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COMMENTARY

Common sense for our genomes

A personal DNA sequence is not yet practically useful. But it could be, argues StevenE. Brenner, if we had

the right resources available to interpret genomes.

of James Watson and |. Craig Venter elic-

ited headlines in recent months, but most
press reports struggled to offer meaningful
interpretations. The most noted observation
was that Venter has a particular gene variant
predisposing him to cardiac disease, although
his family history was enough to let him know
about this general risk. If the genome is so
revealing, why was so little revealed?

Itis telling that Venter said he learned about
the cardiac disease gene in a newspaper report.
Put simply, even we in the scientific community
can't easily come to grips with what we know.
The effects of gene variations are scattered in
hundreds of databases, across hundreds of
interpretative reports in clinical laboratories,
and among millions of manuscripts and pat-
ent applications. And although some papers

Revelation of the complete DNA sequences

unique single-nucleotide substitution”.

Visionary geneticists have long contem-
plated building a resource to consolidate our
understanding of genome variation. However,
academic squabbles and misunderstand-
ings caused the most comprehensive effort
— involving hundreds of scientists backed
with millions of dollars — to founder’. Per-
haps they were premature? Until recently, it
was rarely productive to look beyond a single
gene known to be of research or clinical inter-
est. Today, the situation has changed radically.
With the prospect of inexpensive personal
genome sequences, there is profound impetus
for integrating our knowledge of genetic vari-
ation and its effect on a genomic scale.

Covering the bases
Many of the foundations for describing human



Current newborn screening for metabolic disorders
Is based on blood biochemical metabolites

Tandem Mass Spectrometry (MS/MS)
biochemical profile

Normal
-Tyr

JL . Positive screens
A PKU ) lead to follow-up
A

and diagnosis
_— in metabolic centers

48 ~150
babies per year types of metabolic disorders newborns per year are
born and screened are screened by MS/MS diagnosed with some
in California metabolic disorder

sensitivity > 99%
specificity > 99%



Current status of MS/MS newborn screening

Sensitivity: 99.3%
1 false negative

MS/MS
Screening
(CDPH 2015)

149 affected newborns

Implications of False Negatives

Severe neurological symptoms,
irreversible damage,
death

Specificity: 99.7%
Y 1,362 false positives

484,991
true negatives

486,353 unaffected newborns

Implications of False Positives

Medical care to resolve false positive
Parental stress and anxiety,
“fragile baby syndrome,”
reduced parent bonding



MS/MS has specificity of 99.5%,
yet for some conditions PPV is low

The same MS/MS screen can sometimes

resolve to different disorders
1 LCHADD

1 MMA
1 CPT2D

1 CATD
1 ,254 cases screened _[1 M/SCHADD

for whom
glutaric acidemia type | (GA-I)
Is part of the
differential diagnosis

130

have some
disease

disorders

Actual disease distribution

CPDH data from 7 July 2005 to 31 December 2013



NBSeq U19 HD077627 Grant Abstract

Newborn screening (NBS) is an essential public health program in all 50 states. The falling cost of whole
genome/ exome sequencing provides an opportunity to ask whether whole genome analysis (WGA) might
serve as a method of cost-effective newborn screening for any and every condition. We will address certain
critical questions raised by the application of this technology to NBS. We will use Whole Exome Sequencing
(WES) as a cost-effective method of WGA in 1620 newborn blood spots that are linked to the clinical data of
thﬁ Bewbordns. We will then test WES as a NBS Tool for metabolic and immunological disorders. These data
will be used to:

1) compare the sensitivity and specificity of mutation data with
biochemical testing,

2) identify gene variants that predict which children with certain
metabolic disorders are at greater risk for metabolic

decompensation

3) identify mutations in genes responsible for those primary immunodeficiencies that are not detected by the
current T-Cell receptor excision circle assay used for severe combined immunodeficiency screening, and

4) scan 9 genes for variants that are clinically important for drug metabolism and would be typical "secondary
findings" if WES were to be used as a NBS method.

We will also develop a participant protection framework for conducting WGA during the neonatal period,
determine the views, perspectives, and value preferences of key stakeholders about using WGA for NBS,
collaborate with the UC Hastings Consortium on Law, Science and Health Policy, to identify the legal and
constitutional issues for using WGA, and for incorporating PGx into NBS programs, and develop and
disseminate policy recommendations for expanded NBS programs based on WGA.

Public Health Relevance

We plan to test the use of one method of whole genome analysis, whole exome sequencing, as the sole
method of newborn screening for disorders currently being screened for and others that are missed by current
newborn screening but for which newborn screening might be appropriate. This would provide substantial
public health benefit for newborns who might otherwise go undiagnosed and untreated while serious, even
irreversible, damage occurs. Equally important, we will explore parents’ interest in incidental findings and
develop appropriate legal frameworks to make sure NBS by WGA can be done ethically.
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Whole exome sequencing of dried blood spots
from most affected children for 8.5 years in CA

Actual metabolic disease state

Affected

Healthy

MS/MS screening

Positive Negative
MS/MS MS/MS
True Positives | False Negatives

1334 DBS 13 DBS

900 exomes

MS/MS MS/MS
False Positives True Negatives

10,011 DBS 4.44 million DBS

316 exomes 0

CPDH data from 7 July 2005 to 31 December 2013

The de-identified residual DBS from the California Biobank for this project
(SIS request number 496) were obtained with a waiver of consent from the
Committee for the Protection of Human Subjects of the State of California,
under project no. 14-07-1650 and in compliance with CDPH Biospecimen
/Data Use and Confidentiality Agreement.



Variant interpretation pipeline

Individual exome variants

!

78 metabolic disorder genes
(appris transcripts, haplotype caller w/ GQ>15 calls)

Impact Curation CNV (copy number variation)
arm arm arm

XHMM
deletion calls

RE > 0.5 ClinVar 4,5 I:II?ISe? (except PRODH,
a“;’;” ETFA, HCFC1)
1000G, ExXAC l 1000G, ExXAC |
MAF < 0.005 MAF < 0.001 l

Protein altering, or
CADD_any > 23, or

HGMD DM

Manual
call of

zygosity

Local phasing ]
of CNV

Exclude ClinVar benign | =——fj— NBSeq “exclude”
2,3 % l variant list

Call the
* MAF for X-linked = 0.0002 Inheritance (21 hom, 22 het)** — Severest-effect
**and heterozygous OTC Gene



Example of a typical true positive case:
Two variants flagged in relevant gene

PKU is caused by
defects in the PAH
gene

MS/MS Diagnosis NBSeq
screen exomes

All variants in the PAH gene not flagged by the pipeline in the exome

Nonsynonymous (L348V) 0.00 24.7DM  Pathogenic(*x) Heterozygous -> Two variants flagged
Nonsynonymous (R241H) 0.00 31DM Pathogenic(x) Heterozygous —> by the pipeline

Both are compelling:
- alter protein sequence
- very rare
- curated as pathogenic
- predicted as damaging



Exomes unsuitable alone

for newborn screening for IEMs
Sensitivity: 99.3% Specificity: 99.7%
1 false negatives - 1,362 false positives

MS/MS
Screening 484,991
(CDPH true negatives
2015)
149 affected newborns 486,353 unaffected newborns
Sensitivity: 88% Specificity: 95%
103 false negatives —_— 1,29 false posmve.s
Exomes fail to flag Pipeline flags variants
correct gene in metabolic
NBSeq 2 401 disorder genes
exomes expected
negatives

674 Affected individuals 2504 individuals (1000 Genomes Phase 3)



Why?

674 Affected
individuals

Half lack any missense variants in relevant genes
Half have only one heterozygous missense variant



Some sources for false negatives

FN2 FN3

fails to

fails to

flag VD flag IVD

MS/MS Metabolic NBSeq MS/MS Metabolic NBSeq

screen center exomes screen center exomes
diagnosis IVA: Isovaleric acidemia diagnosis

No interesting variants in the IVD gene in the exome



Some sources for false negatives
FN2 FN3

fails to

flag IVD

MS/MS Metabolic NBSeq MS/MS Metabolic NBSeq

screen center exomes screen center exomes
diagnosis IVA: Isovaleric acidemia diagnosis

Whole genome sequencing reveals potential /VD deletions

lVDgene‘ ” I"I ”" I

ARy,
:

B

FN2 e S ®
(IVA diagnosed) : Reags spanning deletion

Littleézoverage—in—-ﬁrst—threg;exons

v —y : SEEPUINPN " PP PP . P PO gy Y e
FN3 ' j AL : wher _ Little coverage
(IVA diagnosed) : e ~ . in E)(Sn 12

' E Low coverage across IVD geg



Some sources for false negatives

MCAD
positive
MS/MS Metabolic NBSeq
center
screen . : exomes
diagnosis

Noncoding variants could be pathogenic

Example: MCADD (Medium-chain acyl-CoA dehydrogenase deficiency)

ACADM gene

.q.l.l_l...l........._

Variant 1(flagged) Variant 2 (not flagged)

Nonsynonymous (Y67H) Intronic(-14A>G)

MAF(1000 Genomes 0.0000 0.0002

| HGMD DM? -
5 (k) -

m Heterozygous Heterozygous




Branch point prediction does not implicate the variant

Location of u19m variant

VoV ov o oWW

--- >TACATATCCAATAAAAATGACTTGATTTTTTAATGTCAATTTTCTTCGGTAGCAAATGCCTATT.

ACADM
ACADM N EER
ACADM  Q IM_ P |
ACADM
| ACADM KN Ea
100 Vert. Cons -__L_;_i_‘—‘,i—-_-,,_i*____l—.__-,,,—_i_Ji‘
Gaps 1 2 1 g6 13105 2 6
PwmmTACATATCCAATAAAAATGACTTGATTTTTTAATGTCAATTTTCTTCGGTAG Q M P |
Rhesus TACATATCCAATAAAAATGACTTGATTTTTTAATGTCAATTTTTTTCGGTAG Q@ M P |
Mouse TACGTAACTAATTTAAATATCTCGACGTCTTAATGTTAATCTCCCTTGGTAGI@ M P V
DogTACATACCTAATAAAAATATCTTGTTTTTTCAATGTCGCTTTTCTTIGGTAG @ M P L
Elephant TACATATCTATTA - AAATATCTTGCTTTTTCAATGTCAATTTTCTGTGGTAG E M PV
Chicken
X _tropicalls================================================ == AG|[ PV BNV
Zebrafish======TCTAA - - AAAGTTACT=G---TTTT|-ATATT=ATC----- - - - TAGQ M P V
Lamprey=================================-TTA-TTTGCTTTGC-AGE@Y M IPY V

J Predicted candidate branch points (SVM-BPfinder?)

1.http://requlatorygenomics.upf.edu/Software/SVM BP/ - accessed 11 Nov 2016




Exome identifies a potential late-onset disorder

Exome flagged two heterozygous variants in ETFDH
VLCAD VLCADD GA-II Mutations in ETFDH cause GA-II

MCAD Carrier (ETFDH | Mutation| A84T R175H
Nonsynonymous  Nonsynonymous
0.0002 0
MS/MS Metabolic NBSeq g 5DI\£ 5DI\£
screen _center_ exomes DE) Hetero(zy;ous Hetero(zy)gous
diagnosis Identical pair of compound heterozygous mutations

reported in 6 /ate-onset GA-ll patients from 5 families?

EEGA-II

[ JVLCAD
[ ]JVLCAD carrier
[[] Reference range
VLCADD: Very long chain acyl-Co-A

dehydrogenase deficiency
GA-II: Glutaric acidemia type Il

Multiple of reference median

C12 C14:1/C2  C14:1 C12:1 C14 C14:1/C16  C14:2

Analyte
Content reproduced from R4S (Region 4 Stork) website
hipps://www.clir-rds.orqg (shown with permission)

1. Wang (2011) J Mol Med 89: 569 DOI: 10.1007/s00109-011-0725-7




Current potential for sequencing in screening
Preliminary findings

. Cg carnitine
-4 N
] C, camitine C,o.4 camitine
Dvi' . !j_ " L UM — — J_LA
ot 225 250 275 300 325 350 375 400 425 450 475 500
v
MS/MS Banta-Wright (2004) J Perinat Neonat Nurs 18: 41

https://sites.psu.edu/siowfal4/

Newborn Screening

General Population MS/MS positive
Missed cases render

: In several MS/MS screen positive cases,
exome sequencing alone

sequence data provided information

unsuitable for population newborn that would help inform diagnosis

screening of metabolic disorders

Potential for sequencing exists in:

NICU (high MS/MS false positives) ¢« Dissecting the allelic complexity in metabolic disorders
Screening of specific disorders « Considering genomes, which reveal more than exomes
Expanding newborn screening » Future improvements in technology and interpretation

for more genetic disorders



Variant interpretation pipeline

Sensitivity Individual exome variants

55% |

78 metabolic disorder genes
Specificity (APPRIS transcripts, GATK haplotype caller w/ GQ>15 calls)

99.9% Curation
arm
HGMD DM Did we learn the wrong lesson
ClinVar 4,5 from Guthrie and PKU?

1000G, ExXAC H ;
MAF 2 0.001 If we cannot |_dent|_fy everyone,
i Is it better to identify no one?
Local phasing l
Exclude ClinVar benign ||
2,3 % l

Call the
* MAF for X-linked = 0.0002 Inheritance (21 hom, 22 het)** 'ﬁ severest-effect
**and heterozygous OTC gene



An ethical and equitable
Learning Public Health System

indivi dual pamopauon in

enomic tes for
additional disorders

generation of scientific

resource
4 “
LEARNING Newborn o
public benefit/universal PUBLIC Dried Clinical
healthcare HEALTHCARE Blood Data
SYSTEM
k. J

Spot

knowledge ™
generation/more
accurate newborn

screening

7

seoondary respaffch
N ' ;

Accountabilitytransparency/
community engagement

Based on work with Julia E.H. Brown, Matthew Norstad, Jodi Halpern, David C. Magnus, Barbara A. Koenig
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