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What are the barriers to genomic medicine?



The harms and costs will outweigh and benefits.

Participants (or their providers) will

misunderstand genomic information.

Genetic information is toxic.



The REVEAL Study 

The PGen (DTC) Study

The MedSeq Project

The BabySeq Project

The PeopleSeq Consortium

The MilSeq Project



Is genomic information toxic?
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Is genomic information misunderstood? 



Impact of Personal Genomics 
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How are we using exome and genome sequencing

in the current practice of medicine?



In the clinical realm, WES/WGS 
is currently used most for: 

• undiagnosed disease

and 

• treatment of cancer

Biesecker and Green, NEJM, 2014



The problem and opportunity of incidental and 

unanticipated findings with clinical sequencing 



Inherited Cancer Disorders

Hereditary Breast and Ovarian Cancer

Li-Fraumeni Syndrome

Peutz-Jeghers Syndrome

Lynch Syndrome

Familial adenomatous polyposis

Von Hippel Lindau syndrome

Retinoblastoma

WT1-related Wilms tumor

Neurofibromatosis type 2

Tuberous Sclerosis Complex

Multiple Endocrine Neoplasia Type 1

Multiple Endocrine Neoplasia Type 2

Familial Medullary Thyroid Cancer (FMTC)

PTEN Hamartoma Tumor Syndrome

Polyposis/Juvenile polyposis; Colorectal adenomas; FAP

Hereditary Paraganglioma-Pheochromocytoma Syndrome

Cardiac Disorders

EDS - vascular type

Hypertrophic cardiomyopathy

Dilated cardiomyopathy

Catecholaminergic polymorphic ventricular tachycardia

Arrhythmogenic right ventricular cardiomyopathy

Romano-Ward Long QT Syndromes, Brugada Syndrome 

Marfan Syndrome, Loeys-Dietz, Familial Thoracic Aortic Aneurysms 

Other:Wilson Disease, OTC, Malignant hyperthermia susceptibility, Familial hypercholesterolemia

Green et al, Genet Med, 2013

Kalia et al, Genet Med, 2016

The “ACMG 59” monogenic risk genes



Genome Screening

What is the 

right analogy?



How will large scale research projects manage 

unanticipated genomic findings?



Major US Biobank/Sequencing Research Studies
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What are the medical, behavioral and economic outcomes

associated with unanticipated findings from sequencing?



The MedSeq Pilot Project

NIH HG006500



Project 2 Workflow
The MedSeq Project 

Physician reviews family history information and discloses results from Genome Report

Patient’s electronic medical record

Medical Record Review

Standard of Care 

+ 

Family History Review

Standard of Care 

+ 

Family History Review

+ 

Genome Report

Standard of Care 

+

Family History Review

+

Genome Report

Standard of Care

+

Family History Review

Primary care physicians and 

their healthy middle-aged patients

Randomize each patient to receive

Cardiologists and 

their patients with cardiomyopathy

Randomize each patient to receive
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Vassy et al, Trials 2014



All variants ≥10% in 

WGS

Cases

ClinVar >5%

Medical 

exome

>1%

Gene 

exclusions

Variant 

exclusions

~
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Data Set A  ≥ 10% MAF WGS Cases

➢ Excludes common technical FPs

➢ Common indels wrong nomenclature

➢ Exceptions FV, HFE, SERPINA1

Data Set B - Gene Exclusions

• Evidence for gene-disease association

= none, limited, or disputed

• Non medically relevant phenotype

Data Set C - Variant Exclusions

• Benign interpretation

• LOF but LOF not disease 

mechanism

• GWAS or PGx association only

Original filters Curated Exclusion Datasets

A B C

Genome / Exome Filtering Approach

71

31
11

2

611
Pathogenic
Likely Pathogenic
VUS-Favor Pathogenic
Other
Not reported

Not reported variants: 82%
• VUS, Likely Benign, Benign

• False positive variants

Reported 

variants: 18%

C
5%

Assessed
13%

A
69%

B
13%

HGMD

Novel

LOF

<60 

variants
20-40 

variants

10-30 

variants

McLaughlin et al, BMC Med Genetics, 2014



• Monogenic risk variants 

• Polygenic risk variants

• Carrier variants

• Pharmacogenomic variants

• Blood groups

• Additional Pages… 

• Structured variant data

• Variant evidence

• Disease/inheritance 

• Supporting references 

Understandable

reporting 

Vassy et al, Trials, 2014

McLaughlin et al, BMC Med Genetics, 2014



MedSeq Project 

Medical Outcomes



Reported findings from MedSeq Project 

analysis of variants in ~4600 genes

Mendelian

Disease Risk 

SFs

Carrier 

Status 

SFs

Diagnostic 

Findings in the 

Cardiology Cohort

# of patients 
21/100

(21%)

92/100

(92%)

24/50

(48%)

Mean reported variants per 

patient
.21 2.3 0.54

Range of reported variants per 

patient
0-1 0-7 0-2

McLaughlin et al, BMC Med Genetics, 2014

Vassy et al, Ann Int Med, 2017



Gene Disease Classification Phenotype?

RDH5 Fundus albipunctatus (x2) P

PPOX Variegate porphyria P

LHX4 Combined pituitary hormone deficiency P

HFE Hereditary hemochromatosis (x2) P

COL2A1 Spondyloepiphyseal dysplasia congenita LP

ANK2 Ankyrin-B related cardiac arrhythmia LP

KCNQ1 Romano-Ward syndrome LP

F5 Factor V Leiden thrombophilia Risk allele

ARSE Chondrodysplasia punctata VUS: FP

TNNT2 Hypertrophic cardiomyopathy VUS: FP

PDE11A Primary pigmented micronodular adrenocortical disease VUS: FP

”White spots” in 

fundi, difficulty with 

dark adaptation
“Odd rashes,” 

family history of 

photosensitivity

Normal ferritin, 

elevated transferrin 

saturationNegative ECG and 

stress test

Unanticipated monogenic disease risk variants

Vassy et al, Ann Int Med, 2017



MedSeq Project 

Behavioral Outcomes



Anxiety and Depression in Whole Genome Sequencing
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Christensen et al, in preparation



MedSeq Project 

Economic Outcomes



Median: 

$2,756 vs $2,819

Mean: 

$4,841 vs $8,750

p=0.20

Prolonged hospitalization

New diagnostic

findings

Vassy et al, Ann Int Med, 2017

Christensen et al, Genet Med, 2018

Medical Costs After Sequencing



NIH NSIGHT Consortium - HD077671 (2013-2018)

“…whether you like it or not, a complete 

sequencing of newborns is not far away”

Francis Collins, 2012



BabySeq Project

Preliminary Medical Outcomes



BabySeq Unanticipated 

Monogenic Disease Risks 

163
newborns 
sequenced

11% 
w/ findings predictive of monogenic disease 

(18 cases)

89% 
w/ no findings or only carrier status variants 

(145 cases)

Yu et al, in preparation



18
cases w/

pathogenic 
or likely 

pathogenic 
findings

4
cases 

w/diagnostic
findings

cases w/out clinical or family hx for disease 
(some workups pending)

MYBPC3, VCL, TTN (2), CD46, G6PD

findings prompted discovery of 
unrecognized clinical phenotype 

BTD, ELN, GLMN

1finding explains observed clinical phenotype
ANKRD11

3

6

cases w/consistent family history of the disease
KCNQ4, SLC7A9, TTN (2), BRCA2 (2), MSH28

BabySeq Unanticipated Monogenic 

Disease Risks and Findings 

Yu et al, in preparation



BabySeq Project

Preliminary Behavioral Outcomes



4.0

8.0

12.0

16.0

20.0

Baseline Post-Disclosure 3-Month 10-Month

A
v
e
ra

g
e
 P

a
re

n
t 

V
B

S
 S

c
o
re

Average Parent VBS Scores Across Time
Parent N=168  ||  Infant N=122

Control (Parent n=73, Infant n=54) WES (Parent n=95, Infant n=68)

Pereira et al, in preparation



0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

22.0

24.0

Baseline Post-Disclosure 3-Month 10-Month

A
v
e
ra

g
e
 P

a
re

n
t 

M
IB

Q
 S

c
o
re

Average Parent MIBQ Score Across Time
Parent N=168  ||  Infant N=122

Control (Parent n=73, Infant n=54) WES (Parent n=95, Infant n=68)

Pereira et al, in preparation



7.4

11.2

4.0

8.0

12.0

16.0

20.0

No Monogenic Finding
(Parent n=105, Infant n=71)

Yes Monogenic Finding
(Parent n=7, Infant n=4)

A
v
e
ra

g
e
 P

a
re

n
t 

V
B

S
 S

c
o
re

 a
t 

1
0

-M
o
n
th

s

Average WES Parent VBS Scores by Monogenic Finding at 10-Months
Parent N=112  ||  Infant N=75

Pereira et al, in preparation



BabySeq Project

Preliminary Economic Outcomes
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3-Month Total Downstream Costs

Christensen et al, in preparation



But wait, there’s more!



The Challenge of Penetrance



Natarajan et al, Science Trans Med, 2016.

Framingham Heart Study (N=462) 
and Jackson Heart Study (N=3218)



Newborn 

sequencing

• Robust monogenic risk identified in 11-18% of 3 separate 

populations screened with the full Mendeliome. 

• Consistent reassurance that psychological distress rare among 

individuals/families electing risk information.

• Previously undiscovered medical abnormalities, and medical 

benefits in multiple domains identified in one-quarter of those 

with positive monogenic findings.

• Downstream medical costs are increased, but modestly.

• Penetrance of Mendeliome may be higher than anticipated over 

long time frame and with directed (non-EHR) phenotyping.

• In combination with polygenic risks, reproductive risks, 

pharmacogenomic risks and novel uses such as blood typing, 

the genome can provide tremendous (aggregate) value today.

Population screening

The Power of Small Data
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Web: genomes2people.org

Twitter: @robertcgreen

@genomes2people

Email: rcgreen@bwh.harvard.edu

Thank you !
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