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TERMS

“m*n” or “puly*hism”

“variant” + appropriate modifier




TERMS

Modifier®

Wording report*

benign
likely benign®
uncertain significance
likely pathogenic®
pathogenic

do not report
‘diagnosisnot confirmed molecularly®
“does not confirm or exclude diagnosis™
‘consistentwith the diagnosis®

“the result confirms the diagnosis®

*Based on ACGS guidelines (Wallisetal, 2013)
= =80% certainty of a variant being either benign or disease causing
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CLASSIFICATION CRITERIA

Whether a variant should be categonzed as benign/likely
benign or pathogenic/likely pathogenic is based on different
criteria:

Benign/likely benign: stand-alone (BA1)
strong evidence (B51-4)
supporting evidence (BF1-7)

Fathogenic/likely pathogenic: very strong evidence (FV51)
strong evidence (F51-4)

moderate evidence (FM1-6)
supporting evidence (PP1-5)




Benign

Pathogenic

Strong

N 4
7 K

Supporting

Supporting

Moderate

Strong

Very Strong

Population
Data

MAF is too high for
disorder BA1/BS1 OR
observation in controls
inconsistent with
disease penetrance BS2

Absent in population

databases PM2

Prevalence in
affecteds statistically
increased over
controls PS4

Computational
And Predictive
Data

Multiple lines of
computation idence
suggest no impact on gene

e product BP4
sene where

only truncse

disease BP1

\g cause

Silent variant with non

predicted splice impact BP7

Multiple lines of
computational
evidence support a
deleterious effect
on the gene /gene
product PP3

Novel missense change
at an amino acid r

where a different

change has been see

fore PM5

Protein length changing

variant PM4

Same amino acid
change as an
established
pathogenic variant
PS1

Predicted null
variant in a gene
where LOF is a
known
mechanism of
disease

PVS1

Functional
Data

Well-established
functional studies show
no deleterious effect
BS3

Missense in gene with
low rate of benign
missense variants and
path. missenses
common PP2

Mutational hot spot
or well-studied
functional domain
without benign

variation PM1

Well-established
functional studies
show a deleterious
effect PS3

Segregation
Data

Non-segregation
with disease BS54

Co-segregation with
disease in multiple
affected family
members PP1

Increased segregation dat

De novo
Data

De novo (without
paternity & maternity
firmed) PA

Fivi

De novo (paternity &

maternity confirmed)

Ps2

Allelic Data

Observed in trans with
a dominant variant BP2

Observed in cis with a
pathogenic variant BP2

For recessive
disorders, detected
jith a

variant

in trans
patho

PM3

Other
Database

Reputable source w/out
shared data = benign BP6

Reputable source
= pathogenic PP5

Other Data

Found in case with
an alternate cause
BPS

Patient’s phenotype or
FH highly specific for
gene PP4




Class Modifier Criteria for classification®

1 henign {1} 1 stand-alon= (BA1) OR
(i} =z 2 strong {B51-4)
2 likehy benign (i} 1 strong {B51-4} and 1 supporting (BP1-T) OR
(i} 2 2 supporting (BP1-7)
uncertain significance (i) other criteria are not met OR
{iiy the criteria for benign and pathogenic are contradictony

likehy pathogenic (i} 1 wery strong (FV51) AND 1 moderate (PM1-8) OR
(i} 1 strong (PS51-4) AND 1-2 moderate (FM1-8) OR
{iii) 1 strong (F51-4) AND = 2 supporting {PP1-5) OR
{iv} 23 moderate (PM1E) OR
[w) Z moderate [F'II."-E-_} AND =2 =u pp:-rti_r-; {PF1-8) OR
{wi) 1 moderate (PM1-8) AND =4 supporting {(FP1-5)

{iy 1 wery strong {FY51) AND
{a} z 1 strong {PS1-4) OR
{b} 22 moderate (PM1-8) OR
{c} 1 moderate (PM1-8) AND 1 supporting {PP1-5) OR
{d} = 2 supporting {PP1-5)
{ii} 2 2 strong (PS1-4) OR
{iii} 1 strong (P51-4) AND
{a} 23 moderate (PM1-8) OR
{b} 2 moderate (PM1-8) AND z 2 supporting {PP1-5) OR
{c} 1 moderate (FM1-8) AND = 4 supporting (PP1-8)

*Based on ACMG guidelines(Richards etal, Genetics in Medicine 2015)




.
* A reference franscript should be used and provided in the
report

2015 ACMG
Guidelines

e Longest known
* Most clinically relevant

when there are known, interpretable variants
e Richards et al., Genet Med 2015; 17(5): 405-424




*~20 people, but ~70% from one individual

GRCh37
(HG19)

*Gaps in sequence
*Highly repetitive regions
*Mitochondrialgenome
universal or *Long stretches highly specific to one individual
b g Old * Allelic div ersity limited

*2 million reference alleles have population frequency of
<0.5

«Statistically like an arbitrarily chosen personal genome

standard”




GRCh38

Improvements

» More individuals sequenced
from diverse ethnicities

» Longerreads (Sanger)

» Haploid genome

Effects

>

A more representative genome, better
annotation of variation

Incorrectreference alleles fixed

» More easily define breakpoints of large CNVs

>

If these overlap previous ‘missingregions’

More confidencein CNV and Structural
Variation calling-reduced numbers of false
negative CNVs and SV

Better definition of alternative haplotypes-
especiallyimportant for MHC region and
other complexregions. Allows for alignment
for first fime (until now these sequences were
just not included in analyses).

Mitochondrialgenome included



Diagnostic Gene Sequencing

Panels: Choosing a Transcript
2019 ACMG Technical Standards

Well-characterised gene Not well-characterised gene
» Adhere to conventionsin the field » Review publicationsfor transcripft
» Locus Reference Genomic descriptions fo ensure all
pathogenic variants would be

Stable identifi
» Stable identifiers e

» Default to all-exon approach
_ ACross one or more franscripts with
» Favourfranscripfs largest canonical transcript

» Used in many publications

» No versions or changes
» Map back to GRCh37 or 38

» Known biological relevance

» Discrepanciesin transcripts should
be mitigated by bioinformatic
processes




Diagnosftic
Gene
Seqgquencing
Panels:

Choosing a
Transcript
2019 ACMG
Technical
Standards

* inrarely expressed transcripts
* solely predicted by insilico algorithms

specific consequences

Provide list of franscripts analysed in report



What's newe
Matched

Annotation
from the
NCBI and
EMBL-EBI

Y
e Match GRCh38 sequence

e 100% identical betweenRefSeq and Ensembl
transcript

e S'UTR, CDS, 3'UTR

ranscripts should be

e Well supported, expressed, conserved
e Representative of biology at each locus

e BUT, be careful: Most highly supported
transcript may not capture biological

complexity, by excluding tissue specific or
clinicallyrelevantisoforms




&« C ® © & https://www.ensembl.org/Homo_sapiens/Gene/Summary?g= e @ % | @@ search v IN O @

’1 Human (GRCh38.p13) v

Location: 17:50,184,101-50,201,632 (EelLEHeo/RT.¥|

Gene-based displays
= Summary Gene: COL1A1 EnsG00000108821
I~ Splice variants

ganscrlilp | comparison Description collagen type | alpha 1 chain [Source:HGNC Symbol;Acc:HGNC:2197 ]
ene alleles
B Sequence Gene Synonyms ol4

1
Secondary Structure Location Chromosome 17: 50,184,101-50,201,632 reverse strand.

- Comparative Genomics )
Genomic alignments GRCh38:CM000679.2

Gene tree About this gene This gene has 13 transcripts (splice variants), 336 orthologues, 37 paralogues, is a member of 1 Ensembl protein family and is associated with 115 phenotypes.
Gene gain/loss tree

Orthologues Transcripts Hide transcript table

Paralogues
Ensembl protein families

- Ontologies Show/hide columns (1 hidden)

GO: Biological process - . " "
GO: Molecular function Name Transcript ID bp Protein Biotype CCDS UniProt RefSeq Match Flags
GO: Cellular component COL1A1-201 ENST00000225964.10 5914 1464aa | Protein coding CCDS11561% P02452F NM_000088.4% TSL: GENCODE basic APPRIS P1{ MANE Select v0.9
ghenotyl\iles COL1A1-211 ENST00000507689.1 549 = 154aa | Protein coding - 13L3H7 & - CDS 3'incomplete  TSL:2

enetic Variation . . .
Variant table COL1A1-203 ENST00000471344.1 1192 No protein | Retained intron - - - TSL:2
Variant image COL1A1-212 ENST00000510710.3 1147 No protein | Retained intron - - - TSL:2
Structural variants COL1A1-207 ENST00000486572.1 836 No protein | Retained intron - TSL:3
Gene expression . . .
Pathway COL1A1-213 ENST00000511732.1 789 No protein | Retained intron TSL:2
Regulation COL1A1-204 ENST00000474644.1 640 No protein | Retained intron TSL:3
External references COL1A1-202 ENST00000463440.1 614 No protein | Retained intron TSL:2
Supporting evidence nietained ntron
ID History COL1A1-205 ENST00000476387.1 600 | No protein | Retained intron TSL:2
L Gene history COL1A1-209 ENST00000495677.1 594 No protein | Retained intron TSL:3
COL1A1-210 ENST00000504289.1 481 | No protein | Retained intron TSL:2
COL1A1-206 ENST00000485870.1 403 No protein | Retained intron TSL:3

1M Custom tracks COL1A1-208 ENST00000494334.1 396 No protein | Retained intron TSL:2

¥ Configure this page

41 Export data




Current VCT is based on ACMG/AMP

VO ”O ﬂT guidelines2015( )
C | OSS|f|C O -|-|O N New classification fools are based on

ACGS Best Practice Guidelines for Variant

Classification 2017 = 2018 - 2019 —= 2020 ()
anno 2021

Recommendationsfor Interpreting the Loss
of Function PVS1T ACMG/AMP Variant
Criterion2018 ()

Modelingthe ACMG/AMP Variant
Classification Guidelines as a Bayesian
Classification Framework 2018 ()

Sherloc: a Comprehensive Refinement of the
ACMG-AMP Variant Classification Criteria
2017 ()



https://pubmed.ncbi.nlm.nih.gov/25741868/
https://www.acgs.uk.com/quality/best-practice-guidelines/
https://pubmed.ncbi.nlm.nih.gov/30192042/
https://pubmed.ncbi.nlm.nih.gov/29300386/
https://pubmed.ncbi.nlm.nih.gov/28492532/

Variants of uncertain significance
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Observations in
well-characterized

individuals
root decision tree
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PVS1 — (Very Strong) null variant (honsense, frameshift, canonical £1 or 2
splice sites, initiation codon, single or multi-exon deletion) in a gene

where LOF is a known mechanism of disease

Potential over-classification of variants

Genes without loss-of-function
disease mechanism

SPECIAL ARTICLE WILEY igoiees

Variants in the last exon: NMD?

. . . . Recommendations for interpreting the loss of function PVS1
Variants locatedin biologicalless ACMG/AMP variant criterion

relevant transcript

Ahmad N. Abou Tayoun!-2* | TinaPesaran® | MarinaT. DiStefano? |

S pl | cev Gri an '|'S W|'|'h O U'l' effec‘l‘ on Andrea Oza* | HeidiL.Rehm?*>¢ | Leslie G.Biesecker’ | StevenM.Harrison? |
. ClinGen Sequence Variant Interpretation Working Group (ClinGen SVI)
protein

Clinical validity of gene?

Have LoF variants been reported?



PVSI:
Is LOoF disease mechanisme

» Abou Tayoun et al, 2018, Hum Mut

TABLE 1 Criteria for LoF disease mechanism

Follow PV51 Flowchart if:
Clinical validity classification of gene is STROMNG or DEFINITIVE
AND

3 or more LOF variants are Pathopenic without PV51 AND = 10% of
variants associated with the phenotype are LOF (must be across
more than 1 exon)s

Decrease final strength by one level (i.e. Very5trong to Strong) if:
Clinical validity classification of gene is at least MODERATE
AMND

2 or more LOF variants have been previously associated with the
phenotype (must be across more than 1 exon)+

AND
Mull mouse model recapitulates disease phenotype
Decrease final strength by two levels [i.e. VeryStrong to Moderate] if:
Clinical validity classification is at least MODERATE
AMD EITHER

2 or more LOF variants have been previously associated with the
phenotype (must be across more than 1 exon)+

OR
Mull mouse model recapitulates disease phenotype

If there is no evidence that LOF variants cause disease, PV51 should not
be applied at any strength level.

*WWith the exception of single-exon genes.



PVS1:Is LoF disease mechqnism?

20 [“Whttps://search.clinicalgenome.org/kb/gene-validi

ClinGen | Knowledge Base Contact  Site Search  Events & Fublications

Q

C | ‘ nGen About ClinGen Working Groups & Expert Panels Resources & Tools GenomeConnect Share Your Data

Cnical ma Rasoun

> 4 s R —— e s e S

Kn Owledge Bas e Curations: | Gene-Disease Validity Dosage Sensitivity =~ Clinical Actionability | Contact ClinGen

Gene Valldlty Curations Curation Count 669 | ® Download Summary
Q | Filter table

Gene |t Disease curated SOP Classification Rel d

AZML1 Moonan syndrome with multiple lentigines SOP5 K No Reported Evidence | 06/07/2018

MONDO:0007893

AZML1 cardiofaciocutaneous syndrome SOP5 B No Reported Evidence ~ 06/07/2018
M 5280

AZML1 Costelle syndrome SOP5 B No Reported Evidence |~ 06/07/2018

Evidence

e Evidence Description

The role of this gene in this particular disease has been repeatedly demonstrated in both the
research and clinical diagnostic settings, and has been upheld over time (in general, at least
3 years). No convincing evidence has emerged that contradicts the role of the gene in the
specified disease.

DEFINITIVE

The role of this gene in disease has been independently demonstrated typically in at least
two separate studies providing strong supporting evidence for this gene's role in disease,
usually including both of the following types of evidence:

« Strong variant-level evidence demonstrating numerous unrelated probands with variants

that provide convincing evidence for disease causality1 as well as

» Compelling gene-evel evidence from different types of supporting experimental data’.
In addition, no convineing evidence has emerged that confradicts the role of the gene in the
noted disease.

STRONG

Strande et al 2017 AJHM

There is moderate evidence to support a causal role for this gene in this disease, typically
including both of the following types of evidence:
= Several prabands with variants that provide convincing evidence for disease causality1
« Moderate experimental data” supporting the gene-disease association
The role of this gene in disease may not have been independently reported, but no
convincing evidence has emerged that contradicts the role of the gene in the noted disease

Supportive Evidence

MODERATE

There is limited evidence to support a causal role for this gene in this disease, such as:

+ Fewer than three observations of variants that provide convincing evidence for disease
causality' OR

= Variants have been observed in probands, but none have sufficient evidence for disease
causality.

« Limited experimental data® supporting the gene-disease association

LIMITED

The role of this gene in disease may not have been independently reported, but no

Abo U TQyO U n e_l_ O | 20 .I 8 H U m MU _I_ convincing evidence has emerged that contradicts the role of the gene in the noted disease.
’ ’

EFvidanrca far a canieal rnla in dicaaca hae nnt baarn ranarad Thaca Aanac miciht ha



https://search.clinicalgenome.org/kb/gene-validity

http://www.informatics.jax.org/

PVS]

c A Niet beveiligd | informatics.jax.org

Is LoF disease Y

el  Mouse Genome Informatics

L]
m e C h O n IS m 2 == h e SLyeEn
° ickS h **NEW: MOUSE RESOURCES FOR COVID-19 RESEARCH**
uickSearc N s | £ 20 RCOVID 19 EA
Keywords, Symbols, or IDs Q

MG i the international database resource for the laboratory mouse, providing
Or use topic specific search and analysis tools integrated genetic, genomic, and biological data to facilitate the study of human
health and disease.

Genes
- AboutUs  MGI Publications  Cite Us ‘] )

@) Phenotypes & Mutant Alleles

Coronavirus
information
@ Gene Expression Database (GXD) X‘ in MGI

~®* Human-Mouse: Disease Connection

i > Recombinase (cre)

£% Function

“ Strains, SNPs & Polymorphisms

1,74 Vertebrate Homology

0e0000

» . Mouse Models of Human Cancer

v
Genetic Location  Genome Coordinates L Feature Type S Symbol -~ Why Matched?
(strand) (Dest matching example)
GRCm38
Chri8 €2 Chri8:75018781-75286964 (+) protein coding gene ymeclin currentSymbol:Dym
Mutations, = |7, 26 phenctypes from 1 afiale in 1 genetic background All Metations and Allsles 143
i v Pnunpo!my:;‘.;-:ypﬂ om 1 atele in 1 gen Geoun o .
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o d 141
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Hines available

Click calls to view annatations.

- Mice hamazygous for a gene trapped alele display cecreased body size with short tubular bones, chondrodysplasia, partial penetrance of obstructive Fydronephrosis and impaired vesicular transport

Abou Tayoun et al, 2018, Hum Mut



PVSIE
decision tree

»Abou Tayoun et al, 2018, Hum
Mut
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LoF variants in this exon are frequent in the general population

Frameshift |~ i .
. 5 and/or exon is absent from biologically-relevant transcript(s)
™ Not predicted to undergo NMD Role of region /
] inprotein 2
func » Variant removes
function is % LoF variants in this exon are not P ey I
3 . 3 43 >10% of protein
unknown J frequent in the general pop s
and/or exon is present in R > =
bictogicall-relevait Fanscribtls) ~ Variant removes | - P
iologically-relevant transcript(s <10% of protein
Exon is present in biologically-relevant transcripi(s) }—‘E
Exon skipping or usc of a cryptic
splice site disrupts reading frame - | £ > 3 g
/ « ¥ = Exon is absent from biologically-relevant transcript(s ]
and is predicted to undergo NMD i S cript(s)
[ /4 Truncated/altered region is critical to protein function ] I
/ LoF variants in this exon are frequent in the general population
Exon skipping or use of a cryptic / and/or exon is absent from biologically-relevant transeript(s)
site disrupts reading frame Role of region 5
/1 i icte Ty —— in protein /. A B Varia ves
3 s NOT pnfdu.lu.l to undergo - = nP“ 3 LoK vartants i this exon are not e ariant removes Jd
GT-AG |/ NMD u! : on 1S in the general . ¥ ~10% of protein
i unknown ~ 4 R P ¢
1,2 splice and/or exon is present in \ .
sites * biologically-relevant transcript(s) N Varismtronaves - M
Lo P <10% of protein
LoF variants in this exon are frequent in the general population | =)
and/or exon is absent from biologically-relevant transcript(s)
Role of s
s 5 o 2 in protein c i £ Variant removes
Exon skipping or use of a cryptic s LoF variants in this exon are not > Bt I
. L RPN > caa function is 5 > 3 =10% of protein
splice site preserves reading o q in the general pop ,‘
. unknown g <
frame and/or exon is present in N Vari
. N anant removes .
biologically-relevant transeript(s) <10% of A o B
Satar presein st fcsted covkve oy 9, 2518, i e ke ok a0 <10% of protein L
fobnglipuiot tesidiphy’ syt hSegn i et i
‘e]o e avasatie cectr 8 L BVND 4.0
Truncated/altered region is critical to protein function " I I
Full gene deletion }
/ Exon is present in biologically-relevant transcript(s) ]—E
/ Single to multi exon deletion — -
Disrupts reading frame and is . | : R .
+ v = Exon is absent from biologically-relevant transcript(s)
predicted to undergo NMD o PU
.{ Truncated/altered region is critical to protein function I '! I
Deletion /

(Single exon to
full gene)

Single to multi exon deletion
Disrupts reading frame and is
NOT predicted to undergo NMD

Single to multi exon deletion —
Preserves reading frame

Role of region
in protein
function is
unknown

A

LoF variants in this exon are frequent in the general population
and/or exon is absent from biologically-relevant transeript(s)

LoF variants in this exon are not
frequent in the general populati

Variant removes | =
>10% of protein

and/or exon is present in
biologically-relevant transcript(s)

Variant removes
<10% of protein

1

Truncated/altered region is critical to protein function "

o

Proven in tandem

Reading frame disrupted and NMD predicted to occur

Ll

T
1]

Dunlicats ~
Bl seon dias 3{ No or unknown impact on reading frame and NMD

and must be =3 Presumed in tandem =

completely \ 1 ‘{ Reading frame presumed disrupted and NMD predicted to occur
contained within N\
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- Exon is present in biologically-relevant transcript(s) > PVSI
4 Predicted to undergo NMD <
. Exon is absent from biologically-relevant transeript(s) ’ N/A
p Truncated/altered region is critical to protein function ® *  PVSI Strong
Nonsense or S ook, B8 : . :
: ‘ LoF variants in this exon are frequent in the general population .
Frameshift ' . . : — N/A
, ‘ and/or exon is absent from biologically-relevant transcript(s)
% Not predicted to undergo NMD K- Role of region
In protein Variant -
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functionis | ™ LoF variants in this ¢xon are not 21 >10% of orotein *1  PVSI Strong
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and/or exon is present in < Naristkseoves
. . . LU ) N T\
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PVS1: decision free

NMD PREDICTION BASED ON THE PREMATURE TERMINATION CODON NOT OCCURRING INTHE 3" MOST
EXONOR THE 3"-MOST 50 BP OF THE PENULTIMATE EXON.

Abou Tayoun et al, 2018, Hum Mut
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PVST1: Biological relevant transcripte



What can change
the class of a
variante

Functional data

-->when you have well-
validated functional data




What is a well-
validated
functional assaye

»= Assay that investigates the effect on
the gene product

» Activity
» direct or indirect
» Interaction(s)
» multimer assembly
» Localization
» subcellularcompartment
» Structure
» now mostlyin silico

» splicing
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Functional characterization of novel MFSD8 pathogenic variants anficipates neurological involvement in juvenile isolated maculopathy. Bauwens M., et al. Clin Genet. 2020 Mar;97(3):426-436.



What is a well-
validated
functional assaye

»= Assay that investigates the effect on
the gene product

» Compare wild type status with variant
status

» Statistical significance #
clinical/biological significance

» Compare common variants with rare
v ariants

» Face validity of the assay

» Construct validity of the assay (e.g.
genotype)

» In vivo assays in proband where possible
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