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INSTITUTE GENOMICS

 NIH-funded center launched in early 2016 to discover new disease-gene
relationships underlying Mendelian disease

 We work with collaborators with existing cohorts of patient samples
consented for genetic studies, prescreened for some known causes of q@“’
disease

 CMG covers cost of exome sequencing; supports analysis
* Diagnoses & gene discoveries are pursued and published by collaborator

® CO m m it m e n t to d ata S h a ri n g Mendelian Inheritance: Use this to choose one of the built-in inheritance search methods. Family Pedigree:

Variants will be returned that segregate with the selected inheritance model. Methods are

described here. O
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Target <2% of the genome

% Trio exome sequencing
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Bamshad et al., Nature Reviews Genetics (2011) 12, 745-755.



Trio exome sequencing

Target <2% of the genome
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Trio exome sequencing
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Clinical exome sequencing in a hew tool
in our diagnostic tool box

e Sequence ~20,000 human genes
e 10,000 — 30,000 protein coding variants




* Every genome contains many rare,
potentially functional variants

O

O O O O O

What’s in an ex

~500 rare missense variants (1/3 of wh
predicted damaging by in silico predict

~100 LoF variants: ~20 homozygous, ~( rae
~100 rare variants in known disease genes
~50 reported disease-causing mutations (!)
1-2 de novo coding mutations

How can we identify the pathogenic
variant(s) in the sea of benign vari




Harnessing the power of allele frequency

VS

Making sense of one exome requires tens of thousands of exomes (or
genomes) to reveal rare variants



# variants remaining

after filtering
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Five-fold reduction in
number of very rare
variants with large
reference databases

e # variants remaining in an
exome after applying a 0.1%
filter across all populations

* Both size and ancestral
diversity increase filtering

power

Lek et al., Nature, 2016



Publicly available reference population databases
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Publicly available reference population databases

140000 —
130000 —
120000 —
110000 —
100000 — Exomes and low coverage genomes
90000 — sequenced individuals from diverse
80000 = ancestries
70000 — K )
60000 —
50000 —
40000 —
30000 —
20000 —
10000 —

) ] e [

(One of the first reference databases\

Individuals in dataset

GME 1000 ESP Open discovEHR EXAC BRAVO gnomAD
Genomes Search

http://www.internationalgenome.org/1000-genomes-browsers/



Publicly available reference population databases

Individuals in dataset
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4 One of the first reference databases

Exome sequenced individuals of
European and African ancestry, many
\_ from common disease cohorts

~
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BRAVO gnomAD

http://evs.gs.washington.edu/EVS



Publicly available reference population databases

Individuals in dataset
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(First aggregated exome reference database\

with representation of 5 ancestries

Became the standard reference database for

molecular diagnostic labs

J

N

GME

1000 ESP
Genomes

T~

Open
Search

discovEHFli ExAC

BRAVO gnomAD

http://exac.broadinstitute.org/



Publicly available reference population databases

Individuals in dataset
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Publicly available reference population databases
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The genome aggregation database (gnomAD)

e Data provided by 107 Pls for >138,000 individuals including
123,136 exomes & 15,496 whole genomes

* [llumina data, processed through same pipeline, called jointly

B ° Sites VCF of entire dataset available for download -> Can
annotate your dataset with allele frequencies

 Individual level data not shared & phenotype data not available

e Cases and controls from common disease studies. No
Mendelian disease studies knowingly included.

 New population (e.g. >5K Ashkenazi Jewish samples)

e Report the population with the highest allele frequency for
each variant (popmax AF)

 55% Male; Mean age 54 years

gnomAD http://gnomad.broadinstitute.org
http://gnomad-beta.broadinstitute.org

Individuals in dataset



http://gnomad.broadinstitute.org/
http://gnomad-beta.broadinstitute.org/

African (12,942)

Latino (18,237)

Ashkenazi Jewish (5,081)
East Asian (9,472)

Finnish European (13,046)
European (63,416)

South Asian (15,450)

& & & @

Ancestry and sex are inferred f
principal component analysis (}
rather than self-reported

Sample QC Removes

Low quality samples
Sex chromosome abnormalit
First and second degree relati

PCA computed from 52K SNPs
Populations matched from 40K known ancestry sampl¢







gnomAD browser beta About Downloads Terms Contact Jobs FAQ

gnomAD browser beta | genome Aggregation Database

CFTR

Example - Gene: PCSK9, Variant: 1-565516888-G-GA

About gnomAD Recent News

The Genome Aggregation Database (gnomAD) is a resource developed by an international coalition of January 25, 2018
investigators, with the goal of aggregating and harmonizing both exome and genome sequencing data
from a wide variety of large-scale sequencing projects, and making summary data available for the wider
scientific community.

Beta release of redesigned gene and region
pages.

October 3, 2017

gnomAD r2.0.2 released. Sample composition is
identical to the previous release (r2.0.1), however
we have made a change to the variant filtering

The data set provided on this website spans 123,136 exome sequences and 15,496 whole-genome
sequences from unrelated individuals sequenced as part of various disease-specific and population
genetic studies. The gnomAD Principal Investigators and groups that have contributed data to the
current release are listed here.

http://enomad.broadinstitute.org

Matthew Nick Konrad Ben http://gnomad-beta.broadinstitute.org
Solomonson Watts Karczewski Weisburd



http://gnomad.broadinstitute.org/
http://gnomad-beta.broadinstitute.org/

guomAD browmer het http://gnomad-beta.broadinstitute.org/gene/CFTR Mpie Dowslopds Teems Comtscs Jobs P

CFTR cystic fibrosis transmembrane conductance regulator (ATP-binding cassette sub-family C, member 7)

Ensembl gene ID  ENSGO0000001625 Gene constraint @ ExAC | gnomAD
Engemnbl transcript ID  ENSTO0000003084 (canonical) - Exp. no. Obs. no. Constraint
Mumber of variants 2518 Lategory variants varlants metric
UCSC Browser 7:117105839:117356026
GeneCards CFTR Missense gnomAD constraint coming soon

oMIM - 602427

Coverage

Isoform expression @
| Pancreas (23.62) % |

EMNSTO0O00446805 | L
EMSTO0000003064 I . . L
ENSTO0000454343 I . . I
EMSTO0000426800 IR . L L
ENSTOOOO0468T95
ENSTOOOO0600166
gromal

All variants
(223a8)

Viewing in table

. I' 177073 l'|1?1?56t15 ‘1 171886563 I' 17227528 .'I 1TEIZAT I' 17243578 l'|1?25|]?.'-'5 J1 17267690 I' 17304753 n
Al Missense+ LoF LoF [ gnomaD i e Include filtered variants @ Search variant table Clear
Variant ID Source HGV5e HGVSp Consequence Flags AC AN AF Hom
7-117120101-4-G (B c-4BAG 5 UTR 1 245512 407306 ]
7-117120107-A-6 ENE 42426 5 UTR 3 276556 108565 0
7-117120108-G-C ENE] c41G=C 5 UTR 3 276528 1.085e5 ]
7-117120115C-T 3 c340=T 5 UTR 2 245726 8139a6 0
7-117120115C6-C 1E -32delE 5 UTR 5 245726 203505 0



gnomAD browser beta http//g Omad tabroad|nst|t e.o About Downloads Terms Contact Jobs

CFTR cystic fibrosis transmembrane conductance regulator (ATP-binding cassette sub-family C, member 7)

Ensembl gene ID  ENSGO0000001626 Gene constraint @ ol
Ensembl transcript ID ENSTO0000003084 (canonical) PR Exp. no. 0Obs. no. Cg,-,sltra,,-,t
Number of variants 2518 : variants variants metric
UCSC Browser 7:117105839:117356026 Synonymous
GeneCards CFTR Missense gnomAD constraint coming soon!

OMIM 602421 LaF

Coverage
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. 11FITI073 TITITEBAS T171BBEGS 117227928 117232479 117243578 TITES0VTS T17E6TEO0 117304753 .

[ gnomAD 9 || Include filtered variants @ I Phes08 Clear I

Variamt ID Source HGVSc HGVSp Consequence Flags AC AN AF Hom

7-117199644-ATCT-A E E c.1521_1523delCTT  p.Phe508del inframe deletion 1947 276982 7.029e-3 1

7-117199647-TC I! c.1522T>C p.Phe508BLeu missense 2 246044 B.129e-5 0

7-117199647-TG E c.1522T>G p.PheS08val missense 3 245044 1.219e-5 a



gnomAD
variant page

CFTR Phe508del
chr7:117199644 ATCT / A

Raw read data

[ This variant is multiallelic! The other alt alleles are:

Variant: 7:117199644 ATCT / A :

7-117199644-A-G

Exomes Genomes Total
Fiter 233 [ Pass | Genotype Quality Metrics
Allele Count 1712 235 1947
Allele Number 246048 30934 276982 Site Quality Metrics
Allele Frequency 0.006958 0.007597 0.007029
dbSNP — rs1801178 Repoart this variant
UCSC  7-117199644-ATCT-A [ P
Clinvar  Click to search for variant in Clinvar '

Annotations Population Frequencies

This variant falls on 5 transcripts in 2 genes:

. . Population N Allele . Allgle . Number of . Allzle

inframe deletion P Count Number Homozygotes Frequency

« CFTR Transcripts « E.uro.pean (Man- 153 126568 1 0.01210

Finnish)
Ashkenazi Jewish® 59 10150 0 0.005813

m Thisg list may not include additional transeripts in the same gene that the variant does net overlap)
Other 6 G454 0 0.005578
Latino 133 34412 0 0.003865
Mfrican B4 24024 ] 0.002664
Eurapean (Finnish) &1 25738 0 0.002370
South Asian 63 30776 0 0.002047
East Asian [} 18860 0 0.000
Total 1947 276982 1 0.007029
Include: ¥ Exomes ¥ Genomes

* For detailed analysis of Ashkenazi Jewish frequency see the IBD Exomes Browser,

Read Data

This interactive |GV.js visualization shows reads that went into calling this variant.
m These are reassembled reads produced by GATK HaplotypeCaller --bamOutput so they accurately represent what HaplotypeCaller was seeing when it called this variant.

B®

chr7:117,199,604-117,199,684 | QL+ g1bp

supporting a variant
is available

http://gnomad-beta.broadinstitute.org/variant/7-

1171995610 117,199,620 117,199,630 117,199 640 117199650 117199680
| | | | | 1

M@ ﬁ
&

17199644-ATCT-A




g NOM A D Variant: 7:117199644 ATCT / A 2 i sl Th o o i

variant page o 223

Allele Count 1712 235 1947
Allele Number 246048 30934 276982
Allele Frequency (0.006958 0.007597 0.007029

dbSMP _ rs1801178

Site Quality Metrics.

Population Frequencies

Annotatiof , Allele Allele Number of Allele
meveren e Population - Count ° Number ° Homozygotes ¢ Frequency v
inframe delet
hr7 iF1T7R1P h ei(é)LSA(?relT A + orTR 0 European (Non- 126568 0.01210
C r . 996 C / This list may nj FlnnlSh)
Ashkenazi Jewish* 59 10150 0 0.005813
Other 36 6454 0 0.005578
European carrier frequency 1:41 |
Latino 133 34412 0 0.003865
African 64 24024 0 0.002664
63,284 x (1/41) = 1,543
European (Finnish) 61 25738 0 0.002370
Read Daty o i Asian 63 30776 0 0.002047

This interactive I3
These are reaq

_J] East Asian
|.
Total 1947 276982 1 0.007029
M__—m ﬁ
&

http://gnomad-beta.broadinstitute.org/variant/7-117199644-ATCT-A



gnomAD
variant page

CFTR Phe508del
chr7:117199644 ATCT / A

Population Frequencies

Allele R Allele R Number of

P lati - - v
opulation Count Number Homozygotes

Expect to see 9 homOZYgOteS European (Non- 1531 126568 1
in 63,000 Europeans Finnish)
Ashkenazi Jewish* 59 10150 0

Other 36 6454 0

e Carrier frequency as predicted Lat_mo e e ’
African 64 24024 0

e Severe pediatric-onset disease curopean (Finmisy 61 S .
cases depleted (bUt nOt South Asian 63 30776 0
entirely removed) East Asian 0 18860 0
Total 1947 276982 1

. Allele
v Frequency

0.01210

0.005813
0.005578
0.003865
0.002664
0.002370
0.002047

0.000

0.007029

Do you think the homozygote is a real variant?
- Review the read data




| chr7:117,199,629-117,199,662 |4 *™ 33bp | hide labels |

Reference e
sequence

Cove rage hom [exome

Raw read
data
Large databases allow us to identify
CFIR these potentially interesting individuals
Phe508del

homozygote



Considerations for gnomAD IGV visualization of variants

e Low confidence loss of function (LC LOF)

e Poorly aligned regions (ex: low copy repeat)
e Multinucleotide variants (MNVs)

e Homopolymer runs

e Complex indels

* Somatic mosaicism



Low confidence loss of function variants

 LOFTEE flags variants that are unlikely to cause loss of
function, for example:

e Dublous transcript annotation
 Protein truncating variant near end of the gene

10:81319089 T/ A (rs540800979) & [E] olyssiTer stop gained 1
10:81318140 CGGGGATACCA / C (rsTBT274650) & 0. Gly31AlafsTer70 frameshift

10:81319171 CTF C {reT79122123) B n o Lys23ArgfsTard1 framashift 5
10:81318920 C/ T ) c-218-1GeAt splice acceptor [ LC LoF | 3
10:81320119 G/ A (rs150972292) B =-54-1G=T splice donor [ LC LoF | 1
10:81320119 G/ T (rs150872292) [ =-54-1G=a splice donor [ LC LoF | 85




Poorly aligned regions

IGCCTCCACCACCACCACCACCCCCGCCACAGCCCCTCACCACCTCCACCACCACCACCACGCECGC Sequence

e Multiple variants in region

Coverage

|'|HI
|

e Different allele balances

) (R B .
T
-~ ==
—
. . E— - mn® m m
* Raises concern about variants =m0
: : : N reads
called in this region S B —— S —




Poorly aligned regions

IGCCTCCACCACCACCACCACCCCCGCCACAGCCCCTCACCACCTCCACCACCACCACCACGCECGC Sequence

 Multiple variants in region R o
= == o=
I
e I
e

: I -  ® - - 1 m

e Different allele balances - = = =
I
(e R B B B
e
22 -

I
I I —
- mem b rpairedend
Y -
H : : = —— reads
called in this region S B —— S —
e B— |
[ = ]
A
9:35006557 C / A (rs747118413) B p.His81GIn missense 2 162598 0 1.23e-5 1
9:35906557 CCACCCCCGCCA / C E | p.Arg94SerfsTer110 frameshift = 3 162598 0 1.845¢-5 1
(rs747119413)
9:35906558 C / A p.His82Asn missense = 1 29850 0 3.35¢-5 1
9:35006558 C / CA E | p.His92GInfsTer116 frameshift 1 162742 0 6.1456-6 BT
9:35006559 A / AC (rs781316793) E | p.Arg94ProfsTer114 frameshift [ LeR | 1 103226 0 9.687e-6 WL
9:35906559 A / C (rs781316793) B p.His92Pro missense 1852 103226 0 0.01794




Homopolymer runs

* Homopolymer G

* Indels in these regions enriched
for PCR artifacts

* But also region enriched for true
variants

G

G

G

Sequence

Coverage

Paired-end
reads



Multinucleotide variants

* Two variants within 1 codon —in vcf
considered separately but should be
interpreted together

 Multinucleotide variants (MNV)
e Variant 1: T>C, Ser>Pro (missense)

e Variant 2: C>A, Ser>% (nonsense)
e MNP: TC>CA, Ser>GIn (missense)

* These are flagged in ExAC, working on
them for gnomAD

e Can see similar situation with complex
indels (deletion and insertion that
maintain the frame

GGCACAAACTGTTTCAAGAATTCCACGCAAA Sequence

Coverage

Paired-end
reads



Somatic mosaicism

e See skewed allele balance

* Many of these are filtered but not all

EEEEEEHEHEEBHBHTGBBEHTTSequence

'—chr2051,021,211

= = " Total Count 76

0

60 (78%)

|

!

T 16 (21%)

Coverage

Paired-end
reads



When a variant is absent from gnomAD, it’s important
to determine if that region is covered

gnomAD browser beta About Downloads Terms Contact Jobs FAQ

Interasted in working on the development of this resource? Apply here.

gnomAD browser beta | genome Aggregation Database

6:1611497

PCSKS 1-55516888-G-GA

Unable to find variant in gnomAD

Possible reasons:

1)This is not the position in the canonical transcript displayed on the browser
2)Position is not covered in gnomAD

3)Variant is not in gnomAD Look up chromosome coordinate
at http://mutalyzer.nl



Coverage summary

G LU Average  Individuals over X

Looking for: Goversge: B Exomos I Garomos i
chr6:1611497 C> A pe

80

Pro273Thr :

1,611,480 1,611,485 1,611,430 1,611,485 1,611,500 1,611,505 1,611,510 1,811,515

Look for the closest - . .

1 Variants
Va rl a nt Include:
B Exomes B SNPs 4 Filttered (non-PASS) variants

# Genomes ¥ Indels
Export table to CSV

Allele Number of

Yariant ~ Source 2+ Consaguance Annotation 2 Flags + Allele Count = ] 2 Allele Frequen ]
=4 8 Number Homozygotes raquancy

P r0273Th r iS n Ot p rese nt 1611478 C [ A p.Sar26hifng missense 1 29I o 3.413e-5 K1ITIT

b

b t B:1611485 A / G (rsT4TB12123) E| p Sar2EaGhy missense 1 T4BEZ 0 1 33fe-5 HIITIT]
u B:1611486 G / A .": p.Ser269Asn missense 3 106734 0 281185 Wil
Pr0273PrO iS prese nt B:1E114BT G/ A .": B.Sar2694 missense 0 77082 0 ] [T
8:1611487 C 1 G E p.Ser2BaAg missense 4 106184 0 3.787e5 Wi
B:1611488 G/ C .G 2704Arg missense 5 106352 0 4.701e-5 Wi
61611492 G /T E p.Ser27iile missense 0 73722 0 ] [T

6 5 K C h ro m O S O m e S O r B:1611495 G [ GC : "; p.5er276GInfsTeral frames hift 2 GTB46 0 2.5480-5 Wil

B6:1611495 GG/ G p Pro274anghsTerd 1 framashift 3 BTB4E 0 442205 Wil

32-5K pe0p|e genOtyped B:1611496 C/ T E p.Ser?72Ser synonymous i BTE54 0 o [T
h . «, ® BAB11488 G/ T ﬂ . Pro27iPra synonymaous 1 65354 0 1.530-5 HIITIT]

a t t I S p O S I t I O n B:1611500 C I T (rs769224835) E p.Pro2743er missense 1 65280 0 1.532e-5 K1ITIT

B:A611513 C I T (rs777325712) . Pro27ELeu missense 1 50484 0 1.581e-5 HIITIT]



Evaluating rare variant
pathogenicity

Genetics
o soeriancoegeormesia e oons. VCIMIG STANDARDS AND GUIDELINES | inMedicine

2015

Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the
Association for Molecular Pathology
Sue Richards, PhD?, Nazneen Aziz, PhD*'%, Sherri Bale, PhD?, David Bick, MD*, Soma Das, PhD5,
Julie Gastier-Foster, PhD®"2, Wayne W. Grody, MD, PhD*"%" Madhuri Hegde, PhD'?,

Elaine Lyon, PhD", Elaine Spector, PhD", Karl Voelkerding, MD" and Heidi L. Rehm, PhD's;
on behalf of the ACMG Laboratory Quality Assurance Committee



Richards et al.,,
Genet Med,
2015
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and predictive
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Segregation
data
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MAF is too highfor
disorder BA1/BS1 OR
observation in controls
inconsistent with
disease penetrance B32

Well-established
functional studies show
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BS3

Nonsegregation
with disease B34

Supporting

Multiple lings of
computational evidence
suggest no impact on gene
foene product BP4
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only truncating cause
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Silent variant with non
predicted splice impact BP7
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Supporting
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effect P53
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confirmed) PME P32

Allelic data Observed in frans with For recessive
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Observed in oiswith a
pathogenic variant BP2

disorders, detected
in trans with a
pathogenic variant
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|dentification of constrained genes

Kaitlin Konrad Mark Daniel
Samocha  Karczewski Daly MacArthur



Identification of constrained genes in EXAC

TOLERANT CONSTRAINED
>k > g >k >
- - - | ) == S
Individual 1 Individual 2 Individual 3 Individual 1 Individual 2 Individual 3
). ¢
- - O
Individual 4 Individual 5 Individual 4 Individual 5
Y
- —ﬁ—
Individual 6 Individual 6

X ™%

Kaitlin Samocha l




pLl identifies known haploinsufficient genes for
pediatric-onset conditions

JA Gl Constraint Expected Observed Constraint
from ExAC no.variants  no.variants  Metric
Synonymous 235.6 200 z=1.44
Missense 478.1 297 Z=
LoF 45.2 1 =1.00

Alagille syndrome (dominant congenital disorder affecting liver, heart and eyes)



Probability of loss-of-function (LOF) intolerance:
pLl scores

* Haploinsufficiency: in a diploid organism, where having only
one functional copy of a gene is insufficient to sustain a wild
type phenotype and leads to a “abnormal” phenotype.

e pLI >0.9 is considered evidence of haploinsufficiency
e 3,230 genes have pLl score >0.9
e 70% have not been assighed a phenotype in OMIM

* We predict that loss of function variation in these genes will
result in disease or embryonic lethality



pLI does not identify genes haploinsufficient genes
for adult-onset conditions

Majority of disease impact is post-fertility

BRCA 1Constraint Expected Observed Constraint
from ExAC no. variants novarlants Metric
Synonymous 204.2 210 z =-0.25
Missense 508.9 567 z=-1.26
LoF 46.1 36 pLI = 0.00

Breast and ovarian cancer



pLl does not identify genes for
recessive conditions

CFTR
Constraint Expected Observed Constraint
from ExAC no.variants  no.variants  Metric
Synonymous 171.6 168 z=0.17
Missense 418.8 671 z=-6.03
LoF 53.2 54 pLI = 0.00

Cystic fibrosis (recessive disorder affecting lungs and pancreas)



Missense constraint

JAG1

Constraint Expected Observed Constraint
from ExAC no.variants  no.variants = Metric
Synonymous 235.6 200 z=1.44
Missense 478.1 297 Z=

LoF 45.2 1 =1.00

Missense constrained genes have a Z-score > 3
~1800 missense constrained genes
Regional missense constraint https://www.biorxiv.org/content/early/2017/06/12/148353



https://www.biorxiv.org/content/early/2017/06/12/148353

ClinVar has a growing catalog of variant interpretations but
VUSes remain a major challenge

60000
.Synonymous
40000 . Missense
e.Nonsense
20000
, In I N

Pathogenic VUS/Conflicting Benign

# of variants in ClinVar

Zach Zappala



Constraint on the browser Haploinsuficiency results n

KMT2C lysine (K)-specific methyltransferase 2C

Ensembl gene ID ENSG00000055609 Gene constraint @ ExAC |jgnomAD
Ensembl transcript ID ENST000002627189 (canonical) Exp. no. Obs. no. Constraint
Number of variants 6275 Category variants variants metric
UCSC Browser 7:151832011:152133091 Synonymaous
GeneCards KMTZC Missense gnomAD constraint coming soon!
OMIM 606833 LoF

B exeme [ genome

Coverage
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gnomAD

Missense/LoF 5 5.4 ieanive ol
(2293) 19044 Sidon
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http://gnomad-beta.broadinstitute.org/gene/KMT2C Also on http://exac.broadinstitute.org



Constraint on the browser

Gene constraint ExAC | gnomAD
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UCSC Browser /:151832077:152133091
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Constraint on the browser
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Gene expression on the browser

Gene constraint ExAC | gnomAD
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Gene expression on the browser

KMT2C lysine (K)-specific methyltransferase 2C

Ensembl gene ID
Ensembl transcript ID
Number of variants
UCSC Browser
GeneCards

OMIM

ENSG00000055609

ENSTO00000262189 (canonical)

3653
7:151832011:152133091
KMT2C

606833

Kleefstra syndrome
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Coverage

(Gene constraint @
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& + Median across all tissues (5.22)

Adipose subcutaneous (4.945)

Adipose visceral omentum (4.7)

Adrenal gland (4.61)

Artery aorta (5.19)

Artery coronary (5.22)

Artery tibial (6.78)

Bladder (6.28)

Brain amygdala (4.445)

Brain anteriorcingulatecortex baz4d (3.99)
Brain caudate basalganglia (4.3)

ExAC | gnomAD

Constraint
metric

Z =-0.40
Z=1.53

pLl =1.00

r

, Brain cerebellarhemisphere (9.91) isoform expression @
v O HHHHHEEEHHHHHHHHHEEEES §HHHHE B Brein cerebellum (10.08) R (et soee et
Brain cortex (4.02) I
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ENSTO0000558084 . . B @
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ENSTO00000485655 IHEHIE ) I ¢ e
ENST00000424877 I-EHI-I-I-I- - NI BN — Brain nucleusaccumbens basalganglia (4.82) |- L —
eTeenneETEe FemER Brain putamen basalganglia (4.205) @
ENSTO0000558665 | B | 1 ) i i B ———
ENSTO0000418673 Brain spinalcord cervical ¢1 (5.46) D
ENST00000452749 e ea R .I. ............................................
Regional -
missense 03 | 0.75 11 112 034 [[142 [ 123 | OWEN 093 |
constraint

http://gnomad-beta.broadinstitute.org/gene/KMT2C

Also on http://exac.broadinstitute.org
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KMT2C

Example gene expression across tissues
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Can a male with OTC be an organ donor?

e Adult male with OTC deficiency (urea cycle defect) presented with brain
herniation in the setting of illness

e Declared brain dead

 Had requested organ donation — are organs from someone with OTC
deficiency safe for transplantation?

* Literature review
* Has been done successfully except for liver (would result in OTC deficiency in
recipient)
e Case reports of deaths in cases of undiagnosed OTC carrier females were liver
donors
e Ask the experts

e Look at expression in different tissues



OTC Gene Expression
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ASXL1 additional sex combs like 1 (Drosophila)  Gene constraint @ EXAC | gnomAD

Ensembl gene ID  ENSG0O0000171456 Exp. no. Obs. no. Constraint
Ensembl transcript ID ENSTO00000375687 (canonical) cmnw variants variants metric
Number of variants 1128
UCSC Browser 20:30946156:31027123 DAt L e el
GeneCards ASXL1 Missense 925.9 522 £=0.08
OMIM 612990
LoF 39.5 32 pLI = 0.00

100-

Coverage




Bohring-Opitz syndrome (BOS): Severe dominant disorder caused by
protein truncating variants (PTVs) in ASXL1

e \Well-established severe autosomal
dominant pediatric-onset disorder

e Profound intellectual disability &
characteristic facial features

 We would not expect to see any
individuals with this disorder in EXAC or
gnomAD

Collaboration with
University of Utah/ARUP
Colleen Carlston
Hunter Underhill
Tatiana Tvrdik
Rong Mao




Clinical exome sequencing result: De novodominant ASXL1 p.R404*
nonsense pathogenic variant

)
] Allele Allele Number of Allele

Population « : H B v

Count Number Homozygotes Frequency
European 1 6614 0 0.0001512
(Finnish)
EastAsian | 1 8654 0 0.0001156
African 1 10404 0 9.612e-05
European 4 66710 0 5.996e-05
(Non-Finnish) * Are there patients with Borhing-
Latino 0 1578 0 0 Opitz syndrome in EXAC? No

e Does this variant cause Borhing-
Other 0 908 0 0 ,
Opitz syndrome? Yes

South Asian | 0 16510 0 0
Total 7 121378 0 5.767¢-05

chr20:31021211 C>T



There are numerous PTVs in ASXLZin ExAC

PTVs found in EXAC, excluding individuals from the TCGA cohort

Carlston*, O’Donnell-Luria*, et al., Hum Mut, 2017



Read support for ASXL1 p.R404* shows skewed allele balance

Reference DNA sequence ccAGCCAGCCCGACAGCGAGATGGGCATTTTA,

Coverage

— ——-chr20:31,021,211
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Most ExAC ASXL1PTVs show skewed allele balance

50%
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Carlston*, O’Donnell-Luria*, et al., Hum Mut, 2017



EXAC PTVs in ASXL1 show skewed allele balance
compared to other rare variants in ASXL1

30,000+ " ] Synonymous and missense
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Clonal Hematopoiesis of Indeterminate Potential (CHIP)

e A well described phenomenon of aging

e Somatic mutations in certain genes provide a growth advantage
to hematopoietic stem cells

e ASXL1 PTVs are known driver mutations in hematopoietic cancer

@ a9
%% %@@

Increase in the risk of all-cause
mortality, highest for
hematologic cancer but also for 0 0 4 10 20

0.4+

* 0.3

0.2

0.1+

0.0+

% of people with CHIP

. Mutations
solid tumors, coronary heart
disease & ischemic stroke.

Genovese et al. NEJM, 2014, Jaiswal et al. NEJM, 2014, Artomov, biorxiv, 2016



If PTVs in EXAC are due to clonal hematopoiesis of
indeterminate potential (CHIP), then the ASXLZ PTVs
should be seen at higher frequency with increasing age

[l Futative truncating

0.030

~ General Population

-

| I | 1 I | I I I
O R B T R I - B
Voon S5 8 N 9 P
WY bp)' & & N § § @Q/

] Synonymous and missense

0.020
l

Frequency

0.010
|

% of people with CHIP

_.III

20 25 30 35 40 45 50 55 60 65 70 75 80 85
Rounded age

e This is consistent with EXAC ASXL1 PTVs arising by somatic mosaicism and clonal
expansion, so are not germline.
e The germline p.R404* variant is pathogenic in the patient for BOS.

Carlston*, O’Donnell-Luria*, et al., Hum Mut, 2017

0.000

Age



We can learn interesting biology from
reference population databases starting from
a single variant and a clinical question



Frequency filtering

James Ware Nicky Whiffin Eric Minikel Daniel MacArthur
Imperial College London Imperial College London HMS/Broad Broad/MGH/HMS



Central tenet
* The frequency of a pathogenic variant in a reference sample, that is not

selected for the condition, should not exceed the prevalence of the
condition.

Possible Exceptions

 Founder mutations and Bottlenecked populations
e Balancing selection
e Penetrance needs to be considered



Disease specific allele frequency (AF) thresholds for
autosomal dominant disease

Genetic architecture

X
penetrance

\ 4

maximum credible population
allele frequency

Whiffin*, Minikel* et al. Genetics in Medicine
(2017)



Hypertrophic cardiomyopathy (HCM) specific AF
threshold

Genetic architecture
Most common

X pathogenic allele
penetrance MYBPC3:¢c.1504C>T causes
o 2.2% (1.6-3.0%) of
SOA) European HCM cases

\ 4

maximum credible population

-5
allele frequency 6x10

Whiffin*, Minikel* et al. Genetics in Medicine
(2017)



Online calculator: cardiodb.org/alleleFrequencyApp

Frequency Filter = HOME  calculate AF  calculate AC  explore architecture  inverse AF penetrance  about

Inheritance:

Maximum credible population AF:
% © monoallelic

biallelic 69_05

Prevalence =1 in ... (people)

500

Allelic heterogeneity:

:

-

Genetic heterogeneity:

0 0
[ e e e e e e e e e e e e e e e
Penetrance:

0 05]

(e e e e e e e T e

James Ware



Allele frequencies: not exactly what they appear to be

69 1 ESP European AF
Reference population databases
2 1 AC=1 01% 1% bOP .
o 20- . sample the general population so we
b= . need to apply statistical estimates of
- .
s 15+ " uncertainty.
£ 104 . We have the ability to estimate the
o . upper limit on the CI.
5
a 54
0 x
S BEEgE833"%¢
S S g5 °©° "
= =

ExAC European AF excluding ESP (%) Lek et al., Nature, 2016



Precomputed across 5 EXAC populations: Filtering AF

Genetic architecture Population specific EXAC

X variant counts

penetrance

User-defined Pre-computed

v
maximum credible —
filtering allele

e Allele count (AC) at the upper
bound of the one-tailed 95% ClI

e Specified as the maximum
credible AF given the sample
size (AN)

e Computed for 5 main
populations (AFR, AMR, EAS,
EUR, SAS)

e Highest filtering AF reported

opulation allele frequenc
P < v S frequency (AF)
(AF)
YES NO
DISCARD VARIANT RETAIN VARIANT,
Too common to be May be pathogenic

pathogenic

Rarity necessary but not
sufficient for pathogenicity




Example: Looking up a ClinVar VUS

ClinVar Entry

NM_000256.3(MYBPC3):c.961G>A (p.Val321Met)

Variation ID: ) 161310

Review status: ﬂ criteria provided, multiple submitters, no conflicts

Interpretation §)

Clinical significance: Uncertain significance
Last evaluated: Nov 8, 2016

Mumber of submission(s): 9




Variant: 11:47367887 C /T

Every variant page in EXAC has a Filtering AF
(Coming soon for gnomAD)

Filtering allele frequency (AF): a threshold for filtering variants that are too common to plausibly cause dissase.
Filter Status PASS if the variant filtering AF is greater than the maximum credible population AF for the disease of interest, the variant
dbSNP  rs200119454 Is too common to be causative and may be filtered. Click here to see the filtering AF calculator app and citation.

All

Filtering AF  0.0007 (European (Non-Finnish)) Site Quality Metrics

L=y

UCSC 11-47387BB7-C-T
Clinvar Click to search for variant in Clinvar &'

Population Frequencies
C"]"fvafﬂEﬂ!trvﬁr ranscrnpts in | genes.

Pooulation . Allele . Allele . Mumber of . Allele
missense P Count T Mumber ¥ Homozygotes T Freguency
Transcripts = European {Non- 36 45024 | 0.00079396
MYBPC3 Finnish)
ENST00000256993 (p.Val321Met) African 1 6832 0 0.0001464
(25 This list may Polyphen: possibly_damaging; SIFT: deleterious  loes not overlap.
East Asian 0 68714 0 ]
ENST00000339249 (p.Val321Met)
Polyphen: benign; SIFT: deleterious European (Finnish) 0 4320 0 0
ENST00000544791 (p.Val321Met) Latino 0 6552 0 0
Polyphen: possibly_damaging; SIFT: deleterious Other 0 584 0 0
ENSTO0000545968 * (p.Val321Met) South Asian | 10874 | |

Polyphen: benign; SIFT: deleterious

Total 3r 80000 0 0.0004625



Fittering AF  0.0007 (European (Non-Finnishj)

Filtering AF for HCM

Genetic architecture

Population specific EXAC

X variant counts
penetrance
User-defined Pre-computed
From prior HCM
calculation v
AF = 6e-5 Sied 7e-4

maximum credible
population allele frequency

IN

filtering allele

(AF) frequency (AF)
YES NO
DISCARD VARIANT RETAIN VARIANT,
Too common to be May be pathogenic

pathogenic



Filtering AF  0.000593 (European (Non-Finnish))

Filtering AF for HCM

Genetic architecture

Population specific EXAC

X variant counts
penetrance
User-defined Pre-computed
6e-5 -
e-
maximum credible < _ ,7e'4
: — filtering allele
population allele frequency

frequency (AF)

(AF) ||% Yo

DISCARD VARIANT
Too common to be
pathogenic



Classification by
ACMG criteria

MYBPC3 c.961G>A, p.Val321Met

Using frequency filter approach,
we can say:
BS1 too common in controls

BUT still need to consider other
evidence (if there is any)

Other criteria met:
BP5 alternate cause found in
several cases

No segregation data available
No functional data available

Likely benign
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Frequency Filter = HOME  calculate AF  calculate AC  explore architecture  inverse AF penetrance  about

Inheritance: Maximum credible population AF:
© monoallelic
) biallelic 1e-05

Prevalence = 1 in ... (people)

10000

Allelic heterogeneity: .
02] ; * Dominant, complete penetrance

__ -+ Prevalence 1:10,000
* Only 1 gene causes phenotype
@ ¢ Most common pathogenic variant

a
L |
- accounts for 20% of cases

Genetic heterogeneity:

Penetrance:

0 0
e

Confidence: Maximum tolerated reference AC:
09 © 095 )093 () 0.899

Reference population size (alleles) 3

121412



Frequency Filter HOME calculate AF calculate AC explore architecture inverse AF penetrance about

Inheritance: Maximum credible population AF:

© monoallelic
* biallelic 2e-05

Prevalence = 1 in ... (people)

10000

Allelic heterogeneity:

0 02 + e Dominant, 50% penetrance
: : = ; - - . . E * Prevalence 1:10,000
Genetic heterogeneity:  Only 1 gene causes phenotype

' accounts for 20% of cases

Penetrance:

a [0.5] 1

Confidence: Maximum tolerated reference AC:
S pa o 095 (1 0.99 (T 0.999

Reference population size (alleles) 5

121412



Frequency Filter HOME calculate AF  calculate AC explore architecture inverse AF penetrance
Inheritance:
~1 monoallelic
O biallelic
Prevalence = 1 in ... (people)
10000
Allelic heterogeneity:
a [02] 1
Genetic heterogeneity:
0 1]
e |
) ) 3 U U u U ,
Penetrance:
0 1]
e |
U u U U 1} u a .
Confidence:
09 @085 (099 () 0.999

Reference population size (alleles)

121412

about

Maximum credible population AF:

0.002

e Recessive, fully penetrant

* Only 1 gene causes phenotype

e Most common pathogenic variant
accounts for 20% of cases

Maximum tolerated reference AC:

269



G mGen

Clinical Genome Resource

ClinGen disease expert panel working groups
drafting guidelines for disease specific
allele frequency thresholds

https://www.clinicalgenome.org/



Conclusions

* Reference population databases are critically important to evaluate
variant rarity, which is necessary but not sufficient for
pathogenicity for rare disease

e Constrained genes show less variation among humans than
expected and are enriched for genes that result in disease when
mutated

* Frequency filtering is a more stringent, statistically-based approach
to set allele frequency cut offs for variant filtering and
Interpretation

* The power of reference population datasets will increase as they
grow in size and diversity

 snomAD v3 with ~60,000 genomes anticipated by early 2019



Frequently asked questions

* Phenotypes: Very limited phenotype information and
regulatory restrictions on sharing — need for phenotype-
genotype databases (biobanks)

e Subsets: Non-cancer, non-neuro coming with next gnomAD
release in Fall 2018

e Constraint on gnomAD: Coming with next gnomAD release

* Genes that do not have constraint — mainly annotation issue
(Gencode) or too many variants (synonymous and missense) often
related to mapping issues (pseudogenes)



Click here to contribute data G e n OQM P
to GenooMP - -

© Gene (MYH3); chromosome position of variant (17:10534360); dbSNP rsID (rs34393601)
() HPO term (oral cleft); HPO number (0000202)

Rare variants (<1% AF) from ~8,000 samples

Gene

PCGF2,CISD3

Description  palycomb group ring finger 2;CDGSH iron sulfur domain 3
Number of variants 95
UCSC Browser 17:36890152-36906070
GeneCards PCGF2 CISD3
MalaCards PCGF2 CISD3
OMIM  PCGF2 CISD3
Clinvar PCGF2 CISD3

Gene summary

Chr:Pos = Alleles rsiD HPO Profiles - #het - #hom = Gene = mRANA - Annotations -+ cDNA Change Protein Change ESPAC = ExAC AC 1K Genome AC & CADD Phred-scaled
17:36894794 T>C NA 2 3 0 PCGF2 NM_007144.2 Synonymeous-near-... c.480A>G p.(K160=) 0 1] 1] 6.016
17:36B90664 GrA NA 1 0 1 PCGF2,CISD3 NM_001136498.1 3-prime-UTR C."956G>A NA 0 o 1] 3.901
17:36891006 G>T NA 1 0 1 PCGF2,CISD3 NM_001136496.1 3-prime-UTR c.71296G>T NA 0 1] 0 1.246
17:36891329 CAT=C rs71764170 5 3 2 CISD3,PCGF2 NM_001136498.1 3-prime-UTR c."1622_"1623del2 NA 0 o 1] -1
17:366891402 GrA rs1061140 2 2 1 PCGF2,CISD3 NM_001136498.1 3-prime-UTR ¢.*1694G>A NA 0 1] 0.005952 14.45
17:366891443 G>C rs376471012 1 1 0 PCGF2,CISD3 NM_001136498.1 3-prime-UTR c.*1735G>C NA 0.000085 1] 1] 10.39
17:36891457 AT rs141585937 1 1 0 PCGF2,CISD3 NM_001136498.1 3-prime-UTR .1 749A>T NA 0.010982 0.014342 0.008242 7.646
17:366891467 T=A rs377749543 1 1 0 PCGF2,CISD3 NM_001136498.1 3-prime-UTR C."1759T>A NA 0.00008 0.000177 1] 10.57
17:36891486 G>C NA 2 2 0 PCGF2,CISD3 NM_001136498.1 3-prime-UTR c.1778G>C NA 0 1] 1] 16.94
17:366891494 GA rs112808318 3 4 0 PCGF2,CISD3 NM_001136498.1 3-prime-UTR c.*17B6G>A NA 0 0.000302 0.001374 10.92
17:366891495 GxA NA 2 2 0 PCGF2,CISD3 NM_001136498.1 3-prime-UTR c. 17BTG>A NA 0 0.000149 1] 23.2
17:36891500 GrA NA 1 1 0 PCGF2,CISD3 NM_001136498.1 3-prime-UTR c.*1792G>A NA 0 0.000148 1] 9,086
17:366891506 GA NA 7 9 0 PCGF2,CISD3 NM_001136496.1 3-prime-UTR c.*1798G>A NA 0 0.00042 0 10.56
17:36891566 C>T rs149121439 1 2 o] PCGF2,CISD3 NM_001136498.1 3-prime-UTR c."1B58C>T NA 0.000078 o 1] 12.82

http://geno2mp.gs.washington.edu/



Variant seen in patients with nervous system abnormalities

but also in unaffected relatives

Phenotypes represented

Hover over the bars to see number of individuals.

»MP

I Affected
I Relative
A \) 2 Al
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»0\0 o g@ 6\2‘,
Variant count by HPO Profile Total number of HPO profiles: 5
Filter by Sample Status All = Export table to TSV
C/G Sample Status Contact HPO term: broad HPO ID: broad HFO term: medium HPFO ID: medium HPO term: narrow HPO ID: narrow
1 affected Abnormality of the nervous system HP:0000707 Behavioral abnormality HP:0000708 Autism HP:0000717
Abnormality of the nervous system HP:0000707 Seizures HF:0001250
1 affected Abnormality of the nervous system HP:.0000707 Abnarmality of the cerebellum HP:0001317
1 affected Abnormality of the nervous system HP:0000707 MNeurodevelopmental abnormality HP:0012759
1 relative Abnormality of the nervous system HP:0000707 Abnarmality of the cerebellum HP:0001317 Cerebellar atrophy HP:0001272
1 relative Abnormality of the nervous system HP:0000707 Abnormality of the cerebellum HP:0001317 Cerebellar hypoplasia HP:0001321



There is power in big data when deployed in
oublicly available, intuitive user interfaces

Thank you to all the groups that contribute data to
gnomAD and other public resources
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Publicly available reference population databases
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Publicly available reference population databases

Individuals in dataset
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Publicly available reference population databases

Individuals in dataset
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Mutational model accurately predicts
synonymous variation

 We used our mutational model to predict the expected number of variants in
the ¥61K individuals in EXAC

Synonymous Missense Loss-of-function
— r*=0.96 r2=0.89 r2=0.35
Q
S
. -
()
n
-Q *.‘.'5- s,
o | ¥ | "o
Expected Expected Expected

Samocha et al., Nat Genetics, 2014; Lek et al., Nature, 2016
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