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• Predicting effects of genic variants
– Amino acid substitutions
– Loss of function alleles and splice site variants

• Predicting effects of non-coding variants
• Experimental characterization of functional 

effects



Undiagnosed “Extreme” Phenotype / 
Rare Mendelian Disease

• Goal: provide molecular diagnosis for patient and family

• Assume variant(s) in one (or possibly two) genes are the 
underlying genetic cause.
– As opposed to complex genetic conditions, or somatic variation in 

cancer.

• “Rare disease” defined as <200,000 affected in US
– Orphan Drug Act 1983 = ~1:1,635. 

• European Union defines rare as prevalence <1:2,000.

• “Rare” is not rare: Collectively, there are ~5-7,000 rare 
diseases affecting ~25-30 million people in the US
– Lead to ~3 million deaths per year.

– Most do not have effective treatments.



Rare Disease Resources

• Resources:
• Genetic and Rare Diseases Information Center (GARD): 

https://rarediseases.info.nih.gov
• Rare Diseases Clinical Research Network (RDCRN): 

https://ncats.nih.gov/rdcrn

https://rarediseases.info.nih.gov
https://ncats.nih.gov/rdcrn


Significance of Molecular Diagnosis
• “Diagnostic odyssey” completed
• Family support organizations
• Prognosis
• Recurrence risk for future pregnancies
• Natural history studies
• Novel therapeutic targets
• Future genetics-first clinical trials

• Current best tool for diagnosing otherwise unknown 
genetic conditions: Clinical Exome Sequencing (ES) 
[vs. Whole Genome Sequencing (WGS)]





Falling Costs of Sequencing Are 
Driving Advances in Genomic Medicine
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Boycott et al., 2017

New Disease-Causing Genes 
Discovered Per Year

“Golden Age” of Human Genetics



https://www.cell.com/ajhg/pdf/S0002-9297(19)30274-5.pdf

Update from 2019:

https://www.cell.com/ajhg/pdf/S0002-9297(19)30274-5.pdf


https://www.cell.com/ajhg/pdf/S0002-9297(19)30274-5.pdf

Update from 2019:

https://www.cell.com/ajhg/pdf/S0002-9297(19)30274-5.pdf


Centers for Mendelian Genomics

Posey et al., 2019



But There are Problems

• Current best tool for diagnosing otherwise 
unknown genetic conditions: Clinical ES [vs. 
WGS]
– Diagnostic rate is 25-30%.
• This leaves 70-75% undiagnosed!

– Variants of Uncertain Significance (VUS) are a 
(the?) big problem

– Research and new discoveries are needed!



Three Potential Solutions
1) Find additional families with similar variants and 
phenotypes.
2) Improve in silico methods.
3) Carry out functional studies.

Clinical 
Expertise

Research
Expertise

http://www.senescence.info/aging_models.html
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effects



Figure 2



Exome Sequencing
• Exome = Protein-coding portion of genome, 1-2%
• Very comprehensive. ~30% diagnostic yield in 

otherwise undiagnosed cases.
• Some copy number calls, but variable.
• Beware VUS. And Incidental / Secondary Findings.
• Cost: $600-$750 (trio) = ~$3,000 clinical trio

Biesecker and Green, 2014



Genome Sequencing
• Even more comprehensive. 3 billion bases.

• Good copy number calling at better resolution than 
CMA (validated >10kb)

• Unclear how to interpret non-coding sequence

• Not available clinically except if paying out-of-pocket, 
or if enrolled in a research study

• Cost: ~$750-$1,000 each = ~5-10,000 clinical trio

Biesecker and Green, 2014



2012:
• Rapid WGS: 50 hours from blood 

draw to results
• Diagnostic results in 5 cases, 

including one gene discovery.



2019 update:
• Rapid WGS: 15 hours for research. Median 20 hours clinically.
• Tested automated analysis pipeline in 97 cases: Precision 

99%, Recall 97%.
• 3 out of 7 prospective ICU cases diagnosed, which all affected 

management.



2018:
• Meta-analysis that compared diagnostic yield 

(percentage of patients definitively diagnosed) 
using WGS, WES, and CMA.
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Yield:



2018:

• Does WGS cause a change in 
management for ICU admitted 
infants? YES, in this single 
center study.

• Does it increase or decrease 
healthcare utilization? 
DECREASE.
– 12 infants avoided morbidity or 

had reduced mortality, and 1 
started palliative care. In 6 
infants, the changes in 
management reduced inpatient 
cost by $800,000–$2,000,000.



Australian cost-effectiveness study, 2017



Australian cost-effectiveness study, 2020

(Note: GS = singleton WES in this paper)



Canadian diagnostic yield study, 2020



Illumina-led Opinion Article



Sesh Cole Jen Wambach Katie Shields Dan Wegner

NICUSeq: Collaboration with Illumina 
for Clinical Whole Genome Sequencing

• NICU, PICU, CICU Attendings and Nursing Staff
• SLCH Phlebotomy Lab



NICUSeq 2020 ASHG abstract:

“Twice as many of the 15-day arm participants had a change in 
management compared to those in the 60-day arm (34 vs 17, 
p=0.0086; OR 2.3 [95% CI: 1.22, 4.32]). The most frequent 
changes of management were subspecialty referrals (n=37), 
medications (n=19) and surgery or other invasive procedures 
(n=16).”

Publication in progress.

Economic analysis is pending.
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Focus: Variant Analysis and 
Interpretation ( = VCF filtering)

(Not variant calling 
= FASTQ to BAM/CRAM to VCF…)



Variant vs. Gene Interpretation

• Missense variants account for the majority of 
findings in human sequencing study. How to 
establish pathogenicity? 
– Richards, et al. ACMG guidelines, for “known” 

disease genes.
• Implicating a new gene versus implicating a 

variant or set of variants in known gene 
(ClinGen guidelines). “GUS” = Gene of 
Uncertain Significance



Figure 3

An Overview



Kobren, Baldridge, et al.



The playing field
• Types of variants
– Protein coding

• Nonsense, Frameshift
• Missense

– Non-coding 
• Splice site disruptors
• Promoter disrupters
• Regulatory element 

disruptors
– Structural variants 

• (may affect multiple 
features)

• Types of Annotations
– Population frequencies
– Evolutionary constraint
– Biochemical 

consequences
– In vitro or in vivo 

experimental assays
• ENCODE, etc.

– Phenotypes
• Mouse knockouts, cellular 

assays, etc.
– Etc.
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Amino Acid Substitutions

• SIFT
• PolyPhen
• CADD
• REVEL



Percent pairwise agreement percentages (upper right 
triangle) and Spearman's rank correlation coefficients 
(lower left triangle)

Historical methods for annotating 
amino acid substitutions are not 

concordant

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3145015/

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3145015/


“New” methods are published weekly 

• At least 50-100 methods have now been 
developed.

• “New” methods depend on
– New training data
– Ensemble methods (combining methods)



CADD – Ensemble Method

2019 update: https://academic.oup.com/nar/article/47/D1/D886/5146191

https://academic.oup.com/nar/article/47/D1/D886/5146191


Kobren, Baldridge, et al.

Among leading rare-
disease-gene discovery 
teams, there is some 
diversity in which tools 
are used to evaluate 
potential pathogenicity of 
variants.
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Functional Consequences of Mutation 

• A wild type phenotype is produced when an organism has 
two copies of the wild type allele

• Mutant alleles with functional changes can be:
• Gain-of-function, in which the gene product acquires a 

new function or express increased wild type activity
• Loss-of-function, in which there is a significant 

decrease or complete loss of functional gene product



Loss-of-Function Mutations

Amorphic = no function

Hypomorphic = less function



LoF = what is the big deal?

• LoF = (presumed?) Loss of function 

• High functional impact

• They form an Equivalence “class” that can be used to 

improve comparisons among human and between 

human and model organism

• Potentially easier to identify

– Can predict Protein Truncating Variants (PTV) from primary 

sequence

– However not all PTV = LoF

• pLI and o/e metrics: 

https://macarthurlab.org/2018/10/17/gnomad-v2-1/

- “constraint”

• Implications for drug development

https://macarthurlab.org/2018/10/17/gnomad-v2-1/


PCSK9 story

https://www.nps.org.au/australian-prescriber/articles/pcsk9-inhibitors-mechanisms-of-action



Integrating RNA-seq – interpreting 
personal genomes

• Assess the extent of biallelic expression at 
recessive disease genes harboring 
heterozygous genotypes

• Assess the extent of NMD in LoF-containing 
transcripts

• Detect “weird” isoforms
• Feasibility
– sampling issues – tissue availability
– Chronic versus developmental disease



Undiagnosed Diseases Network (UDN) 
RNA-seq paper
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Interpreting non-coding variation is a 
very hard problem.

• Biggest challenge is that there are not many examples 
of bona fide disease causing non-coding variants…

• Ways to attack:
– Evolutionary constraint
– QTL mapping
– ENCODE annotations
– CADD provides scores for non-coding variants
– High throughput functional screening (MPRAs)

• Tychele Turner is teaching later in this course and has a 
recent publication about identifying pathogenic non-
coding variants in autism.



Outline
• Motivation: Rare Mendelian disease
• Current state of genome sequencing
• Variant analysis and interpretation
• Predicting effects of genic variants
– Amino acid substitutions
– Loss of function alleles and splice site variants

• Predicting effects of non-coding variants?
• Experimental characterization of functional 

effects



Three Potential Solutions
1) Find additional families with similar variants 
and phenotypes.
2) Improve in silico methods.
3) Carry out functional studies.

Clinical 
Expertise

Research
Expertise

http://www.senescence.info/aging_models.html



Local Experts in Functional 
Genomics

Christina Gurnett Barak Cohen



MAVEs: multiplexed assays for variant effects

Enabled by 2 major factors:
-Next generation sequencing
-breakthroughs in low-cost oligo synthesis
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Outline for Part 2

• Undiagnosed Diseases Network (UDN)
• A Motivating Case Example
• ACMG Variant Interpretation Guidelines
• ACMG 59 genes for Secondary Findings
• ClinGen Gene-Disease Guidelines
• Resources



Focus is on 
Undiagnosed Mendelian Disorders



Genomic Medicine 2019 Lancet Series

https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(19)31140-7/fulltext

First of 5 articles:

https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(19)31140-7/fulltext


Approaches to mapping disease variants

LINKAGE
ANALYSIS

Vs.

ASSOCIATION
ANALYSIS

Vs.

N=1 
ANALYSIS



Undiagnosed Diseases Network (UDN) 
Model Organism Screening Centers



Undiagnosed Mendelian Disorders

• Imagine receiving the following exome 
sequencing result on the next slide.



De-identified Example of 
an Exome Sequencing Report



Questions about 
Variant Interpretation

1. How is variant interpretation done today? Are 
there guidelines we should follow?
2. What are ACMG Secondary Findings?
3. What is a candidate gene, and how is a 
disease-gene relationship defined?
4. What resources are available to aid in 
gathering relevant information about a gene / 
variant?



ACMG Guidelines 



Genetics in Medicine (2015) 17, 405–423 

(Cited 11,865 times via Google Scholar, 9/7/21)



What is goal of interpretation?
Place variants into a 5 tier system:

Tier Definition
Pathogenic Near certainty that variant is pathogenic

Likely Pathogenic > 90% chance variant is pathogenic*

Likely Benign > 90% chance variant is benign*

Benign Near certainty that variant is benign

Variant of Uncertain 
Significance (VUS)

Otherwise

These statement should be made in the context of a particular disease phenotype

Incidental findings = pathogenic variants that produce a trait other than the indication 
for sequencing

*90% is a historical definition, may not be state-of-art today



Important Side Notes:

1. In general, harboring only ONE affected allele for an 

autosomal recessive condition makes you a carrier for the 

condition, and would not be predicted to result in clinical 

features of the condition.

• Therefore, we must take known inheritance of the 

disorder and inheritance pattern of the variant(s) in 

question into account.

2. The Richards et al. 2015 ACMG Variant Interpretation 

Guidelines only apply to interpreting variants in KNOWN
disease causing genes, and NOT candidate genes or “GUS”.



ACMG Variant Interpretation Guidelines

29 categories:

Pathogenic
PVS1 (Very strong)
PS1-4 (Strong)
PM1-6 (Moderate)
PP1-5 (Supporting)

Benign
BA1 (Very strong)
BS1-6 (Strong)
BP1-6 (Supporting)



ACMG Guidelines



ACMG Variant Interpretation Guidelines
Computational or predictive data:
Predicted null variant in a gene where LOF is a known mechanism of disease (PVS1)
Same amino acid change as an established pathogenic variant (PS1)
Novel missense change in gene where a different pathogenic variant ID’d (PM2) 
Multiple lines of computational evidence support deleterious effect (PP3)
Multiple lines of computational evidence support no impact (BP4, BP3, BP7)
Missense in gene where only truncating cause disease (BP1)

Functional Data:
Well-established functional studies show a deleterious affect (PS3)
Mutational hotspot or well-studied functional domain without benign variation (PM1) 

De Novo Data:
De Novo (paternity and maternity confirmed) (PS2)
De Novo (paternity and maternity NOT confirmed) (PM6)

Segregation Data:
Segregation with multiple affected family members (PP1+)



ACMG Variant Interpretation Guidelines

Population Databases:

Prevalence in affecteds statistically increased over controls (PS4)

Absent in population databases (PM2) 
MAF is too high for disorder (BA1, BS1, BS2)

Allelic Data:

Recessive disorder, observed in trans with a known pathogenic variant (PM3)

Observed in cis with a known pathogenic variant (BP2)

Other database:

Reputable source = pathogenic (PP5)

Reputable source = benign (BP6) 

Other data:

Patient’s phenotype or FH highly specific for gene (PP4)

Found in case with an alternate cause (BP5)



ACMG Variant 
Interpretation Guidelines

“Fuzzy math” to 
sum categories

Example calculators:
https://calculator.clinicalg
enome.org/site/cg-
calculator

http://wintervar.wglab.or
g

Use with caution!

https://calculator.clinicalgenome.org/site/cg-calculator
http://wintervar.wglab.org/


Questions about 
Variant Interpretation

1. How is variant interpretation done today? Are 
there guidelines we should follow?
2. What are ACMG Secondary Findings?
3. What is a candidate gene, and how is a 
disease-gene relationship defined?
4. What resources are available to aid in 
gathering relevant information about a gene / 
variant?



ACMG Secondary Findings
Consider the concept of Incidental or Secondary Findings, 
e.g. a Chest X-ray.



ACMG Secondary Findings
“To promote standardized reporting of actionable information from 
clinical genomic sequencing, in 2013, the American College of Medi-
cal Genetics and Genomics (ACMG) published a minimum list of 
genes to be reported as incidental or secondary findings. The goal 
was to identify and manage risks for selected highly penetrant 
genetic disorders through established interventions aimed at 
preventing or significantly reducing morbidity and mortality.” 

“[M]edical actionability was evaluated according to a 
semiquantitative metric that included the following major 
adjudication criteria: severity of disease/nature of the health threat; 
likelihood of the disease/health threat materializing (i.e., penetrance); 
efficacy of specific intervention(s); and overall strength of the current 
knowledge base about the gene/condition.”



ACMG Secondary Findings, v3.0 = 73 genes

Around 4% of patients will have Secondary Findings on exome sequencing reports.
Around 90% of families elect to receive these findings, depending on the venue.
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Defining Gene-Disease Relationships: 
As Curated by ClinGen
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Defining Gene-Disease Relationships: 
As Curated by ClinGen

https://clinicalgenome.org/site/assets/files/5391/gene_curation_sop_pdf-1.pdf



Defining Gene-Disease Relationships: 
As Curated by ClinGen

https://clinicalgenome.org/site/assets/files/5391/gene_curation_sop_pdf-1.pdf
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Variant Interpretation

1. How is variant interpretation done today? Are 
there guidelines we should follow?
2. What are ACMG Secondary Findings?
3. What is a candidate gene, and how is a 
disease-gene relationship defined?
4. What resources are available to aid in 
gathering relevant information about a gene / 
variant?



Resources
• gnomAD
• BRAVO
• denovoDB
• Geisinger DiscovEHR
• Geisinger DBD
• ClinVar
• MARRVEL
• MutationTaster
• Mutalyzer
• VEP, ANNOVAR



Population Databases

• 1000 genomes->EVS->ExAC->gnomAD->?

ExAC (Oct ‘14):

61K exomes

pLI

gnomAD v1 (Oct ‘16):

123K exomes

15K whole genomes

http://gnomad.broadinstitute.org/

gnomAD v2 (Oct ‘18):

same data, new browser

pLI -> oe metric

gnomAD v3 (Oct ‘19):

71K genomes

hg 38 aligned

(structural variants)



BRAVO

• gnomAD-like resource
• TOPMed program results: >62,000 WGS
– The are affected individuals (most are adult-onset 

cardiovascular or pulmonary phenotypes), not healthy 
controls!

– Some samples overlap with gnomAD!
• Requires registration to access
• Careful about hg19 vs. hg38 coordinates!

https://bravo.sph.umich.edu/freeze5/hg38/

https://bravo.sph.umich.edu/freeze5/hg38/


denovoDB

• Manual curation of de novo variants from the 
published literature
– Previously maintained by Tychele Turner, WUSM 

Genetics faculty
• Publication: 

https://academic.oup.com/nar/article/45/D1/
D804/2770653

http://denovo-db.gs.washington.edu/denovo-db/

https://academic.oup.com/nar/article/45/D1/D804/2770653
http://denovo-db.gs.washington.edu/denovo-db/


Geisinger / Regeneron DiscovEHR

http://www.discovehrshare.com/
https://www.geisinger.org/-/media/OneGeisinger/pdfs/ghs/research/mycode/Latest-
MyCode-Results-Reported.pdf?la=en

50,726 exomes
NOT healthy population
Linked to EHR data (not publicly available)

Not user friendly, but can download VCF.

Continuing to sequence. Summer 2020 = >144,000.
Returning Secondary Findings.

http://www.discovehrshare.com/


Geisinger Developmental Brain Disorder 
Genes Database

http://dbd.geisingeradmi.org

Curation of published literature.
Useful for Neuropsychiatric phenotypes (e.g. autism).
Provides running tally of genes with de novo LoF or missense variants.
Useful for dominant, de novo disorders.



ClinVar www.ncbi.nlm.nih.gov/clinvar

u Archive of interpretations of variants relative to conditions

u Variant-level information

u Fully public and freely available

u Submission-driven database

u Primary submissions

u Expert-curated submissions

u Curation support from NCBI staff



Standardize data
Content Authorities

Accessions for the variant location dbSNP, dbVar

Genes HGNC

Conditions Orphanet: group terms
OMIM: disease-specific terms
Human phenotype ontology: clinical features

Reference sequence Assembly: Genome Reference Consortium (GRC)
Gene-specific: RefSeqGene/LRG

Type of variation, location in gene Sequence ontology, HGVS

Variant effects VAriO, Sequence ontology

Clinical significance ACMG



ClinVar standardizes data
607008.0001
985A>G
985A>G (K304E)
985A>G (K329E)
A985G
ACADM, LYS304GLU
K304E
K304E (985 A->G)
K304E (K329E)
K304E only
K329E
K329E(985A>G)
LYS304GLU
Mutation c.985A>G (p.K304E)
c.985A>G
c.985A>G (p.K304E)
c.985A>G (p.Lys304Glu
c985A>G
includes: K304E (985A>G)
p.K304E
p.Lys329Glu
previously known as p.Lys329Glu
Analysis of ACADM 985A>G 
mutation

NC_000001.10:g.76226846A>G

NG_007045.1:g.41804A>G

NM_000016.4:c.985A>G

ACADM:c.985A>G

NP_000007.1:p.Lys329Glu

rs77931234:A>G



ClinVar review status

Practice guideline

Reviewed by expert panel

Multiple interpretations with assertion criteria that agree

• One interpretation with assertion criteria
• OR multiple interpretations with assertion criteria but conflicting

• No interpretations with assertion criteria 
• OR no interpretation provided



ClinVar

NF1 example: 
https://www.ncbi.nlm.nih.gov/clinvar/variation/426634/#summary-
evidence 



MARRVEL

A database aggregator built for the UDN.
“MARRVEL (Model organism Aggregated Resources for Rare Variant 
ExpLoration) allows users to search multiple public variant databases 
simultaneously and provides a unified interface to facilitate the 
search process.”

http://marrvel.org/

http://marrvel.org/


MutationTaster

Another pathogenicity predictor.
Provides residue-level orthology.
Can also be used to check variant nomenclature in an 
orthogonal manner.

POLR1B example:
http://www.mutationtaster.org/



Mutalyzer

Use of this tool is required in order to publish in the American 
Journal of Human Genetics, and other journals.
Includes a Name Checker (for HGVS nomenclature) and 
Position Converter.
Very Useful!

POLR1B example:
https://mutalyzer.nl/



Variant Annotators
Will append your VCF file with MANY annotations, including population 
frequency and pathogenicity prediction tools.

VEP: Variant Effect Predictor from Ensembl
https://useast.ensembl.org/info/docs/tools/vep/index.html
(Be careful about uploading human data to web-based tools – ask your 
PI first.)

ANNOVAR:
http://annovar.openbioinformatics.org/en/latest/

Can then use Excel and/or scripts to filter and sort for variants of 
interest.

https://useast.ensembl.org/info/docs/tools/vep/index.html
http://annovar.openbioinformatics.org/en/latest/


Three Potential Solutions
1) Find additional families with similar variants and 
phenotypes.
2) Improve in silico methods.
3) Carry out functional studies.

Clinical 
Expertise

Research
Expertise

http://www.senescence.info/aging_models.html


