Targeted Therapeutics -- Replace broad-spectrum

@ individualized care plans based on genetic, @ (reatments with precision-targeted interventions.

environmental, and lifestyle data.

Enabling Technologies

Precision medicine is made possible by the convergence of several transformative technologies that have
matured over the past two decades:

Next-Generation Sequencing (NGS)

Bioinformatics & Computational Biology

Artificial Intelligence & Machine Learning

Multi-Omics Integration (Genomics, Transcriptomics, Proteomics)

Electronic Health Records (EHR) with Clinical Decision Support

Wearable Biosensors & Digital Health Platforms

Precision Health Network 1 Educational Reference



CHAPTER 2

Historical Development

Key scientific milestones that shaped precision medicine




PRECISION MEDICINE CHAPTER 2: HISTORICAL DEVELOPMENT

A Decades-Long Journey

The emergence of precision medicine did not happen overnight. It is the product of decades of foundational
scientific discovery, technological innovation, and policy commitment that have collectively enabled the field to
move from concept to clinical reality.

@ Human Genome Project Completed

[ Foundational ]

After 13 years of international collaboration, the Human Genome Project produced the first
comprehensive map of the human genome -- approximately 3 billion base pairs. This
landmark achievement provided the foundational reference sequence needed to identify
disease-causing variants and understand genetic variation across human populations.

Next-Generation Sequencing Revolution

[ Transformative ]

Rapid technological advances in DNA sequencing dramatically reduced the cost of
whole-genome sequencing -- from $100 million per genome in 2001 to under $1,000 by 2015.
This democratization of genomic data made large-scale clinical and research applications
feasible for the first time, enabling population-level genomic studies.

@ U.S. Precision Medicine Initiative

[ Policy Landmark ]

President Obama launched the Precision Medicine Initiative, a national commitment to
accelerating precision medicine research through coordinated data collection, genomic
sequencing, and clinical integration. The initiative later evolved into the NIH All of Us
Research Program.

@ All of Us Research Program

[ Population Scale ]

The NIH launched this ambitious longitudinal study, aiming to enroll over one million diverse
U.S. participants. By collecting health records, genomic data, wearable sensor information,
and biospecimens, it seeks to build the world's most diverse health database -- directly
addressing historical disparities in genomic research populations.
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Genomics & Precision Medicine

Understanding genetic makeup to identify disease-linked variations




PRECISION MEDICINE CHAPTER 3: GENOMICS & PRECISION MEDICINE

The Genomic Foundation

Genomics forms the scientific cornerstone of precision medicine. By studying an individual's complete genetic
makeup, researchers and clinicians can identify variations directly linked to disease susceptibility, prognosis, and
treatment response. Two primary technologies drive this field:

Whole Genome Sequencing (WGS)

WGS analyzes the complete set of an individual's DNA -- all 3 billion base pairs across 23 chromosome pairs.
Because it examines the entire genome, WGS can detect a wide range of variants including single nucleotide
polymorphisms, insertions, deletions, copy number variations, and structural rearrangements. It provides the
most comprehensive genomic picture currently available.

Clinical Applications of WGS

Disease-causing mutations | Cancer-associated alterations | Hereditary disease risk identification |
Pharmacogenomic marker detection | Rare and undiagnosed disease diagnosis

Whole Exome Sequencing (WES)

WES focuses on the coding regions of the genome -- the approximately 20,000 genes that encode proteins.
While representing only ~1-2% of the total genome, these regions contain roughly 85% of disease-causing
mutations. WES is more cost-effective than WGS and remains the preferred approach for identifying rare

variants in clinical settings.

Clinical Applications of WES

Coding region mutation detection | Rare disease variant discovery | Actionable clinical variant

identification | Pediatric disease diagnosis

Key Genomic Biomarkers in Oncology

Oncology represents the most clinically advanced application of genomic medicine. Tumor molecular profiling
identifies actionable mutations that directly guide therapy selection:

BRCA1/BRCA2 Guides PARP inhibitor therapy (olaparib, niraparib) and surgical risk reduction
Breast & Ovarian Cancer decisions such as prophylactic mastectomy.
EGFR Selects patients for EGFR tyrosine kinase inhibitors (erlotinib, osimertinib), which

Non-Small Cell Lung Cancer achieve superior progression-free survival vs. chemotherapy.



Precision Health Network 3

HER2 (ERBB2) Indicates eligibility for trastuzumab (Herceptin), pertuzumab, and T-DM1

Breast & Gastric Cancer antibody-drug conjugates.

KRAS / NRAS Wild-type status required for anti-EGFR therapy (cetuximab, panitumumab);
Colorectal Cancer mutations predict resistance.

BRAF V600E Guides BRAF inhibitor therapy (vemurafenib, dabrafenib) combined with MEK
Melanoma & Colorectal inhibitors.

ALK Fusion Identifies candidacy for ALK inhibitor therapy (crizotinib, alectinib, brigatinib) with
Non-Small Cell Lung Cancer dramatic response rates.
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CHAPTER 4

Pharmacogenomics &
Individualized Drug Therapy

How genetics influence drug metabolism, efficacy, and toxicity




PRECISION MEDICINE CHAPTER 4: PHARMACOGENOMICS

The Science of Drug-Gene Interactions

Pharmacogenomics is the study of how an individual's genetic profile influences their response to drugs. It is one
of the most clinically mature and immediately actionable branches of precision medicine. Genetic variants can
affect how drugs are absorbed, distributed, metabolized, and eliminated from the body -- directly influencing both

therapeutic efficacy and the risk of adverse reactions.

The cytochrome P450 (CYP450) enzyme family metabolizes approximately 70-80% of all clinically used drugs.
Variants in CYP450 genes create distinct metabolizer phenotypes that fundamentally alter drug dosing
requirements.

"Pharmacogenomic testing before prescribing has the potential to prevent thousands of adverse

drug reactions and improve clinical outcomes across virtually every therapeutic area.”

-- U.S. Food and Drug Administration

Metabolizer Phenotypes

UNDERSTANDING HOW GENETIC VARIANTS AFFECT DRUG METABOLISM

Poor Metabolizer Reduced or absent enzyme activity. Drug accumulates to toxic levels. Requires dose

reduction or alternative therapy.

l Intermediate Metabolizer Reduced enzyme activity compared to normal. May require moderate dose adjustments.
' Normal (Extensive) Metabolizer Standard drug metabolism. Standard dosing guidelines apply.
Ultra-Rapid Metabolizer Excess enzyme activity. Drug cleared too quickly; reduced therapeutic effect or prodrug

over-activation.

Clinical Drug-Gene Interaction Examples

Warfarin
Gene(s): CYP2C9, VKORC1 | Area: Anticoagulation

Variants in CYP2C9 reduce warfarin metabolism, while VKORCL1 variants affect target sensitivity. Poor-metabolizer patients may
require 50-70% lower doses to achieve therapeutic anticoagulation without life-threatening bleeding. FDA-approved label
recommends CYP2C9/VKORCL1 genotyping before initiation.



Clopidogrel (Plavix)
Gene(s): CYP2C19 | Area: Cardiovascular

Clopidogrel is a prodrug requiring CYP2C19 activation. Loss-of-function variants (present in 25-30% of patients) reduce
conversion to the active metabolite, diminishing platelet inhibition. The FDA's Black Box Warning recommends genotyping for
patients undergoing coronary stenting.

Codeine & Tramadol
Gene(s): CYP2D6 | Area: Pain Management

CYP2D6 ultra-rapid metabolizers convert opioid prodrugs to active morphine dangerously fast, risking respiratory depression and
death. Poor metabolizers gain no analgesic benefit. CYP2D6 genotyping is critical for safe opioid prescribing, particularly in
pediatric and post-surgical patients.

Oncology Targeted Agents
Gene(s): Tumor Companion Diagnostics | Area: Oncology

Numerous FDA-approved cancer therapies require companion diagnostic testing before prescribing. Examples include
trastuzumab (HER2 testing), erlotinib (EGFR mutation testing), and pembrolizumab (PD-L1 and TMB testing). These tests ensure
treatment is delivered only to patients with the relevant molecular target.
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Precision Medicine in
Clinical Practice

Translating genomic discoveries into real-world clinical outcomes




PRECISION MEDICINE CHAPTER 5: CLINICAL PRACTICE

From Bench to Bedside

Precision medicine has moved decisively from research laboratories into routine clinical care across multiple
medical specialties. The translation of genomic discoveries into therapeutic decisions represents one of the most
significant shifts in modern medicine -- fundamentally changing how diseases are diagnosed, classified, and

treated.

Oncology -- The Vanguard Application

Cancer medicine stands as the most advanced and rapidly evolving application of precision medicine. Modern
oncology recognizes that two tumors sharing the same histological appearance may harbor entirely distinct
molecular profiles -- and respond dramatically differently to treatment.

® EGFR-Mutated Lung Cancer -- Targeted TKIs (osimertinib) achieve dramatically superior progression-free
survival versus standard chemotherapy, with response rates exceeding 70%.

® HER2-Positive Breast Cancer -- Trastuzumab and pertuzumab precisely target HER2-amplified tumors,
transforming a historically poor-prognosis subtype into a highly treatable disease.

® CAR-T Cell Therapy -- Genetically engineered T-cells directed against CD19 and BCMA antigens achieve
durable remissions in previously refractory blood malignancies.

® Tumor Mutational Burden (TMB) -- High TMB predicts response to immune checkpoint inhibitors
(pembrolizumab) across multiple tumor types, enabling tumor-agnostic therapy.

Rare Genetic Diseases -- Diagnostic Revolution
Genomic sequencing has transformed the diagnostic odyssey for rare disease patients -- many of whom
historically spent years or decades without a definitive diagnosis. WGS and WES can now resolve previously

undiagnosed conditions in a matter of weeks.

® Undiagnosed Disease Programs -- WGS-based programs resolve diagnostic odysseys for patients who have
exhausted conventional evaluations.

® Newborn Screening -- Expanded genomic panel screening identifies treatable metabolic and genetic conditions
before clinical symptoms emerge.

® Spinal Muscular Atrophy (SMA) -- Genetic diagnosis guides eligibility for gene therapy (onasemnogene
abeparvovec), which is most effective when administered pre-symptomatically.

Cardiovascular Medicine -- Inherited Disorders
Genomic testing is reshaping cardiovascular medicine by identifying inherited disorders that predispose
individuals to sudden death, premature coronary disease, and severe metabolic dysfunction.

® Familial Hypercholesterolemia -- LDLR and PCSK9 mutations identify patients requiring aggressive LDL
reduction with statins, ezetimibe, and PCSKS9 inhibitors.

® [nherited Cardiomyopathies -- Pathogenic variants in sarcomere genes guide family screening and inform
decisions regarding implantable defibrillators.
® Long QT Syndrome -- lon channel gene variants (KCNQ1, KCNH2, SCN5A) guide medication avoidance lists

and device therapy decisions.

Neurological Disorders -- Emerging Frontiers

Precision neurology is an emerging frontier that applies genomic and molecular tools to improve the diagnosis



and treatment of complex brain disorders -- conditions that have historically lacked disease-modifying therapies.

® Alzheimer's Disease -- APOE4 genotyping stratifies risk; amyloid PET and CSF biomarkers guide eligibility for
anti-amyloid therapies (lecanemab, donanemab).

® Parkinson's Disease -- LRRK2, GBA, and SNCA mutations identify genetically distinct subtypes with specific
therapeutic implications and clinical trial eligibility.

® Epilepsy Genomics -- lon channel and synaptic protein gene variants guide precise anti-seizure medication
selection and identify candidates for gene-targeted therapies.
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CHAPTER 6

Multi-Omics &
Artificial Intelligence

Integrating biological data layers with Al-powered analysis




PRECISION MEDICINE

CHAPTER 6: MULTI-OMICS & Al

Beyond the Single Genome

While genomics provides a foundational blueprint, it captures only one dimension of the biological complexity

that drives human health and disease. Multi-omics integration recognizes that the genome alone cannot fully

explain the dynamic, context-dependent nature of disease -- gene expression, protein activity, and metabolic

state all vary across time, tissues, and environmental conditions.

When multiple omic layers are integrated and analyzed using artificial intelligence, the result is a far more

complete and clinically actionable picture of individual biology.

The Five Omics Data Layers

Genomics

Transcriptomics

Proteomics

Metabolomics

Epigenomics

The foundational layer -- DNA sequence variants,
somatic mutations, copy number variations, and
structural rearrangements that define an individual's

genetic blueprint.

RNA sequencing reveals which genes are actively expressed in specific cells or tissues at a

given moment -- capturing the dynamic response to disease, treatment, or environmental signals.

Large-scale analysis of protein abundance, post-translational modifications, and protein-protein

interactions -- the direct functional output of gene expression.

Comprehensive profiling of small-molecule metabolites reflecting the biochemical activity of cells

and tissues -- providing a real-time snapshot of physiological state.

Genome-wide mapping of epigenetic modifications including DNA methylation, histone
acetylation, and chromatin accessibility -- the regulatory layer controlling gene expression without

altering DNA sequence.

Al Capabilities in Precision Medicine

Artificial intelligence and machine learning are essential for extracting clinically actionable insights from the vast,

high-dimensional datasets generated by multi-omic analyses. No conventional statistical approach can process

the complexity and volume of data produced at the scale required for precision medicine.



Pattern Recognition in Genomic Data
ML algorithms identify complex multi-variant patterns in genomic datasets that predict disease risk, subtype,
and treatment response with accuracy far exceeding conventional approaches.

Treatment Response Prediction
Supervised learning models trained on multi-omic and clinical data can forecast individual drug efficacy
before therapy begins, enabling pre-emptive treatment optimization.

Novel Biomarker Discovery
Unsupervised Al methods identify previously unknown molecular markers -- including multi-omic signatures
-- that improve diagnostic precision and therapeutic stratification.

Clinical Decision Support
Integrated Al systems embed genomic and multi-omic insights directly into electronic health record
workflows, providing real-time prescribing guidance at the point of care.
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PRECISION MEDICINE CHAPTER 7: ETHICAL, LEGAL & SOCIAL ISSUES

The Ethical Imperative

The transformative potential of precision medicine is accompanied by profound ethical, legal, and social
responsibilities. As genomic data becomes central to healthcare, the implications extend far beyond individual
patients -- affecting families, populations, and the very structure of equitable healthcare access.

Privacy & Data Security
Genomic data is uniquely sensitive: it is immutable, inheritable, and reveals intimate information not only about
the individual but also about their biological relatives. Unlike other personal health information, genetic data

cannot be changed if compromised -- creating permanent privacy risks that extend to future generations.

® Genomic databases are high-value cyberattack targets for insurance companies, employers, and state actors.
® Third-party data sharing by direct-to-consumer genomics companies raises complex consent issues.

® The Genetic Information Nondiscrimination Act (GINA) provides partial protection -- but does not cover life,
disability, or long-term care insurance.

® Federated learning and differential privacy approaches offer technical solutions to share data without exposing
individual genomes.

Equity & Representation in Genomic Research

A critical challenge confronting precision medicine is its historical reliance on populations of predominantly
European ancestry. This research gap means polygenic risk scores, pharmacogenomic guidelines, and variant
interpretation resources may be less accurate -- or entirely inapplicable -- for patients from underrepresented

groups.

® Over 80% of genome-wide association study (GWAS) participants have been of European ancestry.

® Polygenic risk scores developed in European populations may perform significantly worse in diverse
populations.

® The NIH All of Us Program and global biobank initiatives are actively addressing these disparities.

® Structural racism in healthcare access compounds genomic inequities in clinical implementation.

Genetic Discrimination
The potential misuse of genetic information by employers, insurers, and other institutions remains a significant
concern that can deter patients from pursuing potentially life-saving genomic testing.

® GINA prohibits health insurance and employment discrimination based on genetic information.
® Life insurance and long-term care insurance discrimination are not covered by federal law.

® Patients may forgo valuable genetic testing due to fear of discrimination -- particularly in populations with a
history of medical mistreatment.

Informed Consent & Incidental Findings

Genomic sequencing frequently reveals information beyond the primary clinical question. Managing these
incidental findings -- and the consent process for their potential discovery -- presents complex ethical challenges
for patients, families, and clinicians.

® |Incidental findings (e.g., discovering BRCA mutations during a cardiac panel) require pre-test consent and
post-test disclosure protocols.



® Pediatric genomic testing raises unique challenges: children cannot consent, but early results may guide
preventive interventions.

® Dynamic consent models allow participants to specify which categories of findings they wish to receive.

® The ACMG publishes a regularly updated list of recommended reportable secondary findings in clinical

sequencing.

"Ethical frameworks must evolve alongside genomic science. The promise of precision medicine can
only be realized when access is equitable, privacy is protected, and the diversity of human genetics is

fully represented.”

-- Precision Health Network
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PRECISION MEDICINE CHAPTER 8: CHALLENGES & FUTURE DIRECTIONS

Barriers to Full Implementation

Despite remarkable clinical progress, precision medicine faces substantial systemic, technical, and social
barriers that must be overcome before its benefits can be equitably distributed across all patient populations.

Clinical Infrastructure & Workforce

The majority of healthcare systems currently lack the infrastructure, bioinformatics capacity, and
trained personnel required to integrate genomic information into routine clinical workflows. Bridging
the gap between genomic laboratories and the clinical point of care remains a central

implementation challenge.

Data Management & Interoperability

Precision medicine generates enormous volumes of multi-omic, clinical, and environmental data. Secure
storage, standardized formats, and cross-institutional sharing frameworks are necessary -- but current EHR

systems and data governance structures remain fragmented.

Cost & Healthcare Equity

Despite falling sequencing costs, comprehensive genomic testing and targeted therapies remain expensive.
Without addressing reimbursement, insurance coverage, and global access inequities, precision medicine risks
widening healthcare disparities rather than reducing them.

Emerging Technologies & Future Directions

Al-Driven Precision Medicine (2025-2030)

HIGH IMPACT

Next-generation Al systems will increasingly integrate genomic,
proteomic, imaging, and clinical data to support diagnosis, predict
treatment response, and identify novel therapeutic targets with
unprecedented accuracy. Foundation models trained on multi-modal

biological data will transform clinical decision-making.

CRISPR Gene Editing Therapeutics (2025-2035)

* TRANSFORMATIVE **

CRISPR-Cas9 and emerging base editing technologies are progressing from ex vivo cell editing toward in vivo therapeutic
delivery. FDA-approved gene therapies for sickle cell disease (exa-cel) represent the first of many applications that will

directly correct disease-causing mutations.



Precision Oncology 2.0 (2025-2030)

HIGH IMPACT

Future cancer treatment will increasingly incorporate multi-omic tumor profiling, liquid biopsy-guided monitoring, and
adaptive therapy algorithms that dynamically adjust treatment based on real-time molecular surveillance of tumor

evolution.

Digital Health & Biosensor Integration (2025-2028)
HIGH IMPACT
Continuous data streams from wearable biosensors, implantable devices, and smartphone-based health monitoring will be

integrated with genomic profiles -- enabling truly real-time, personalized health management and early disease detection.

Post-Genomic Integration (2030+)

** TRANSFORMATIVE **

Full integration of genomics, transcriptomics, proteomics, metabolomics, microbiome, and environmental exposure data
into unified precision healthcare platforms will enable holistic biological modeling -- predicting health trajectories and

optimizing interventions at the population level.

A Transformation in Modern Healthcare

Precision medicine promises a future in which healthcare is predictive, preventive, personalized, and far more effective

for every patient -- regardless of ancestry, geography, or circumstance.
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PRECISION MEDICINE GLOSSARY

Medical Terminology & Definitions

The following glossary covers key terms spanning genomics, precision medicine, pharmacogenomics,
multi-omics, and artificial intelligence as used throughout this text.

GENOMICS
' Genomics The study of an organism's complete set of DNA including all genes and their interactions.
l Whole Genome Sequencing Complete analysis of all 3 billion base pairs of an individual's DNA.
Whole Exome Sequencing Sequencing of protein-coding regions (exons) which contain most disease-relevant
variants.
Next-Generation Sequencing High-throughput DNA sequencing technologies enabling rapid, cost-effective genome
analysis.
SNP Single Nucleotide Polymorphism -- a single base pair variation in the genome between
individuals.
Copy Number Variant Variations where segments of the genome are duplicated or deleted compared to a
reference.
' Germline Mutation A heritable genetic change present in all cells, passed from parent to offspring.
Somatic Mutation A genetic change in non-reproductive cells; not heritable but may drive cancer
development.
l Variant of Uncertain Significance A genomic variant whose clinical impact is not yet established by current evidence.
Polygenic Risk Score An estimate of an individual's genetic predisposition to a trait or disease based on many
variants.
GWAS Genome-Wide Association Study -- scanning thousands of genomes to identify variants
linked to diseases.

PRECISION MEDICINE

Precision Medicine A healthcare approach tailoring prevention and treatment to individual genetic,

environmental, and lifestyle factors.



Biomarker

Companion Diagnostic

Targeted Therapy

Liquid Biopsy

Tumor Mutational Burden

Molecular Profiling

PHARMACOGENOMICS

Pharmacogenomics

CYP450 Enzymes

Poor Metabolizer

Ultra-Rapid Metabolizer

Adverse Drug Reaction

Drug-Gene Interaction

MULTI-OMICS & Al

Multi-Omics

A measurable biological indicator used to assess disease state, prognosis, or

therapeutic response.

A diagnostic test co-developed with a targeted therapy to identify patients likely to
benefit.

A treatment that interferes with specific molecular targets involved in disease, especially

cancer.

Non-invasive sampling of circulating tumor DNA or cells in blood for cancer monitoring.

The total number of mutations in a tumor genome -- predicts response to

immunotherapy.

Comprehensive analysis of a tumor's or patient's molecular characteristics to guide

therapy selection.

The study of how an individual's genetic profile influences drug metabolism, efficacy, and

toxicity.

A family of liver enzymes (CYP2D6, CYP2C19, CYP2C9) responsible for metabolizing
most drugs.

A person with reduced or absent enzyme activity, leading to drug accumulation and

toxicity risk.

A person who metabolizes drugs too quickly, reducing therapeutic effect or causing

over-activation.

A harmful or unintended response to a drug at normal therapeutic doses.

A predictable alteration in drug effect caused by a patient's genetic variant.

Integration of multiple omic data layers (genomics, transcriptomics, proteomics, etc.) for
holistic disease analysis.



Transcriptomics Study of all RNA transcripts expressed in a cell or tissue at a given time point.

Proteomics Large-scale study of all proteins expressed by a cell, tissue, or organism.

Metabolomics Comprehensive analysis of small-molecule metabolites reflecting cellular biochemical
activity.

Epigenomics Genome-wide study of epigenetic modifications including DNA methylation and histone
changes.

Machine Learning Al systems that learn patterns from data to make predictions without explicit

programming.

Deep Learning Neural network-based Al capable of detecting complex biological patterns in large
datasets.
CRISPR-Cas9 A precise genome editing tool using guide RNA to direct the Cas9 nuclease to cut

specific DNA sequences.

Bioinformatics Computational methods for storing, analyzing, and interpreting biological data, especially

genomic sequences.
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