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BACKGROUND:

ClinGen’s gene curation process is the method designed to aid in evaluating the
strength of a gene-disease relationship based on publicly available evidence.
Information about the gene-disease relationship, including genetic, experimental, and
contradictory evidence curated from the literature is compiled and used to assign a
clinical validity classification per criteria established by the ClinGen Gene Curation
Working Group (GCWG)[1]. This protocol details the steps involved in curating a gene-
disease relationship and subsequently assigning a clinical validity classification. This
curation process is not intended to be a systematic review of all available literature for
a given gene or condition, but instead an overview of the most pertinent evidence
required to assign the appropriate clinical validity classification for a gene-disease
relationship at a given time. While the following protocol provides guidance on the
curation process, professional judgment must be used when deciding on the strength of
different pieces of evidence that support a gene-disease relationship.

REQUIRED COMPONENTS:

e ClinGen-approved curation training. For training resources please see the
ClinGen gene curation website (https://www.clinicalgenome.org/working-
groups/gene-curation/ and https://www.clinicalgenome.org/curation-
activities/gene-disease-validity/educational-and-training-
materials/interactive-training-modules/) or contact
clingen@clinicalgenome.org

e Internet browser

e Publication Access

e Access to the ClinGen Gene Curation Interface.
https://curation.clinicalgenome.org/ Contact clingen-
helpdesk®@lists.stanford.edu for login information.

Optional: Microsoft Office (Word, Excel, or Powerpoint to record your data from
curation)

OVERVIEW OF GENE CURATION:
The gene curation frame work consists of the following steps.

e Collection of evidence: The evidence is collected primarily from published
peer-reviewed literature, but can also be present in publicly accessible
resources, such as variant databases, which can be used with discretion.
Literature searches can be conducted using PubMed
(http://www.ncbi.nlm.nih.gov/pubmed) and/or Google Scholar
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(http://scholar.google.com/) (which has a full-text search feature). Advanced
searches are generally more informative.
o PubMed tutorial:
https://www.nlm.nih.gov/bsd/disted/pubmedtutorial/cover.html
o PubMed presentation to ClinGen Biocurator working group:
http://tinyurl.com/ydfd826m
o Google Scholar search help:
(https://scholar.google.com/intl/en/scholar/help.html#searching)
One need not comprehensively curate all evidence for a gene-disease pair
(particularly for “Definitive” associations), but instead focus on curating and
evaluating the relevant pieces of evidence described in this protocol.
Identifying different evidence types: The curator needs to identify and curate
genetic and experimental evidence separately (details are defined later in
"Genetic Evidence" and Experimental Evidence" sections). Genetic evidence is
divided into two categories: case-level data and case-control data. Typically
studies describing individuals or families with variants in the gene of interest
will be scored as case-level data, while studies using statistical analysis to
determine the enrichment of variants in case and control groups will be scored
as case-control data. The gene-level experimental data used in this framework
to assess a gene-disease relationship are in vitro and in vivo functional studies
that implicate the causative role of a gene in disease. These are based on
MacArthur and colleagues and described in detail below [2].
Assignment of clinical validity classification using gene curation matrix: Next
the curator evaluates the evidence and assigns points to the evidence using the
scoring matrices provided below (Fig. 3,8). This information is then
summarized and tallied to generate a total score and calculated clinical
validity classification, which will be reviewed by a committee of appropriate
disease experts.
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Figure 1: Gene Curation Workflow
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CLINICAL VALIDITY CLASSIFICATIONS:

The gene curation working group members have developed a method to
qualitatively define the “clinical validity” of a gene-disease relationship using a
classification scheme based on the strength of evidence that supports or refutes any
claimed relationship. This framework allows the “clinical validity” of a gene-disease
relationship to be transparently and systematically evaluated. These classifications can
then be used to prioritize genes for analysis in various clinical contexts. The suggested
minimum criteria needed to obtain a given classification are described for each clinical
validity classification. These criteria include both genetic and experimental evidence,
which are described below in this document. The default classification for genes
without an identified variant in humans is “No Reported Evidence.” The level of
evidence needed for each supportive gene-disease relationship category builds upon
the previous category (e.g. “Limited” builds upon “Moderate”). Gene-disease
relationships classified as “Contradictory” likely have evidence supporting as well as
opposing the gene-disease association, but are described separately from the
classifications for supportive gene-disease relationships.



Evidence Level

Figure 2: Clinical Validity Classifications (Evidence
Description)

Supportive Evidence

DEFINITIVE

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.

STRONG

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

e Strong variant-level evidence demonstrating numerous unrelated
probands harboring variants with sufficient supporting evidence for
disease causality'

e Compelling gene-level evidence from different types of supporting
experimental data?.

In addition, no convincing evidence has emerged that contradicts the role of
the gene in the noted disease.

MODERATE

There is moderate evidence to support a causal role for this gene in this
disease, including both of the following types of evidence:
e At least 3 unrelated probands harboring variants with sufficient
supporting evidence for disease causality '
e 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.

LIMITED

There is limited evidence to support a causal role for this gene in this
disease, such as:
e Fewer than three observations of variants with sufficient supporting
evidence for disease causality ' OR
e Variants have been observed in probands, but none have sufficient
evidence for disease causality.
e Limited 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.

NO REPORTED
EVIDENCE

Evidence for a causal role in disease has not been reported. These genes
might be “candidate” genes based on linkage intervals, animal models,
implication in pathways known to be involved in human diseases, etc., but
no reports have directly implicated the gene in human disease cases.
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Although there has been an assertion of a gene-disease association,
conflicting evidence for the role of this gene in disease has arisen since the
time of the initial report indicating a disease association. Depending on the
quantity and quality of evidence disputing the association, the association
may be further defined by the following two sub-categories:
1. Disputed
a. Convincing evidence disputing a role for this gene in this disease
has arisen since the initial report identifying an association
between the gene and disease.
b. Disputing evidence need not outweigh existing evidence supporting

CONFLICTING i an
EVIDENCE the gene-disease association.
REPORTED 2. Refuted

a. Evidence refuting the role of the gene in the specified disease has
been reported and significantly outweighs any evidence supporting
the role.

b. This designation is to be applied at the discretion of clinical
domain experts after thorough review of available evidence

c. While it is nearly impossible to entirely refute a gene’s potential
role in disease, this category is to be used when all existing data
has been fully refuted leaving the gene with essentially no valid
evidence remaining, after an original claim.

Contradictory Evidence

NOTES

"Variants that disrupt function and/or have other strong genetic and population data (e.g. de novo occurrence,
absence in controls, strong linkage to a small genomic interval, etc.) are considered convincing of disease
causality in this framework. See "Variant Evidence” on p.13 for more information.

2Examples of appropriate types of supporting experimental data based on those outlined in MacArthur et al.
2014[2].

LITERATURE SEARCH:

Many human genes are implicated in more than one disorder. Therefore, prior to
starting a curation and entering the details into the Gene Curation Interface, the
curator should be absolutely clear on which disease entity is being curated. The
expert group can give guidance if needed.

1. The initial search should be broad and inclusive. A good way to start is by
searching “gene symbol/name AND disease” (in some cases it may be
sufficient to search for the gene name/symbol alone). Ensure that you have
looked up gene symbol/name alternatives before you search.

a. Check HGNC (www.genenames.org/) for old gene symbols and aliases

b. NCBI Gene (www.ncbi.nlm.nih.gov/gene) also lists gene aliases

c. NOT all search results will be relevant, thus it is important to
examine the search results for pertinent information
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2. Curating primary literature is encouraged, but if a gene-disease pair has
abundant information (i.e. >50 relevant results returned in a search), review
articles may be sufficient. To find reviews, search PubMed with “gene AND
disease AND (review [Publication Type] OR "review literature as topic"[MeSH
Terms]).
a. Curation may occur from that publication ONLY when sufficient
details are included in the review article.
b. If sufficient details are NOT included in the review article then the
curator will need to return to each individual publication to curate
the information.

3. Additional searches are often necessary to identify sufficient gene level

experimental evidence. Note that additional gene level experimental evidence

may exist in publications BEFORE the gene:disease association was first made.
a. Search PubMed for experimental data (Examples below)

. “gene AND function”
. “protein AND function”
. “gene AND animal”

b. Additional information may also be available in OMIM
(www.OMIM.org) in the “Gene function” or “Biochemical Features”
sections

c. GeneReviews (http://www.ncbi.nlm.nih.gov/books/NBK1116/) often
has information in the “Molecular Genetics” section of the disease
entries that may be useful.

d. Other databases such as UniProt (www.uniprot.org/), MGI
(www.informatics.jax.org/), etc. may also be useful, provided that
primary references are given that can be curated. For a list of
databases that may be helpful for the curation process, see Appendix
A.

e. GeneRIFs (Gene References Into Functions), within NCBI Gene, lists
article links that summarize experimental evidence for a given gene.
The link itself leads to an article in PubMed and can serve as an
additional source for experimental evidence.

4. An additional component of the curation process is to determine if the original
gene-disease association has been replicated; therefore, it is critical to find the
original paper with the proposed relationship. OMIM and GeneReviews often cite
the first publication and should be cross-referenced. Additionally, a recent review
article may be helpful in ruling out any contradictory evidence that may have
been reported since the original publication.
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a. The "Allelic Variants” section of OMIM and the “Molecular Genetics
> Pathogenic allelic variants” section of GeneReviews may have
relevant information.

b. Be sure to extract information from the original publication, NOT
directly from these websites.

Once all of the relevant literature about the gene-disease relationship has been
assembled, curation of the different pieces of evidence can begin.

GENETIC EVIDENCE

Genetic evidence may be derived from case-level data (studies describing
individuals or families with variants in the gene of interest) and/or case-control data
(studies in which statistical analysis is used to evaluate enrichment of variants in cases
compared to controls). While a single publication may include both case-level and case-
control data, individual cases should NOT be double-counted (e.g., an individual case
that is part of a case-control cohort should not be given points from both the “case-
level data” and “case-control data” categories). For example, although this would be
an unlikely situation, if a case from a case-control study were singled out and a pedigree
was provided, this case could be evaluated with case-level data and segregations
counted, but the case-control data itself should not be counted. In this scenario, a note
should be made for expert review.

Genetic Evidence Summary Matrix

A matrix used to categorize and quantify the genetic evidence curated for a gene-
disease pair is provided below. NOTES: All variants under consideration should be rare
enough in the general population to be consistent with prevalence of disease.

Case-Level Data

Assessing case-level data requires knowledge of the inheritance pattern of the disease
in question and careful interrogation of the individual variants identified in each case.
Within this framework, a case should only be counted towards supporting evidence if
the variant identified in that individual has some indication of a potential role in disease
(e.g. impact on gene function, recurrence in affected individuals, etc.). Each case may
be given points for both variant evidence (see below for details on interpretation) and
segregation evidence (see p. 15 for details on calculation).

10



Figure 3: Genetic Evidence Matrix
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GENETIC EVIDENCE SUMMARY
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General Notes for variant scoring:

1.

When curating an autosomal dominant disease or an X-linked disorder consider
the evidence types in row "A". If you are curating an autosomal recessive
disease, consider the evidence types in row "B". In X-linked disorders, affected
probands will often be hemizygous males and/or manifesting heterozygous
females. Recognizing that there can be rare cases of females affected by X-
linked recessive disorders (due to chromosomal aneuploidy, skewed X
inactivation, or homozygosity for a sequence variant), or males who carry an X-
linked variant but are unaffected or mildly affected (due to Klinefelter
syndrome, 47, XXY) evaluators must be aware of the nuances of interpretation
of individual cases and X-linked pedigrees. Points can be assigned at the
discretion of the expert reviewer taking into account the available evidence.
Furthermore, there are known cases of female carriers of X-linked recessive
conditions manifesting symptoms that are milder or later in onset compared to
males, and scoring of genetic evidence in these examples should be subject to
expert review with regard to the assigned gene/disease/inheritance
combination.

Computational scores (such as conservation scores, constraint scores, in silico
prediction tools, variation intolerance scores, etc) are often disease and
context-dependent and should not be considered as strong pieces of evidence
for variant pathogenicity. However, they can be recorded during curation and
used as supporting evidence for variant scoring to be confirmed by expert
review.

For a variant to be considered potentially disease-causing, its frequency in the
general population should be consistent with phenotype frequency, inheritance
pattern, disease penetrance, and disease mechanism (if known). These pieces
of information can often be located in the literature (See "Literature Search” p.
8), but may also be contributed by experts. If such information is available, the
prevalence of the variant in affected individuals should be enriched compared
to controls. The Genome Aggregation Database (gnomAD;
http://gnomad.broadinstitute.org) provides a reference set of allele
frequencies for various populations and can be used to assess whether the
frequency of the variant in question is consistent with the prevalence of the
disease. Gene curation committees may find it helpful to set a maximum allele
frequency (MAF) above which a variant would be considered benign.

Generally, MAF thresholds will vary as a function of disease prevalence. This
MAF threshold is specific to the disease and should apply to all variants being
evaluated, in the context of that disease.

For each case information category, a suggested number of points per case is
provided. However, the points may be altered, within a defined a range, to

12
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account for the strength of evidence available to indicate that a variant is
deleterious (see Figure 3). Within each range, the curator may choose one of the
following scores: 0.1, 0.25, 0.5, followed by 0.5 point increments up to the
maximum possible score for that category. However, the curator should always
document reasons for any deviation in suggested scores for expert review.

. When scoring variants for autosomal recessive disorders in individuals who are
compound heterozygotes, there should be some evidence to suggest that the
variants are in trans in order to be scored. For example, for an individual who is
compound heterozygous for two variants in the gene of interest, both parents
should be tested to show that the variants are in trans. Molecular methods
showing that variants are in trans are also acceptable. For individuals who appear
to be homozygous for a variant, testing of the parents is not required in order to
count the case.

Variant Evidence:

. Other variant with gene impact (Missense variants, small in-frame indels, etc.):
a. Some functional impact to the gene product must be demonstrated for the
case to be given default points. Examples of functional impact include
reduced activity of an enzyme in cells expressing a variant in that gene, or

reduced expression of a gene product in cells from an individual with a
variant(s) in the gene. Impact based on functional validation can score 0.5
or above (up to 1.5/case) depending on the validation quality and disease
relevance of the functional assay.

b. Insilico predictions do not provide strong evidence for functional impact
and therefore, impact based on in silico predictions only would score less
than the default 0.5 points. It may be appropriate to award default points
if in-depth in silico modeling studies e.g. based on impact on 3D structure,
have been done, but this requires discussion with an expert.

c. Sum up the number of points. The suggested points per case can be found
in column "E" (dominant) and "G" (recessive). Total up all of the variant
evidence points and place them in "J" (dominant) or "L" (recessive), as
appropriate.

. Predicted or observed null variants

Some types of variants can be assumed to disrupt gene function. This category

includes nonsense, frameshift, canonical +/-1 or 2 splice site variants, single or

multi-exon deletion, whole gene deletion, etc). For missense and small in

frame insertions and deletions, see #1:

a. Assign fewer points if there is alternative splicing or if the null variant is
near the C terminus and/or nonsense medicated decay (NMD) is not

13
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predicted (NOTE: NMD is not expected to occur if the stop codon is
downstream of the last 50 bp of the penultimate exon).

b. Consider assigning fewer points if a gene product is still made, albeit
altered. For example, cDNA analysis and Western blot for an individual with
a canonical splice site change show that an exon is skipped but that the
reading frame is maintained and a protein is produced.

c. Gene constraint scores can be helpful when assessing disease mechanism.
For example, the disease mechanism could be assumed to be loss of
function (LOF) if the gene is LOF constrained. Constraint scores can be
found by searching the gene in EXAC (exac.broadinstitute.org) and viewing
the "constraint metric" at the top right of the page. The closer the
probability of LOF intolerance (pLl) is to 1, the more LOF-constrained the
gene. However, constraint scores must be interpreted in the context of the
gene and disease in question. For example, if the gene is associated with
multiple diseases, LOF constraint could be associated with a disease other
than the one being curated. In addition, genes associated with severe,
pediatric-onset disorders may appear to be more constrained than adult-
onset conditions where overall fitness is not impacted.

d. Individuals with large deletions, duplications, and other chromosomal
rearrangements encompassing genetic material outside the gene of interest
should not be counted because the impact of the loss/gain for the
additional material cannot be assessed.

e. Sum up the number of points. The suggested points per case can be found in
column "D". Total up all of the variant evidence points and place them in "I".

3. De novo variants:

a. These can be any type of variant, but should be given points depending on
statistical expectation of de novo variation in the gene in question, if
known. In some cases, this can be found in the literature and should be
noted if found (See "literature search” p. 8). However, the curator may also
leave this to be supplied by experts during curation review.

b. In order for a variant to be considered de novo, both parents must be tested
to show that they do not carry the variant. Consider awarding default points
to null variants (e.g. nonsense, frameshift, canonical splice site) that
appear to be de novo based on testing parents for the variant, but award
fewer points to missense variants and small, in-frame deletions. The scores
can be increased if the maternity and paternity of the proband are
confirmed e.g. by short tandem repeat analysis or trio whole exome
sequencing (WES). For example, a case with a missense variant could
receive default points if maternity and paternity are confirmed. Additional

14
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points can be added for any variant if functional evidence supports a
deleterious impact for the variant.
c. Sum up the number of points. The suggested points per case can be found in
column "C". Total up all of the variant evidence points and place them in
"H".
NOTE: In addition to meeting the above criteria, the variant should not have data
that contradicts a pathogenic role, such as an unexplained non-segregation, etc. If
the points given above for the summary matrix exceed the max score, use the Max
score found in "M-P" for the summary matrix.

Segregation Analysis:

The use of segregation studies in which family members are genotyped to
determine if a variant co-segregates with disease can be a powerful piece of evidence
to support a gene-disease relationship.

For the purposes of this framework, we are employing a simplified analysis in which we
assume the recombination fraction () is zero (i.e. non-recombinants are not observed)
to estimate a LOD score (see equations below). We suggest awarding different amounts
of points depending on the methods used to investigate the linkage interval. For that
reason, it is critical that the curator make a note of testing methodologies in families
counted towards the segregation score. See below for a) instructions how to count
segregations and calculate a simplified LOD score and b) how to evaluate the
sequencing methods for the linkage interval and award points accordingly. Note that
these are general guidelines; if you encounter cases where you are unsure how to
evaluate/score segregation, please discuss with your expert group and/or the ClinGen
Gene Curation working group.

Counting Segregations and Calculating Simplified LOD Scores:

If a LOD score has been calculated by the authors of a paper:

This LOD score should be documented and may be used to assign segregation points
(according to the sequencing methods used to investigate the linkage region and
identify the variants) in the scoring matrix (see Fig 6 for scoring suggestions). If a
LOD score is provided by the authors, the ClinGen curator should not use the
formula(s) below to estimate a new LOD score. If for some reason you do not agree
with the published LOD score, do not assign any points and discuss the concerns with
the expert reviewers. See below for more guidance on scoring. Fill out the
“Segregation evidence” portion of the matrix. The number of points should be
recorded in “Q”.

If a LOD score has NOT been calculated by the authors of a paper:

Curators may estimate a LOD score using the simplified formula(s) below if the
following conditions are met:

o The disorder is rare and highly penetrant.

15



ClinGen Gene Curation SOP

o Phenocopies are rare or absent.

o For dominant or X-linked disorders, the estimated LOD score should be calculated
using ONLY families with 4 or more segregations present. The affected individuals
may be within the same generation, or across multiple generations.

o For recessive disorders, the estimated LOD score should be calculated using ONLY
families with at least 3 affected individuals in the pedigree, including the

proband). Genotypes must be specified for all affected and unaffected individuals
counted; specifically, parents of affected individuals must be genotyped or other
methods must be used to show that the variants are in trans if the affected
individuals are noted to be compound heterozygotes.

o Families included in the calculation must not demonstrate any non-explainable
non-segregations (for example, a genotype-/phenotype+ individual in a family
affected by a disorder with no known phenocopies). Families with non-explainable
non-segregations should not be used in LOD score calculations.

If any of the previous conditions are not met, do not use the formula(s) below to
estimate a LOD score.

To be conservative in our simplified LOD score estimations, for autosomal dominant or
X-linked disorders, only affected individuals (genotype+/phenotype+ individuals) or
obligate carriers (regardless of phenotype) should be included in calculations. An
obligate carrier is an individual who has not been tested for the variant in question
but who is inferred to carry the variant by virtue of their position in the pedigree (for
example, an individual with a parent with the variant and a child with the variant, an
individual with a sibling with the variant and a child with the variant, etc.).

Within a given gene-disease curation, if more than one family meets the criteria
above for scoring segregation information, sum their LOD scores to score (using the
tables in Figures 4 or 5). For example, if Family A has an estimated LOD score of 1.2
and Family B has an estimated LOD score of 1.8, the summed LOD score will equal 3.
See the discussion on sequencing method below for guidance on assigning points to
the LOD score.

Expert reviewers may choose to specify the most appropriate way to approach
segregation scoring within their disease domain, including enacting more formal,
rigorous LOD score calculations.

NOTE: Segregation implicates a locus in a disease, NOT a variant. Therefore, all
linkage studies should be carefully assessed to ensure that appropriate measures have
been taken to rule out other possible causative genes within the critical region (see
guide on point assighment based on methods to investigate a linkage region below).

For dominant/X-linked diseases:

Z (LOD score) = logio 1
(0 5 )Segregations
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Figure 4: Dominant/X-linked LOD score table

Dominant

. 15|14 |13 (12|11 |10 9 | 8 | 7 | 6 | 5 | 4
Segregations

Estimated LOD 45|142139|3.6/3.3|3.0(2.7|2.4|2.1|1.8|1.5|1.2

For recessive diseases:

Z (LOD score) = log1g 1
(025)# of Affected Individuals-1 (075)# of Unaffected Individuals

NOTE: In general, the number of affected individuals - 1 is equal to the number of
affected segregations from the proband and can be used interchangeably in this
equation. The “0.25” and “0.75” numbers used in this equation represent the risk of
being affected vs. unaffected in a classic AR disease model in which both parents are
carriers; if a particular pedigree differs (for example, parent has AR disorder in
question and other parent is a carrier), please adjust those numbers to reflect the risk
of inheritance.

Figure 5: Recessive LOD score table

Unaffecteds

0 1 2 3 4 5 6 7 8 9 10
1.20 1.32 1.45 1.50 1.70 1.82 1.95 2.07 2.20 2.33 2.45
1.81 1.93 2.06 2.18 2.31 2.43 2.56 2.68 2.81 2.93 3.06
241 2.53 2.66 2.78 2.91 3.03 3.16 3.28 341 3.53 3.66
3.01 3.14 3.26 3.39 351 3.63 3.76 3.88 4.01 4.13 4.26
3.61 3.74 3.86 3.99 411 4.24 4.36 4.49 461 474 4.86
4.21 4.34 4.46 459 471 4.84 4.96 5.09 521 534 5.46
4.82 4.94 5.07 5.19 5.32 5.44 5.57 5.69 5.82 5.94 6.07
10 5.42 5.54 5.67 5.79 5.92 6.04 6.17 6.29 6.42 6.54 6.67

Affecteds
((el No ol LN Ko ) K2 1 N KoV]

Counting Segregations

1. In general, the number of segregations in the family will be the number of
affected individuals minus one, the proband, to account for the proband's genotype
phase being unknown. However, as there may be exceptions, segregations should be
counted carefully, as outlined below.

For example, pedigree A shows a family with hypertrophic cardiomyopathy.

a. There are four segregations that can be counted beginning at the proband. This
includes the mother (lI-2) who is an obligate carrier and can be assumed to be
genotype-positive even though she was not tested. Using four segregations in the
formula above results in an estimated LOD score of 1.2.

b. For disorders with reduced penetrance such as cardiomyopathy, it is safest to
only use affected genotype+ individuals for segregation. Obligate carriers (i.e. any
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individual who can be definitively inferred to be genotype positive based on the
genetic status of other family members, as discussed above) should also be included,
regardless of phenotype. In this case, the absence of a phenotype in two genotype+
individuals (Ill-2 and IlI-5) is considered irrelevant as they can be explained by delayed
onset and/or reduced penetrance. However, these individuals are not included in the
calculation because they are unaffected.

Pedigree A
-1 -2
, (+) (-) A
® ' EO B
-1 -2 I1-3 -4 I1-5 I1-6 -7 -8
(-) (-) (-) (+) (+)
1

o ¢ e
/ -1 -2 -3 -4 [1-5 -6
(+) (+) (+)

2. When estimating LOD scores for autosomal recessive disorders, count
unaffected individuals as those who would be at the same risk to inherit two altered
alleles as an affected individual, i.e. homozygous normal or heterozygous carrier
siblings of a proband. For example, there are two unaffected individuals in Pedigree
B, one unaffected individual in Pedigree C, and two unaffected individuals in Pedigree
D.

3. For reasonably penetrant Mendelian disorders, a single LOD score can be
calculated across multiple families, providing that each family meets the criteria
above.

For example, in pedigrees B, C and D, each with fully penetrant recessive hearing
loss, the LOD scores can be added ((1.5 for B) + (1.3 for C) + (1.5 for D)) to give a
total LOD score of 4.3. However, pedigree E cannot be included in this LOD score
total because this family does not have enough affected individuals.
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Pedigree B Pedigree C
I-1

0 ®
O @!??

7 11-2 ||3 II-4 ||5
da ad
Pedigree D Pedigree E

O O
@fe#' @iOO

I1-5 -2 -3 -4
Aa aa aa aa

Assigning points to LOD scores:

While segregation evidence can be convincing for a particular locus, 10s or even 100s
of genes can be within a linkage interval. Thus, segregation does not necessarily
implicate a single gene or variant. Many publications do not thoroughly investigate
other genes or variants found in the linkage interval and those that do cannot rule out
the effects of thousands of other variants in the interval. Thus, it is critical for a
curator to evaluate the methods used to identify candidate variants.

Some publications more thoroughly investigate the genes and variants in a linkage
interval than others. Accordingly, more points are awarded for segregation evidence in
cases where whole exome/genome sequencing was performed or if the entire linkage
interval was sequenced. These methods provide more convincing evidence than a
candidate gene approach in which only one or a handful of genes in a linkage region are
sequenced. See figure 6 below for suggested point ranges for LOD scores.

NOTE: For this scoring matrix, LOD scores from all families meeting size requirements
must be summed before awarding segregation points, regardless of the sequencing
methodology used. Sequencing methodology (e.g., candidate gene sequencing, whole
exome sequencing, etc.) should be taken into account when deciding on the most
appropriate score for this evidence. See example 2 below for an example of scoring
multiple families with variants ascertained via different methodologies. Note that
simply having a single family meeting the minimum size requirements is not necessarily
enough to warrant any points. As the methods in each publication vary, the suggested
points in figure 6 are merely a guide for the curator.
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Figure 6: Proposed Matrix Scoring for different LOD score ranges

Total summed LOD score Sequencing method
across all families

Candidate gene Exome/genome or all genes
sequencing sequenced in linkage region

0-1.99 0 pts 0 pts

2-2.99 0.5 pts 1 pts

3-4.99 1 pts 2 pts

(>/=) 5 1.5 pts 3 pts

Example Scenarios and Suggested Scoring:

Example 1: Linkage analysis was performed on one large family with autosomal
dominant hypertrophic cardiomyopathy (HCM). There are 11 affected individuals in
the pedigree (phenotype +, genotype +), and using our simplified LOD score formula,
this corresponds to a LOD score of 3 (see Figure 4). The linkage region for this family
contained 15 genes and the authors sequenced all of the genes in the linkage
interval and the HCM variant was the only suspicious variant. Looking at Figure 6, you
can award this LOD score 2 points.

Example 2: Let’s return to Pedigrees B, C, and D above, assuming now that we know
more about how the linkage intervals were investigated or how the variants were
identified.

Pedigree B: LOD Score 1.5, Variants identified using whole exome sequencing
Pedigree C: LOD Score 1.3, Variants identified using whole exome sequencing
Pedigree D: LOD Score 1.5, Variants identified using candidate gene analysis. Only the
gene of interest was sequenced.

First, we would sum the LOD scores across families, which gives us a LOD score of
4.3. Because the variants were detected using two different methods, we can opt to
split the difference between the suggested point values of 1 for candidate gene
sequencing and 2 for whole exome sequencing and award this segregation analysis 1.5
points.

We recognize that the methods in each publication vary, therefore the suggested points
in figure 6 are merely a guide for the curator. If curators are unsure of segregation
scoring based on genotyping method, please consult experts.

Case-Control Data:

Case-Control studies are those in which statistical analysis is used to evaluate
enrichment of variants in cases compared to controls. Each case-control study
should be independently assessed based on the criteria outlined in this section to
evaluate the quality of the study design. Consensus with a clinical domain expert
group is highly recommended.
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Case-control studies are classified based on how the study is designed to
evaluate variation in cases and controls: single variant analysis or aggregate
variant analysis.

a.

b.

Single variant analysis studies are those in which individual variants are
evaluated for statistical enrichment in cases compared to controls. More
than one variant may be analyzed, but the variants should be
independently assessed with appropriate statistical correction for
multiple testing. For example, if a study identifies 2 different variants
in MYH7 within a cohort of hypertrophic cardiomyopathy cases, but tests
the number of hypertrophic cardiomyopathy cases and unaffected
controls that contain only one of the variants and provides a statistic for
that variant alone, then the study is classified as a single variant
analysis. Similarly, if the same study tests for enrichment of the second
variant in the cases and controls and provides a separate statistic for the
second variant, this also is a single variant analysis. Often, authors will
indicate this either in the article text or in a table of variants.
Aggregate variant analysis studies are those in which the statistical
enrichment of two or more variants as an aggregate is assessed in cases
compared to controls. This comparison could be accomplished by
genotyping specific variants or by sequencing the entire gene. For
example, if a study identifies 2 different variants in MYH7, and then
statistically tests the enrichment of both the variants in hypertrophic
cardiomyopathy cases over unaffected controls, an aggregate variant
analysis was conducted.

2. Case-control studies should be assigned points at the discretion of expert
opinion based on the overall quality of each study. Assign each study a number
of points between 0-6, then sum the points given to all studies, and fill in "S".
NOTE: If the points given exceed the max score, use the Max score found in "T"
for the summary matrix.

The quality of each case-control study should be evaluated using the following
criteria in aggregate:

3.

a.

Variant Detection Methodology: Cases and controls should ideally be
analyzed using methods with equivalent analytical performance (e.g.
equivalent genotype methods, sufficient and equivalent depth and
quality of sequencing coverage).

. Power: The study should analyze a number of cases and controls given

the prevalence of the disease, the allele frequency, and the expected
effect size in question to provide appropriate statistical power to detect
an association. (NOTE: The curator is NOT expected to perform power
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calculations, but to record the information listed in this section for
expert review.)

c. Bias and Confounding factors: The manner in which cases and controls
were selected for participation and the degree of case-control matching
may impact the outcome of the study. The following are some factors
that should be considered:

i

ii.

iii.

Are there systematic differences between individuals selected for
study and individuals not selected for study (i.e. do the cases and
controls differ in variables other than genotype)?

Are the cases and controls matched by demographic information
(e.g., age, ethnicity, location of recruitment, etc.)? Are the cases
and controls matched for genetic ancestry, if not did investigators
account for genetic ancestry in the analysis?

Have the cases and controls been equivalently evaluated for
presence or absence of a phenotype, and/or family history of
disease?

d. Statistical Significance: The level of statistical significance should be
weighed carefully.

i.

ii.

iii.

When an odds ratio (OR) is presented, its magnitude should be
consistent with a monogenic disease etiology.

When p-values or 95% confidence intervals (Cl) are presented for
the OR, the strength of the statistical association can be weighed
in the final points assigned.

Factors, such as multiple testing, that might impact that
interpretation of uncorrected p-values and Cls should be
considered when assigning points.

NOTE: Point totals should NOT exceed the max score. If the totals from "H-Q"
exceed the max score, use the max score found in “"U" for the genetic evidence
portion of the summary matrix. Please prioritize curating genetic evidence over
experimental evidence to reach a definitive score.

Figure 7: Case-control Genetic Evidence Examples

Detailed explanations for assigned points are provided below the table.

CASE-CONTROL DATA

Points Power Bias/ Detection Statistical [Study |Points
Confoundin [Method Significance [Type |(0-6/
g study)
Author A Breast cancer Matched by Cases & controls OR: 5.4 [95% CI: |Single 6
2015 cases: 100/12,000 |age, ethnicity, |genotyped for 2.5-11.6; P < Variant
(Max score) |Controls: 7/4,500 |and location |c.1439delA in gene |0.0001]
4
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Author B HCM Cases: 13/200 |Matched by Cases & controls Fisher’s exact |Single
2005 Controls: 20/900 |location, but |genotyped for test Variant
(Intermediat not age or p.Arg682Gln in gene (P =0.004
e score) ethnicity X
Author C Ovarian cancer Matched by Cases: sequenced OR of all Aggregate
2011 cases: 11/1,500 ethnicity. Gene Y and counted |variants in analysis
(Low score) |Controls: 3/2,000 |Controls from |all cases with null aggregate: 4.9
population variants. (Cl: 1.4-17.7;
database (e.g. |Controls: total P =0.015)
ExAC) individuals from
population database
with null variants in
gene Y.
Author D Colorectal cancer |Matched by Cases: sequenced OR of p.Lys342: |Not
2009 cases: 11/1,500 ethnicity. gene Z and identified|4.9 (Cl: 1.4- applicable
(No case- Controls: 3/2,000 |Controls from |p.Lys342Ter in 11 17.7;
control population cases. P =0.015)
score) database (e.g. |Controls: total
ExAC) individuals from
population database
with p.Lys342Ter in
gene 7.

Study receiving the max score (6 points): This single-variant analysis could receive
the full 6 points based on the number of appropriately matched (i.e. no Bias or
Confounding factors in study design) cases and controls analyzed (i.e. Power was
sufficient given the prevalence of breast cancer as a disease) and the OR was highly
statistically significant (P<0.0001) with a 95% Cl that did not cross 1.0.

Study receiving intermediate score (4 points): This single-variant analysis could
receive 4 points since the controls were not appropriately matched to the cases (i.e.
by location alone and neither by ethnicity nor age) and the p-value is moderately
significant.

Study receiving low score (2 points): This study is considered an aggregate analysis
since the statistical test analyzed the variants in aggregate across all cases and controls.
This study can be assigned 2 points because a population database was used rather than
appropriately-matched controls (i.e. the study is not matched demographically) and
the p-value is not very significant. A population database could be used as controls for
2 reasons:

a. Both the cases and controls were sequenced for the entire gene Y.

b. The total number of individuals with null variants (i.e. nonsense,
canonical splice-site, and frameshift) was compared between cases and
controls.

Study receiving no score (0 points): While this study is similar to the study receiving
2 points, the detection method differed between cases and controls (i.e. cases were
sequenced, controls were genotyped). In the cases, gene Z was sequenced. However,
only the controls with a specific variant were used for comparison to the cases.
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Although this study cannot be counted as case-control data, it can be counted as case-
level data.

EXPERIMENTAL EVIDENCE

Figure 8: Experimental Evidence Summary Matrix

EXPERIMENTAL EVIDENCE SUMMARY
Evidence Evidence Tvpe Suggested Points/ | points | Max
Category yp Default | Range | Given | Score
Biochemical Function AO0.5 0-2 L
Function Protein Interaction B 0.5 0-2 M W2
Expression Co0.5 0-2 N
Functional Patient cells D1 0-2 (0] X 2
Alteration Non-patient cells EO0.5 0-1 P
Non-human model organism F2 0-4 Q
Models
Cell culture model G1 0-2 R
Rescue in human H?2 0-4 S v 4
Rescue in non-human model organism 12 0-4 T
Rescue
Rescue in cell culture model J1 0-2 U
Rescue in patient cells K1 0-2 \"
Total Allowable Points for Experimental Evidence | 7 6

NOTE: Validated functional assays should be identified by expert panels or, if they are
curator identified, confirmed by expert review.

Identify the experimental evidence type and assign points according to the following
criteria.

1.

Biochemical Function: Evidence showing the gene product performs a
biochemical function shared with other known genes in the disease of interest,
or consistent with the phenotype. NOTE: The biochemical function of both
gene products must have been proven experimentally, and not just predicted.
When awarding points in this evidence category, the other known gene(s)
should have compelling evidence to support the gene-disease association.
Consider increasing points based on the strength of the evidence and number of
other proteins with the same function that are involved in the same disease.
The suggested points/evidence can be found in column “A”. Total up all of the
experimental points and place them in the points given section found in "L".
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2. Protein Interaction: Evidence showing the gene product interacts with proteins
previously implicated in the disease of interest. Typical examples of this data
include, but are not limited to: Physical interaction via Yeast-2-Hybrid (Y2H),
co-immunoprecipitation (colP), etc. NOTE: The interaction of the gene
products must have been proven experimentally, and not just predicted.
Proteins previously implicated in the disease of interest should have compelling
evidence to support the gene-disease association. Note: Some studies provide
evidence that a variant in the gene of interest disrupts the interaction of the
gene product with another protein. In these cases, the positive control,
showing interaction between the two wild type proteins, can be counted as
evidence of protein interaction. Points can also be awarded to case-level
(variant) evidence or functional alteration for the variant disrupting the
interaction. The suggested points/evidence can be found in column “B”. Total
up all of the experimental points and place them in the points given section
found in "M".

3. Expression: Summarize evidence showing the gene is expressed in tissues
relevant to the disease of interest and/or is altered in expression in patients
who have the disease. Typical examples of this data type are methods to
detect a) RNA transcripts (RNAseq, microarrays, qPCR, qRT-PCR, Real-Time
PCR) b) protein expression (western blot, Immunohistochemistry). Expert
reviewers may specify appropriate uses of this category in the context of their
particular disease domain. For example, groups may choose to award points
based on the specificity of expression in relevant organs.

The suggested points per evidence can be found in column "C". Total up all of
the experimental points and place them in the points given section found in
“N". NOTE: If the sum of all biochemical function, protein interaction, and
expression points exceeds the max score of 2, use the Max score found in "W" of
the experimental evidence summary matrix.

4. Functional Alteration: Evidence showing the gene and/or gene product
function is demonstrably altered in cultured patient or non-patient cells
carrying candidate variants. For instance, does disrupting the gene in cells have
a phenotype similar to that in human patients? Examples include experiments
involving gene knock-down, overexpression, etc. Divide the evidence according
to the following subtypes:

a. Was the experiment conducted in patient cells? The suggested
points/evidence can be found in column “D”. Total up all of the
experimental points and place them in the points given section found in

"0".

b. Was the experiment conducted in non-patient cells? The suggested
points/evidence can be found in column “E”. Total up all of the
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experimental points and place them in the points given section found in
"P".

NOTE: If the sum of all functional alteration points exceeds the max
score of 2, use the Max score found in "X" of the experimental evidence
summary matrix.

5. Model System: A non-human model organism or cell culture model with a

disrupted copy of the gene shows a phenotype consistent with the human
disease state. Note: Cell culture models should recapitulate the features of the
diseased tissue e.g. engineered heart tissue, or cultured brain slices. These
results should be summarized accordingly:

C.

d.

Was the gene disruption in a non-human model organism? The
suggested points/evidence can be found in column “F”. Total up all of
the experimental points and place them in the points given section
found in "Q".

Was the gene disrupted in a cell culture model? The suggested
points/evidence can be found in column “G”. Total up all of the
experimental points and place them in the points given section found in
"R”

Rescue: Summarize evidence showing the phenotype in humans (i.e. patients

with the condition), non-human model organisms, cell culture models, or
patient cells can be rescued by exogenous wild-type gene or gene product.
These results should be recorded accordingly:

a.

b.

C.

Was the rescue in a human? For example, successful enzyme
replacement therapy for a lysosomal storage disease. The suggested
points/evidence can be found in column “H”. Total up all of the
experimental points and place them in the points given section found in
"S”,

Was the rescue in a non-human model organism? The suggested
points/evidence can be found in column “I”.

Note: While the default points and range of points are the same for
human and non-human model organism, consider awarding more points if
the rescue was in a human. Total up all of the experimental points and
place them in the points given section found in "T”.

Was the rescue in a cell culture model (i.e. a cell culture model
engineered to express the variant of interest). The suggested
points/evidence can be found in column “J”. Total up all of the
experimental points and place them in the points given section found in
"U”.
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d. Was the rescue in patient cells? The suggested points/evidence can be
found in column “K”. Total up all of the experimental points and place
them in the points given section found in "V”.

NOTE: If the sum of all models and rescue points exceeds the max score
of 4, use the Max score found in "Y" of the experimental evidence
summary matrix.

Total up the total number of experimental evidence points from Rows “W-Y” and
enter them on Row “Z”. NOTE: If the total experimental evidence points exceed the
max score, use the Max score of 6 points for the summary matrix. Please prioritize
curating genetic evidence over experimental evidence to reach a definitive score.

For specific examples of different pieces of experimental evidence, please see
Appendix B.

Variant evidence vs experimental evidence

Not all evidence supports the role of the gene in the disease. Therefore, the curator
must carefully consider whether to count functional evidence in the experimental
evidence section or in the case-level data section. Only evidence that supports the
role of the gene in the disease should be counted in the experimental evidence
section. Experimental evidence that does not directly support the role of the gene in
the disease but indicates that the variant is damaging to the gene function can,
instead, be used to increase points in the case-level data section. Some very general
examples are given below. Please note that these examples are a guide. Each piece of
evidence should be carefully considered when deciding on which category to assign
points. These decisions should be discussed with experts in the disease area, if
needed.

Variant evidence, general examples:

e Immunolocalization showing that the gene product is mislocalized in cells from
a patient or in cultured cells. This would be counted as case-level evidence
UNLESS mislocalization/accumulation of an altered gene product is a known
mechanism of disease, in which case this evidence could be counted as
experimental evidence (functional alteration).

e Mini-gene splicing assay or RT-PCR showing that splicing is impacted by a
splice-site variant.

e Avariant in a gene encoding an enzyme is expressed in cultured cells and
enzyme activity is deficient.

e A variant is shown to disrupt the normal interaction of the gene product of
interest (protein A) with another protein (protein B). NOTE: If protein B is
implicated in the same disease, the interaction can be counted in experimental
data (Function: protein interaction), and the lack of interaction due to the
variant can be counted as case-level data.
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Experimental evidence, general examples:

A signaling pathway is known to be involved in the disease mechanism.
Expression of a missense variant in cells shows that the gene product can no
longer function as part of this pathway.

The variant is shown to be associated with a known hallmark of the disease e.g.
abnormal deposition or mislocalization of a gene product, abnormal
contractility of cells etc., either in patient cells or cultured cells expressing the
variant.

Study showing enzyme deficiency in tissues of many patients, leading to
conclusion that deficiency of the enzyme causes the disease e.g. early studies
showing enzyme deficiency in individuals with a metabolic disorder.

Any model organism with a variant initially identified in a human with the
disorder.

CONTRADICTORY EVIDENCE

NOTE: This designation is to be applied at the discretion of clinical domain experts
after thorough review of available evidence. The curator will collect the
contradictory evidence and the classification (Disputed/Refuted) is to be determined
by the clinical domain experts. Below are a few examples of contradictory evidence.
Note that this list is not all-inclusive and if the curator feels that a piece of evidence
offers evidence that does not support the gene-disease relationship, this data should
always be recorded (Summary and PMIDs) and pointed out for expert review.

1.

Case-control data is not significant: As case-control studies evaluate variants
in healthy vs affected individuals, if there is no statistically significant
difference in the variants between these groups, this should be marked as
potentially contradictory evidence for expert review. See case-control
examples above (p.22, Fig. 7) NOTE: Evidence contradicting a single variant
as causative for the disease does not necessarily rule out the gene:disease
relationship.

Minor allele frequency is too high for the disease: Many diseases have
published prevalence, which can often be found in the GeneReviews entry. If
ALL minor alleles in a gene are present in a specific population or the general
population (EXAC, ESP, 1000Genomes) at a frequency that is higher than what
is estimated for the disease, this could suggest lack of gene-disease
relationship and should be marked as potentially contradictory evidence for
expert review. For example, Adams-Oliver syndrome is an autosomal dominant
disease and has a prevalence of 0.44 in 100,000 (4.4e-6) live births. If a new
gene were being curated for this disease and supposedly pathogenic variants
were identified with an allele frequency in EXAC of 0.4882, this could be
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potentially contradictory evidence. NOTE: Evidence contradicting a single
variant as causative for the disease does not necessarily rule out the
gene:disease relationship. Additionally, disease prevalence can vary in
different populations, so read the GeneReviews entry thoroughly and keep
demographic information in mind during this evaluation.

. The gene-disease relationship cannot be replicated: One measure of a gene-
disease relationship is its replication both over time and across multiple studies
and disease cohorts. If a study could not identify any variants in the gene being
curated in an affected population that was negative for other known causes of
the disease, this could be considered potentially contradictory evidence and
should be marked for expert review. However, when assigning this designation,
a curator need consider disease prevalence. If a disease is rare, a small study
may not identify any variants in the curated gene. For example, Perrault
syndrome is characterized by hearing loss in males and ovarian dysfunction in
females and only 100 cases have been reported. Thus, if a study with a small
cohort does not identify any variants in a gene being curated for this syndrome,
this may not necessarily be evidence against gene-disease association. In any
case, if a curator suspects that any evidence supports a lack of gene-disease
association, it should be marked for expert review.

. Non-segregations: Non-segregations should be considered carefully, as age-
dependent penetrance and phenotyping of relatives could have an impact on
the number of apparent non-segregations within a family. Thus, the age of
unaffected variant carriers should be of similar age to the affected variant
carriers. If a curator suspects non-segregations, these should be noted for
expert review.

. Non-supporting functional evidence: The types of different experimental
evidence are detailed in the "Experimental Evidence" Section (p. 23). If any
of this experimental evidence suggests that variants, although found in
humans, do not affect function or that the function is not consistent with the
established disease mechanism, this evidence should be marked as potentially
contradictory evidence for expert review. For example, if a gene were being
curated for a disease association and the mouse model did not have any
phenotype, this could be potentially contradictory evidence.
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SUMMARY AND FINAL MATRIX

A summary matrix was designed to generate a “provisional” clinical validity
assessment using a point system consistent with the qualitative descriptions of each
classification. This final gene curation matrix and instructions for filling it out can be
found below.

Fill in the "Gene/Disease Pair" at the top of the matrix.

1.
2.

Enter the score calculated for Genetic Evidence Matrix (Fig. 3 p. 11) in row "A".
Enter the score calculated for Experimental Evidence Matrix (Fig. 8 p. 24) in
row "B".
The sum of A and B is entered in row "C".
Refer to the publication date of the original publication of the gene-disease
relationship and consider all other literature to complete row "D":

a. YES if > 3 years have passed since the original publication AND

there are >2 publications about the gene-disease relationship

b. NO if >3 years have passed, BUT not >2 publications

c. NO if < 3 years have passed
If there is valid contradictory evidence (see p. 28), compile this and briefly
describe it (including the PubMed ID numbers) in row "E".
Choose the clinical validity classification associated with the value of the total
points/replication over time (Row C, Row D) and complete row "F".
NOTE: No matter the score, if there is contradictory evidence present, the
curator classification must be listed as "Conflicting Evidence reported”. The
conflicting evidence will be weighed and reviewed by a domain expert.
When the gene-disease curation is reviewed by an expert, the expert will fill
out the final classification in row "G".
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Figure 9: Clinical Validity Summary Matrix
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GENE/DISEASE PAIR:

CURATOR CLASSIFICATION

Assertion Genetic Evidence Experimental Total Replication
criteria (0-12 points) Evidence Points Over Time
P (0-6 points) (0-18) (Y/N)
Secarseegg\gil’ g?ng;lsye_ Gene-level Sum of > 2 pubs w/
D iDti gon%rol da;ta that experimental evidence Genetic & convincing
escription subport the sene- that support the gene- | Experimental | evidence over
disggse assocg'iation disease association Evidence time (>3 yrs)
Assigned
Points A B C D
LIMITED 1-6
MODERATE 7-11
CALCULATED
CLASSIFICATION STRONG 12-18
12-18
DEFINITIVE & Replicated Over Time
. ________________________________________________________________________________________________________________|
Valid List PMIDs and describe evidence:
contradictory
evidence E
(Y/N)*

FINAL CLASSIFICATION
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