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Genetic Architecture of Disease
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X-linkage
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Penetrance

Fraction of individuals who carry a genetic variant 
who manifest a specified phenotype



Expressivity

cutaneous neurofibromas in NF1

Different modes or degrees of expression of trait in 
different individuals



Variability in “single gene” disorders

• Allelic heterogeneity
• Genetic modifiers
• Environmental effects
• Chance
• Mosaicism

Allelic Heterogeneity

Compound
Heterozygote

gene

• Gonadal
• Somatic

Mosaicism



Mitochondrial Inheritance
• 16.5 kb circular double stranded DNA
• Multiple copies per mitochondrion

• Heteroplasmy – mixture of mitochondria with 
different genotypes in same cell

• 13 subunits of mitochondrial proteins, tRNAs, rRNAs
• Maternal Transmission
• Most mitochondrial proteins encoded in nucleus



Multifactorial Inheritance

• Trait clusters in family
• Increased concordance in identical twins
•Multiple genetic and/or non-genetic factors



Genetic Variation



DNA Structure
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• DNA: backbone of sugars 
(deoxyribose) and phosphate 
residues

• Attached to sugar carbon at 1’: a 
nitrogenous base:

• purine (A and G)
• pyrimidine (C and T)
• Nucleotide: + phosphate group attached 

to carbon atom 5’ (mono-, di-, tri-P) 

• RNA
• ribose instead of deoxyribose
• uracil instead of thymine



DNA Replication
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DNA Repair
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thymidine dimer cut by endonuclease bases removed 
by helicase new bases added

ligase

C G A G T T UU A G C A 
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aberrant DNA base

C G A G T T        A G C A 
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base removed 
by glycosylase
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sugar phosphate
removed by endonuclease
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replace base and ligate

Nucleotide Excision Repair

Base Excision Repair

newly synthesized strand

base mismatch nick in DNA strand

MutS protein MutL protein remove newly 
synthesized segment fill in gap and ligate

Mismatch Repair



Basic Gene Structure

TATA
promoter exon intron

repressor or activator corepressor/activator
 or ligand

regulatory
 sequence

§ Transcription factors (trans-acting) bind in promotor region to specific short sequence elements
§ Cis-acting: TATA box (-25) or CCAAT box (-80); GC box (housekeeping); other enhancers and silencers
§ Binding of RNA polymerase II and initiation of the transcription



Transcription
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• RNA polymerases use transcription units to 
synthesize the primary transcripts 

• Anti-sense strand is transcribed , read in 3’-
5’ direction

• RNA grows in 5’-3’ direction
• One gene can have more than one promotor → 

variability



RNA Splicing
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Translation

tRNA

amnio acid
growing peptide

ribosome

mRNA5’ 3’

P site A site

CUU   AUA   GUU   CCG   ACU   GCC   GAU   CCU   ACU   GGC   GGG   AAU   GCG

CUU   AUA   GUU   CCG   ACU   GCC   GAU   CCU   ACU   GGC   GGG   AAU   GCG

5’ 3’

• Ribosomes read mRNA in 5’-3’ direction

• Per codon (3 bases) 1 AA gets incorporated

• Codon recognized by the tRNA anti-codon

• Initiation codon: AUG (methionine
• 3 stop codons: UAA, UAG, UGA



Human Genome
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Single Nucleotide Variants

TCC CAA ATC GTC CCT CGA GTT
  ser   gln   ile    val   pro    arg   val

TCC CAG ATC GTC CCT CGA GTT
  ser   gln    ile   val   pro    arg   val

TCC CAA ATC CTC CCT CGA GTT
  ser   gln    ile   leu   pro    arg   val

TCC CAA ATC GTC GCT CGA GTT
  ser   gln    ile   val    ala    arg   val
 
TCC CAA ATC GTC CCT TGA GTT
  ser   gln    ile   val   pro   stop

TCC CAG AAT CGT CCC TCG AGT T
  ser   gln   asn  arg   pro   ser   ser

wild type sequence

silent mutation

conservative mutation

non-conservative mutation

stop mutation

frameshift mutation



normal splicing

exon skip mutations

splice acceptor mutation

splice donor mutation

exon splice enhancer mutation

splice acceptor mutation

cryptic splice acceptor

truncated exon

splice acceptor mutation

cryptic splice acceptor

inclusion of intron in
processed mRNA

mutation creates new splice acceptor

cryptic splice acceptor (or donor) mutations

Splicing Variant



Copy Number Variant
e.g., Red-Green Color Blindness

Normal'color'vision

normal*

Red1green'color'blind

*'Color'vision'may'be'abnormal'if'green'gene'not'expressed



Chromosomal Variant



Cytogenomic Analysis



Genetic Variation is Common

• ~1 in 1,000 bases
• Hence ~6 million variants in ~6 billion 

nucleotide genome
• Variant types

• Benign
• Affect phenotype but do not result in disease
• Disease-associated (major or minor effect)

• Variant frequencies may differ in different 
populations



Genomic Medicine



Genomics

"For the newly developing discipline of mapping/sequencing 
(including analysis of the information) we have adopted the term 
GENOMICS. We are indebted to T. H. Roderick of the Jackson 
Laboratory, Bar Harbor, Maine, for suggesting the term. The new 
discipline is born from a marriage of molecular and cell biology 
with classical genetics and is fostered by computational science." 

(Victor A. McKusick and Frank H. Ruddle. A new discipline, a new 
name, a new journal [editorial]. Genomics 1987 Sep;1:1-2.)





Genomic Medicine

Scope

•Rare Disease
•Common 

Disease
•Cancer

Focus

•Prevention
•Diagnosis
•Treatment

Target

•Individual
•Family
•Population



Genomics of Rare Disorders



Genome Sequencing: Diagnosis of Rare Disorders



Candidate Variants

In silico 
Prediction

Function
Frequency

Bioinformatic Analysis

pathogenic Likely
pathogenic

Variant of 
unknown 

significance

Likely
benign

Benign



Treatment of Rare Genetic Disease 
(e.g., Tuberous Sclerosis Complex)

hamartin tuberin

Rheb GDP

mTOR

growth & proliferation

SEGA Renal AMLEverolimus



CRISPR/Cas9 Genome Editing

Non-homologous
end joining

Homology-directed
repair

Mutation at site of 
repair

Repair with
Donor DNA



Genomics of Common Disorders



Common Disease: Case-Control Study

Hypothesis:  Allele 2 is associated with an increased risk of asthma

ACTAGGA

ACTCGGA

Allele 1

Allele 2

Asthma No Asthma
Allele 2 
Present

3000 1000

Allele 2 Not 
Present

7000 9000



Odds Ratio

Asthma No Asthma
Allele 2 Present 3000 1000

Allele 2 Not 
Present

7000 9000

Odds of disease given allele = 3000/1000 = 3
Odds of disease given not allele 2 = 7000/9000 = 0.78

Odds ratio = 3/0.78 = 3.85



Genome-Wide Association Study

p

Location



GWAS

https://www.ebi.ac.uk/gwas/diagram



Missing Heritability

• Heritability overestimated
• Rare variants of small effect size
• Non-detected variants (e.g., 

CNVs)

Possible Explanations



Genetic Architecture

Effect Size

Allele Frequency

Low Frequency
Large Effect

Moderate Frequency
Moderate Effect

High Frequency
Small Effect

Monogenic Oligogenic Polygenic



• Sum of individual risks for specific SNVs weighted by effect size
• PRS = b1X1 + b2X2 + b3X3 + …                     
• bn = effect size of nth SNV; Xn = number of risk alleles at nth SNV

• Expressed in terms of standard deviations from mean phenotype
• Sensitive to variation in specific populations
• Identify people at extremes who need additional f/u or treatment

Polygenic Risk Score



Race and Polygenic Risk Scores





Cancer Genomics



Cancer is a genetic disorder



Cancer Genomes
Tumor

Sequence

cancer-specific genetic changes

Targeted treatment



Pharmacogenetics



Pharmacogenetics: Drug Metabolism

• Absorption
• GI
• Tissue spaces

• Metabolism
• Activation
• Inactivation

• Excretion
• Kidney
• Liver

Phase I

Phase II



Warfarin Pharmacogenetics

Vitamin K
oxidized

Vitamin K
reduced

NADH NAD+

VKORC1

S-Warfarin

CYP2C9

7-hydroxywarfarin

activated clotting factors

excretion

polymorphisms





Genomics and Public Health



Carrier Screening



ACMG Guideline



Genomic Newborn Screening

• Not all conditions currently subject 
to screening can be detected
• Variants of unknown significance
• Adult-onset variants
• Parental consent

Challenges



Population Screening

• Non-penetrance
• Variants of unknown significance
• Actionability
• Access to care

Challenges



Into the Future

Technological Innovation Clinical Utility

Implementation Education



Amara’s Law


