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At The Forefront of Genomics: 
Making Genomic Medicine a Reality



Two Scientific Fields Launched Last Century
Are Changing Medicine This Century
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Bringing Genomic Medicine Into Focus



An emerging medical discipline that involves using 
genomic information about an individual as part of their 
clinical care (e.g., for diagnostic or therapeutic decision-

making) and the other implications of that clinical use

Genomic Medicine

Related (but not identical) terms:    ● Personalized medicine
         ● Individualized medicine
         ● Precision medicine



The Pivot to Genomic Medicine

? 
Human

Genome 
Project

Realization of 
Genomic 
Medicine



Cost of Sequencing a Human Genome 
Reduced >1 Million-Fold

Human Genome Sequenced for First Time 
by the Human Genome Project

Millions of Human 
Genomes Sequenced

Profound Advances in Understanding 
How the Human Genome Functions

Significant Advances in Unraveling the 
Genomic Bases of Human Disease

En Route to Genomic Medicine



Making Genomic Medicine a Reality



Analyzing a Patient’s Genome 
is Becoming More Routine



Genome Sequencing in Medicine
Reference 

Genome Sequence
Patient’s 

Genome Sequence

List of 
Genomic Variants

Implement 
Genomic Medicine



Cancer 
Genomics

Genomic Medicine Implementation



Normal
Cells

Tumor 
Cells

It Takes Multiple Mutations to Make a Cell Malignant

Cancer is a Disease of the Genome



Cancer
Histopathology

Cancer Genome 
Sequencing

Morphology Genomic
Signature

Routine Cancer Diagnostic Tools

Paradigm Change: Genomic signature of a tumor often (perhaps almost 
always) provides more valuable clinical information than the tissue of origin.



Liquid Biopsy for Detecting Cancer

• Standard biopsies of human tissues are invasive and can be dangerous
• Tumor cells frequently die and release their DNA into the bloodstream
• Highly sensitive DNA-sequencing methods can detect and analyze that 

cell-free tumor DNA (accessed through simple blood draw)

Cell-free DNA



Nature, 2023

Cancer Genomics Today

“Today, genomic sequencing as part of clinical care has transformed cancer 
diagnostics, clinical trials, and the use of new therapies to improve outcomes 
for people with cancer. Our unprecedented view of the cancer genome 
empowers clinicians, computational biologists, and bench scientists alike to 
define biologically relevant groups of people with cancer, direct genomic 
inquiry, and ultimately identify new therapies and biomarkers.” 



Cancer 
Genomics

Genomic Medicine Implementation

Rare Genetic Disease 
Diagnostics



Genome Sequencing is Becoming a 
Standard Diagnostic Tool in Medicine



Rare Disease Diagnostics

NEJM, 2024

GENOME SEQUENCING: Yields a diagnosis for a rare genetic 
disease in ~30-50% of cases (and this % will increase over time!).



Undiagnosed Diseases



Nature, 2014

Rapid Genome Sequencing of Sick Newborns



Rapid Genome Sequencing of Sick Newborns

NPJ Genome Med, 2024

“In 44 studies of children in ICUs with diseases of unknown etiology, 37% 
received a genetic diagnosis, 26% had consequent changes in management, 
and net healthcare costs were reduced by $14,265 per child tested…

In five years, there is the potential for infant and childhood mortality in the US 
and UK to have been reduced by several percent through use of [rapid genome 
sequencing] as a first-tier, standard of care test for children in ICUs with 
diseases of uncertain etiology.”



Cancer 
Genomics

Genomic Medicine Implementation

Rare Genetic Disease 
Diagnostics

Noninvasive Prenatal 
Genomic Testing



Then (before Genomics)

• Both mother and fetus release cell-free DNA                  
from dying cells into the blood

• As an alternative to an invasive procedure, 
sequencing of cell-free DNA in maternal plasma 
now used to screen for aneuploidy

• #1 genomic medicine test worldwide

Now (with Genomics)

“Aneuploidy”

Noninvasive Prenatal Testing (NIPT)



Cancer 
Genomics

Genomic Medicine Implementation

Pharmacogenomic
Testing

Rare Genetic Disease 
Diagnostics

Noninvasive Prenatal 
Genomic Testing



People Respond Differently to Medications



Nature (2015)
Nature (2016)

Prescribing Medications is Imprecise



Pharmacogenomics: Basic Rationale

• ‘One size does not fit all’

• Stratify patients based on detected genomic variants

• Use genomics to ‘get the right drug to the right patient at the right dose’



Pharmacogenomics: Getting Real

Bottom Line: Pharmacogenomic testing now appropriate for a small subset 
of prescription medication, but that subset expected to grow in the future. 
Meanwhile, efforts to increase clinical usage are ongoing.

Drug:   Used to Treat:

  Abacavir   HIV

  Allopurinol   Gout

  Azathioprine   Autoimmune disease

  Carbamazepine  Seizures

  Clopidogrel   Blood clots

  Methotrexate   Autoimmune disease

  Phenytoin   Seizures

 



Cancer 
Genomics

Genomic Medicine Implementation

Pharmacogenomic
Testing

Rare Genetic Disease 
Diagnostics

Noninvasive Prenatal 
Genomic Testing

Genomics-based 
Prevention



Genomics-based Prevention

Polygenetic Risk Scores



Cost of Sequencing a Human Genome 
Reduced >1 Million-Fold

Human Genome Sequenced for First Time 
by the Human Genome Project

Millions of Human 
Genomes Sequenced

Profound Advances in Understanding 
How the Human Genome Functions

Significant Advances in Unraveling the 
Genomic Bases of Human Disease

Vivid Examples of Genomic Medicine 
Now Emerging

En Route to Genomic Medicine







Challenges of Analyzing a 
Patient’s Genome Sequence

An Intentional Oversimplification



Analyzing a Person’s Genome Sequence

1. Detecting all genomic variants in the generated genome sequence 
Required: Reference Genome Sequence (or Pangenome Reference)
Examples: GRCh38.p13 (Build 38) or T2T-CHM13



Routine
genome sequence

Reference
genome sequence

• Purpose: ‘High-quality’ representation
• Meticulously generated
• Multiple DNA-sequencing technologies
• No (or little) missing sequences  
• Cost: ~$10,000

• Purpose: Identify genomic variants
• High-throughput generated
• Single DNA-sequencing technology
• Always has ‘missing’ sequences
• Cost: <$1,000

Reference vs. Routine Genome Sequences



DNA sequencing
instrument

Generating DNA Sequence Reads
Generated DNA
sequence readsSheared DNA fragments

of entire human genome



Reference
genome sequence

Reference-Assisted Genome Sequence Generation

Generated DNA
sequence reads

Sequence read 1



Reference
genome sequence

Routine
genome sequence

Sequence read 1

Sequence read 1

Reference-Assisted Genome Sequence Generation



Reference
genome sequence

Routine
genome sequenceGenerated

sequence reads

Reference-Assisted Genome Sequence Generation

Sequence read 2



Reference
genome sequence

Sequence read 3

Routine
genome sequenceGenerated

sequence reads

Reference-Assisted Genome Sequence Generation



Reference
genome sequence

Sequence read 4Sequence read 4

Sequence read 4

Routine
genome sequence

No 
Match

Sequence read 4

Generated
sequence reads

Reference-Assisted Genome Sequence Generation



Reference
genome sequence

Routine
genome sequence

No 
Match

Generated
sequence reads

Reference-Assisted Genome Sequence Generation



Reference
genome sequence

Routine
genome sequence

Each line of a routine 
genome sequence is 

read and localized 
many times to ensure 
its accuracy – often 
more than 30 times!

Reference-Assisted Genome Sequence Generation



Routine
genome sequence

Comparing the Two Genome Sequences
Reference

genome sequence
Compare sequences 

to find differences



Routine
genome sequence

Reference
genome sequence

Detecting Human Genomic Variants

Genomic variants

Yellow vs. Red



Reference 
genome sequence 1

Reference 
genome sequence 2

Reference 
genome sequence 3

Reference 
genome sequence 7

Reference 
genome sequence 8

Reference 
genome sequence 6

Reference 
genome sequence 5

Reference 
genome sequence 4

Reference 
genome sequence 1

Human Diversity in Reference Genome Sequences
Reference

genome sequence



Reference 
genome sequence 7

Reference 
genome sequence 8

Reference 
genome sequence 6

Reference 
genome sequence 5

Reference 
genome sequence 4

Reference 
genome sequence 2

Reference 
genome sequence 3

Reference 
genome sequence 1

Reference 
genome sequence 2

Reference 
genome sequence 3

Reference 
genome sequence 7

Reference 
genome sequence 8

Reference 
genome sequence 6

Reference 
genome sequence 5

Reference 
genome sequence 4

Reference 
genome sequence 1

No Single Reference Genome Sequence is Ideal
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Human Pangenome Reference

• Composite of multiple human reference genome 
sequences

• Captures the breadth of human genomic variation much 
better than any one human reference genome sequence

• Enables more accurate and complete detection of 
genomic variants across diverse human populations



Using a Human Pangenome Reference

Human pangenome 
reference

No 
Match

Generated
sequence reads

Routine 
genome sequence

More complete routine 
genome sequence



Improved Genomic Variant Detection Using 
a Human Pangenome Reference

Human pangenome 
reference

Generated
sequence reads

Detected 
genomic variants

Genomic Variant 
Detection:

• More true variants
• Fewer false variants

Single reference 
genome sequence

Routine 
genome sequence

No 
Match

Detected 
genomic variants

No 
Match

Routine 
genome sequence

• Fewer true variants
• More false variants



NHGRI’s Human Genome Reference Program



Analyzing a Person’s Genome Sequence

1. Detecting all genomic variants in the generated genome sequence 
Required: Reference Genome Sequence (or Pangenome Reference)
Examples: GRCh38.p13 (Build 38) or T2T-CHM13

2. Filtering & Prioritizing detected genomic variants to identify those 
most likely to be clinically relevant (e.g., pathogenic variants in 
the case of rare genetic diseases)

Required: Reference Population Databases (Aggregated Genomic Variants)
Example: gnomAD



Frequencies of Genomic Variants: 
Rare Disease Diagnostics as Prototype

• Vast majority of pathogenic genomic variants are rare
• But being rare does not mean a genomic variant is 

pathogenic
• However, being common means a genomic variant is 

unlikely to be pathogenic
• Therefore, genomic variants are initially FILTERED into 

groups that are common (removed) and rare (prioritized)
• Following filtering, prioritized variants are further 

assessed for possible pathogenicity



Analyzing a Person’s Genomic Variants

Number of Variants in
 Person’s Genome Sequence  

~3-5M

10,000’s

1000’s

100’s

10-20

Filtering 
& 

Prioritizing



Frequency of Each Variant in Each Ancestral Population

Frequencies of Genomic Variants Vary
Among Ancestral Populations

Variant 1

Variant 2

Variant 3

Variant 4

30%

0.001%

0.001%

0.01%

35%

0%

30%

0.0001%

20%

0.001%

25%

0.001%

18%

0.0001%

20%

30%

Different Ancestral Populations



Overcoming Inequities in Genomic Diagnoses 

Misclassification of 5 genomic 
variants for cardiomyopathy

Manrai et al., N Engl J Med (2016)

Decreasing Incorrect Genomic 
Variant Classifications

Petrovski & Goldstein Genome Biol (2016)

Venner et al., Commun Biol (2024)

Increasing Diagnoses via Equitable 
Study Recruitment and Clinical Testing



Analyzing a Person’s Genome Sequence

1. Detecting all genomic variants in the generated genome sequence 
Required: Reference Genome Sequence (or Pangenome Reference)
Examples: GRCh38.p13 (Build 38) or T2T-CHM13

2. Filtering & Prioritizing detected genomic variants to identify those 
most likely to be clinically relevant (e.g., pathogenic variants in 
the case of rare genetic diseases)

Required: Reference Population Databases (Aggregated Genomic Variants)
Example: gnomAD

3. Establishing the clinical relevance of prioritized genomic variants 
Required: Knowledgebase with Information about Pathogenicity of Genomic Variants

 Example: ClinGen



Clinical Genome Resource (ClinGen)

Mission: Build and support an 
authoritative central resource that 
defines the clinical relevance of 
genes and variants for use in 
precision medicine and research

Global Network of Contributors: 
>2,700 Experts from 69 Countries

2,682 Gene-Disease Validity Curations

7,130 Variant Pathogenicity Curations

248 Clinical Actionability Reports 



Required for Accurate and Equitable Analyses
of a Person’s Genome Sequences 

1. Appropriately matched human genome reference 
sequence – or a human pangenome reference

2. Reference population database (with aggregated 
genomic variant information) for appropriately 
matched ancestral population(s)

3. Robust knowledgebase of curated information 
about the likely pathogenicity of genomic variants 
(developed by expert panels)



Genomics Arrives at the ‘Adult Table’

No, Eric, you can’t sit at the kids’ table. I don’t 
care that they are talking about iPhones, 
Instagram, and Taylor Swift! You have to stay here 
and talk about mortgages, life insurance, taxes, 
politics, and … genomic medicine in healthcare.



Genomics and Society



Healthcare Delivery & Payment

Societal Challenges with Genomic Medicine

Regulatory OversightHealth EquityGenomic PrivacyGenomic Literacy





2020 NHGRI Strategic Vision

Nature (2020)

genome.gov/2020sv



Bold Predictions for 
Human Genomics 
by 2030



Bold Predictions for Human Genomics by 2030





A ~21-year Pivot: 
Bringing Genomic Medicine Into Focus



Follow:

@NHGRI_Director

Follow:

@NHGRI_Director

Follow:

linkedin.com/in/
eric-green-md-phd

Subscribe:

genome.gov/email

Let’s Stay Connected!
genome.gov/stayconnected





How to Represent a Human Pangenome Reference



Human Pangenome Reference Graph
Visualizing a Human Pangenome Reference
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