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Summary

Carriers of BRCA1 and BRCA2 pathogenic variants are at a significantly elevated risk for several cancers. Widespread germline genetic
testing has led to a significant increase in the detection of variants of uncertain significance (VUSs) in these genes. To assess variant
pathogenicity, we curated, harmonized, and integrated functional data for 3,247 BRCA1 and 6,177 BRCA2 missense variants derived
from BRCA1/2 functional assays. Functional results were harmonized across studies by converting data into ordinal categorical vari-
ables. We applied ClinGen variant interpretation guidelines for each assay to assign evidence for or against pathogenicity. Final evi-
dence criteria for each variant were obtained through the integration of results from different assays, and large case-control studies
confirmed that benign and pathogenic variants categorized using the integrated functional framework are associated with low and
high risk for breast cancer, respectively. Next, we integrated additional sources of data, leading to resolution of 80.1% of BRCAI
VUSs and 69.5% of BRCA2 VUSs and classification of 6,517 (2,345 in BRCA1 and 4,172 in BRCA2) missense variants.

Introduction to PARP1 inhibitors, a class of drugs approved for treat-

ment of breast, ovarian, prostate, and pancreatic can-

The tumor suppressor genes BRCA1 and BRCA2 (BRCA1/2)
are associated with susceptibility to several types of can-
cer, including breast, ovarian, prostate, and pancreatic
cancers. Germline pathogenic variants (PVs) in these
genes that result in a non-existent, unstable, or non-func-
tional protein confer an elevated risk of cancer in compar-
ison with the general population.'™ Importantly, it is
estimated that a significant fraction of unselected cancer
cases in the tissue susceptibility spectrum of BRCA1/2 is
attributable to germline PVs in these genes.”™

In addition to the importance of variant detection for
risk stratification, PVs in these genes also predict response

cers.”'° Given its importance for preventative and thera-
peutic clinical management, the National Comprehensive
Cancer Network guidelines recommend genetic testing
including BRCA1/2 for individuals with personal and/or
family history of breast, ovarian, prostate, and pancreatic
cancers; cancer surveillance for individuals with BRCA1/2
PVs; and testing of family members. The presence of germ-
line and somatic PVs in BRCA1/2 is used to guide thera-
peutic selection."’

The increased uptake of clinical genetic (germline and
somatic) testing and results from population-scale
sequencing projects has contributed to the identification
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of over 35,557 unique variants in BRCAI and 36,774 in
BRCA2.'*2" However, only a small fraction of those vari-
ants have been formally classified, posing a significant
challenge for the implementation of precision medi-
cine.”’ Nonsense and frameshift changes are typically
classified as likely pathogenic/pathogenic (LP/P), whereas
synonymous changes that do not affect RNA splicing are
classified as likely benign/benign (LB/B). However, the
pathogenicity of missense variants, which constitute the
largest fraction of reported variants of uncertain signifi-
cance (VUSs), cannot be inferred from changes in the ge-
netic code.”’ For those variants, classification depends
on a combination of population allelic frequency, bio-
informatic impact prediction, and clinical information
such as segregation analysis or data from case-control
studies. However, the frequency of each individual PV in
the general population is typically lower than 1/10,000,
and segregation analysis is often unavailable. Thus, it is
expected that genetic and clinical data will not be avail-
able to identify and classify most candidate PVs. Lack of
information about missense VUSs constitutes a barrier to
the interpretation and, thus, the use of genetic testing re-
sults in clinical management. This realization has led to
an explosion in functional assays, including large-scale
multiplex assays of variant effects (MAVE) experiments
to assess the impact on protein function of individual
variants.”” %

The most recent classification framework, developed by
the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology (ACMG/
AMP), has incorporated the use of functional data for the
classification of variants.””*” Recently, our group has
shown that integration of functional results from multiple
assays is a powerful approach to aid in the classification of
BRCA1 variants.>! To address continued gaps in variant
classification, we have greatly expanded the BRCAI dataset
and created a new BRCAZ2 dataset. We integrate heteroge-
neous BRCA functional assays with calibrated, clinically
validated classification. Here, we collate and harmonize re-
sults from 185 individual instances of functional assays for
3,247 missense variants in BRCA1 and 147 individual in-
stances of functional assays for 6,177 missense variants in
BRCAZ2 to construct the databases Functional Assay Integra-
tion (FYI)-BRCA1 v.2.0 and FYI-BRCA2 v.1.0, respectively.

Material and methods

General definitions, data extraction, and literature
curation

Missense variants are defined here as single-nucleotide changes
that result in the substitution of one reference amino acid residue
using GenBank accession NCBI reference sequences: BRCAI,
GenBank: NM_007294.4 and NP_009225.1; and BRCA2, Gen-
Bank: NM_000059.4 and NP_000050.3. The determination of
functional impact described in this study refers exclusively to ef-
fects on protein function and not on RNA splicing, unless stated
otherwise.

For simplicity, missense variants are here referred to by their
unique amino acid substitution and not by their underlying
nucleotide change. Specific instances of a functional assay are
called “tracks.” When a publication presented results including
data from previous publications to perform a combined analysis,
only the latest paper with the combined analysis was used. FYI-
BRCA1 v.2.0 expands the previously published dataset®’ with
17 new studies (Table S1, see the “comments” tab for track de-
scriptions and details). To assemble FYI-BRCA2 v.1.0, we collated
all published functional data for BRCA2 missense variants from
33 studies (Table S2).

Universe of missense variants

The BRCA1 coding region has 11,009 unique possible missense
amino acid substitutions resulting from single-nucleotide
changes. In the BRCA2 coding region, there are 20,169 unique
missense substitutions. In track 7 (Tables S1 and S2), variants
are denoted as “1” if observed (and “0” if not) in BRCA Exchange
(v.61, November 9, 2023),'®!° which include variants observed in
clinical testing (ClinVar) or in exome/genome sequencing of
large cohorts (gnomAD).”"

Harmonization

To harmonize data, we followed the authors’ conclusion of
whether a given variant had a significant impact on function.
We assigned O to a variant that did not lead to a significant impact
on the function being tested (functionally normal), 1 to those
that showed intermediate activity, and 2 to a variant that had a
significant impact on function. We hypothesize that harmonized
functional scores 0 and 2 are associated with LB/B and LP/P vari-
ants, respectively. If variants representing the same amino acid
residue coded by different underlying nucleotides for the codon
presented conflicting results within a study, we assigned the in-
termediate activity 1 code. Therefore, the 1 code includes hypo-
morphic variants that may represent reduced-penetrance PVs
(RPPVs) and variants whose results were indeterminate due to
conflicting results within an individual assay. Both groups are as-
signed a final functional code label of “indeterminate” in
Tables S12 and S13 (see “final functional code” column). To
distinguish between variants with functional observations indic-
ative of hypomorphism (and presumably associated with RPPVs)
and variants with conflicting functional results, we assigned
functional evidence in favor of “hypomorph” for the former
and indeterminate for the latter in Tables S12 and S13 (see “func-
tional evidence in favor of” column). For details on how each as-
say’s results were transformed, see Tables S3 and S4.

Reference panel

To assess the specificity and sensitivity of each track, we used a
stringent reference panel that combines data from the ENIGMA
consortium and ClinVar.*”** The ENIGMA reference panels
comprise 297 BRCA1 and 277 BRCA2 missense variants assigned
to IARC classes by a multifactorial model.>” We collapsed classes
1 with 2 and 4 with S and transformed them into binary cate-
gories: O to a variant that was B (IARC class 1) or LB (IARC class
2) and 2 to a variant that was P (IARC class 5) or LP (IARC class
4). The ENIGMA panel includes variants classified using a
rigorous multifactorial statistical model®**> but may suffer from
bias toward variants with stronger effects on risk. To mitigate
this bias and expand the panel, we selected germline missense
variants with ClinVar classifications of LB/B or LP/P. Variants
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with a conflict between assertions or from a single submitter who
did not provide supporting information were excluded. The
ClinVar panels were merged with the ENIGMA panels, resulting
in non-redundant panels of 572 BRCA1 and 396 BRCAZ2 variants
(Tables S5 and S6). Only variants for which classification was
achieved without consideration of functional data were included.
For ENIGMA panel variants, this was accomplished by excluding
variants that had a functional category assigned in Table S1 in
Parsons et al.>” For ClinVar variants, we removed variants for
which functional data were available as indicated (i.e., “Func-
tional data are available for this variant”) in ClinVar records.
We excluded (1) variants with effects on splicing as the basis for
classification, (2) start-loss variants, and (3) variants in the
BRCA1 p.Cys1787Ser/p.Gly1788Asp haplotype (results for the
single p.Cys1787Ser substitution are reported in Tables S1-520).
After exclusions, the final non-redundant ENIGMA+ClinVar
[E+C] reference panels comprised 548 BRCA1 and 385 BRCA2
reference missense variants (Tables S5 and S6).

Odds of pathogenicity calculations and
credentialing
We estimated the odds of pathogenicity (OddsPath) following
the recommendations from the Clinical Genome (ClinGen)
Resource Sequence Variant Interpretation Working Group®®
with one modification. To avoid posterior probabilities of 0 or
1, or infinite odds, we added 0.5 to each set for the purpose of
OddsPath calculation. For each track, the OddsPath for function-
ally impaired variants and for functionally normal variants were
calculated and used to determine the corresponding level of evi-
dence strength equivalence according to the Bayesian adaptation
of the ACMG/AMP variant interpretation guidelines (Tables S7
and 58)'30,36

Next, each track was credentialed to assign an associated level
of evidence strength to each variant tested according to the
thresholds of OddsPath.’°*¢ The labels PS3_variable (PS3,
PS3_moderate, or PS3_supporting) and BS3_variable (BS3,
BS3_moderate, or BS3_supporting) were assigned to variants
scored as having significant functional impact or with no func-
tional impact, respectively. For example, a track credentialed to
assign PS3_moderate and BS3_supporting codes assigned a
PS3_moderate code to all variants tested that scored as having a
significant impact on function (score = 2) and a BS3_supporting
code to all variants that scored as having no functional impact
(score = 0).

Integration of ACMG/AMP functional evidence label
Variants were assigned an ACMG/AMP evidence strength label
based on the integrated functional data according to the flow
chart in Figure S1. Variant functional scores (0, 1, or 2) were
computed, and variants were labeled “concordant” when all
tracks’ scores were the same or “discordant” when at least one
track’s score conflicted with another track’s score. Variants tested
only once were, by definition, concordant.

To obtain the final evidence labels, variants tested multiple
times that received concordant labels were assigned the strongest
label obtained as final evidence. For variants with discordant la-
bels, we previously proposed that ratios of 3:1 or greater and
1:3 or smaller (1.5 < log2 [ratio benign/path] < —1.5) constitute
preponderance of evidence and are assigned the strongest evi-
dence label among the tracks providing the results.>! Variants
that did not reach these thresholds or for which the highest count

comes from hypomorph or indeterminate labels remain unas-
signed and are denoted as indeterminate (Figure S1).

Because RPPVs are not accounted for in the current ACMG/
AMP framework, tracks were not credentialed to assign “interme-
diate” labels to hypomorphic variants. For the purpose of identi-
fying candidate RPPVs for future analysis, variants with concor-
dant (or preponderance of evidence of) 1 scores were assigned a
provisional label of hypomorph to indicate evidence for hypo-
morphism, but the integrated ACMG evidence criteria label re-
mained as indeterminate.

Performance assessment of the integrative

approach

To estimate the performance of our approach, we conducted a
stratified k-fold cross-validation (k = 10 for BRCAI and k = 5
for BRCA2), preserving the relative proportions of pathogenic
and benign reference variants across folds. In each fold, 1/10
(BRCA1) or 1/5 (BRCA2) of reference variants were randomly
removed before track credentialing (out-of-sample set [OOS]).
Track credentialing was then obtained using the remaining
9/10 (BRCA1) or 4/5 (BRCA2) reference variants. Reference vari-
ants in the OOS were then classified according to the new creden-
tialing: BS3_variable labels were considered functional evidence
for being benign and PS3_variable labels were considered func-
tional evidence of being pathogenic. We then calculated speci-
ficity, sensitivity, and 95% confidence intervals (CIs) to summa-
rize the conditional probabilities, and the Matthews correlation
coefficient (MCC) to summarize the joint distribution of true
and false positives/negatives. “No call” (when a variant has
discordant scores that are not resolved by preponderance of evi-
dence) was excluded from specificity and sensitivity computa-
tion, and no call rates are reported separately for each fold
(Table S11).

Assessment of amino acid substitutions

For analysis of amino acid substitutions, amino acid residues were
assigned to the following classes: hydrophobic (Val, Ile, Leu, Ala,
Trp, Tyr, Phe, and Met), polar negative (Ser and Thr), polar posi-
tive (Asn and Gln), charged positive (Lys, Arg, and His), charged
negative (Asp and Glu), and special cases (Pro, Cys, and Gly). Pair-
wise comparisons between groups of the substitutions and their
associated Grantham distance®” or side-chain volume difference
were performed using Wilcoxon rank-sum tests.

ACMG/AMP-compliant point system

In this system, supporting strength is assigned —1 (BS3_support-
ing) or +1 (PS3_supporting), moderate strength is assigned —2
(BS3_moderate) or +2 (PS3_moderate), and strong evidence is as-
signed —4 (BS3) or +4 (PS3). To prevent classification into a clin-
ical pathogenic category (>6 points, LP) using a single source of
evidence, totals from combinations of multiple assays to arrive
at the ACMG/AMP functional points were capped at —4 or +4.
Variants with a final integrated classification of LB/B (<-2)
with a SpliceAl score > 0.2 were flagged.

We used EVE (evolutionary model of variant effect) as an in sil-
ico predictor to provide computational evidence for the classifi-
cation of variants.*® EVE is an unsupervised deep generative
model that estimates the effects of amino acid substitutions
from evolutionary sequence variation without using clinical
variant labels during training. Precomputed predictions were
used without retraining or calibration against the BRCA
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reference variants. Prediction archives were retrieved through
the EVE application programming interface using a dedicated
artifact-generation script available in the project repository
(https://github.com/paulocilasjr/BRCA_integration-code/blob/
main/dataset/eve/). For each missense substitution, we used the
EVE ASM score and the corresponding author-defined classifica-
tion at 75% retained coverage. EVE scores range from O to 1,
with higher values indicating greater predicted pathogenicity.
EVE classifications were incorporated into the PP3/BP4 compo-
nent of the point-based ACMG/AMP framework as -1, O,
or +1 points to variants with benign, uncertain, and pathogenic
predictions, respectively. Variants without an EVE prediction
were assigned O points. Predictions were available for 99.11%
of BRCA1 and 90.68% of BRCA2 missense variants included in
this study.

Case-control studies

Breast cancer risks associated with individual BRCA1 and BRCA2
missense variants and with aggregated variants assigned final func-
tional labels of (1) PS3_variable (PS3_supporting, PS3_moderate,
and PS3), (2) indeterminate, or (3) BS3_variable labels were esti-
mated by performing case-control comparisons. We conducted
two case-control comparisons between affected individuals from
the Ambry Genetics female breast cancer clinical cohort and (1)
control subjects from the All of Us (AoU) Research Program™ using
logistic regression adjusted for age and ancestry and (2) control
subjects from gnomAD v.4.1,%" excluding samples from the UK
Biobank (UKBB),”” and one population-based study comparing
affected individuals and control subjects from the CARRIERS?
and BRIDGES® studies combined. Analyses other than Ambry Ge-
netics versus AoU were done by Fisher’s exact test with no adjust-
ment for age and ancestry. For the Ambry Genetics breast cancer
clinical cohort, breast cancer cases and associated clinical pheno-
types were collected from individuals who underwent cancer ge-
netic testing by Ambry Genetics from 2016 to 2021. Variants
with an allele frequency of >0.001% were excluded from the ana-
lyses. We excluded from the PS3 categories ENIGMA benign vari-
ants (BRCAL1: p.lle1275Val; BRCA2: p.Thr1354Met, p.Glu1593Asp,
and p.Leu2396Phe) and BRCA2: p.Asn2622Ser, which is enriched
in African American (AA) individuals. This study complies with
all relevant ethical regulations and was approved by the Mayo
Clinic Institutional Review Board (IRB 21-008216). The analysis
of the Ambry Genetics clinical-testing cohort was deemed exempt
from review by the Western IRB.

Selection of variants found in individuals of African/
AA ancestry

We used gnomAD v.4.17° to identify missense variants in BRCA1
and BRCA2 with ClinVar Germline classifications of “uncertain
significance” or “conflicting classifications of pathogenicity.”
Only variants that had at least 1 allele count in AA individuals
were retained.

Visualization and data and code availability

Data for all tracks are included as supplemental information
(Tables S1-S20). Visualization for Sankey diagrams was obtained
through Sankeymatic (https://sankeymatic.com/). Datasets and
codes for queries to generate summary statistics and variant
calls are available through GitHub (https://github.com/
FunctionalAssaYIntegration/BRCA1-BRCA2-Large-integration).

Results

Composition of BRCA functional datasets

We curated and harmonized data to build two datasets of
functional information: FYI-BRCA1 v.2.0 expands the pre-
viously published dataset with a total of 185 functional
tracks and data on 3,247 BRCA1 missense variants, of
which 2,896 are VUSs. These variants represent 46.9%
(2,592/5,526) of all reported missense variants and
29.5% (3,247/11,009) of all possible single-nucleotide
missense changes (Figure 1A; Table S9). The second, FYI-
BRCA2 v.1.0, contains functional data for 6,177 variants
tested in 147 functional tracks, of which 6,001 are VUSs
representing 30.3% of all possible single-nucleotide
missense changes (Figure 1B; Table S9).

Coverage of variants in defined functional domains of
BRCAL (i.e., RING finger and BRCT) and BRCA2 (C-termi-
nal DNA-binding domain), where most known pathogenic
missense variants occur, is greater than 97% (Figure 1, in-
sets). Furthermore, 16.7% of BRCA1 and 20.7% of BRCA2
possible missense variants have been assessed by more
than one track (Table S9). Over 90% of the tracks can be
considered low-to-mid throughput (<100 variants tested)
(Table S10), but high-throughput tracks contribute to
74.3% of BRCAI and 90% of BRCAZ2 aggregate variant tests.

In summary, these datasets contain functional data from
22,489 test results (9,279 for BRCA1 and 13,210 for BRCA2)
for 3,247 missense variants in BRCAI and 6,177 in BRCA2
(total = 9,424), tested in a wide variety of functional assays
such as protein-protein binding; focus formation; protein
expression, stability, folding, and localization; transcrip-
tion activation; sensitivity; recombination/repair; prolifer-
ation; cell migration; chromosome/mitotic apparatus; cell
viability; catalytic activity; RNA expression; and cell cycle
checkpoint””*” and with very high coverage of variants
in functionally important domains.

Accuracy and credentialing of functional tracks
Using the reference panels, we determined the sensitivity
and specificity of all functional tracks (Tables S7 and S8).
For BRCA1, 18.9% (35/185) of tracks achieved specificity
and sensitivity of 1.0, and 33.5% (62/185) achieved >0.8.
For BRCA2, 13.6% (20/147) of tracks achieved specificity
and sensitivity of 1.0, and 19.7% (29/147) achieved >0.8,
although in some cases the Cls were wide (Figure S2).

For BRCA1 variants, 42.7% (79/185) of tracks were creden-
tialed to assign PS3_variable evidence labels (PS3, PS3_mo-
derate, or PS3_supporting) to variants with a functional
impact; the remaining tracks either did not test reference
PVs or had low (<0.48) or indeterminate (0.48-2.1)
OddsPath. For variants that were functionally normal,
55.1% (102/185) of tracks were credentialed to assign
BS3_variable evidence labels (BS3, BS3_moderate, or
BS3_supporting). For BRCA2, fewer tracks were credentialed
to assign PS3_variable (23.1%) and BS3_variable (17.0%) ev-
idence labels (Tables S7 and S8).
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Figure 1. Overview of study design for classification of BRCA missense variants

“Subway chart” illustrating the processes of data collection, curation, and harmonization of functional data (green line); harmoniza-
tion of reference variant classification (red line); and data analysis and evidence criteria assignment (yellow line) for BRCAI (A) and
BRCA2 (B) variants. Three stages (data extraction and harmonization, track credentialing, and final classification) are indicated by
blue-, green-, and orange-shaded boxes. The percentage of coverage of possible and documented missense variants is shown for full
length and for the BRCA1 RING and BRCT functional domains and the BRCA2 C-terminal DNA-binding domain (insets).

Performance assessment of the integrative tracks were re-credentialed within each fold (Table S11). For
approach BRCA1 (k= 10), the average sensitivity was 0.98 (0.71-1.00;
To provide an initial estimate of the performance of our 95% CI), the average specificity was 0.99 (0.82-1.00; 95%
approach, we conducted a k-fold cross-validation in which  CI), and the MCC was 0.97. For BRCA2 (k = 5; due to a
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Figure 2. Process of assigning functional code labels to variants
(A) Subway chart illustrating the stages of evidence criteria assignment by the integration analysis to VUSs for BRCA1 (green line) and

BRCA2 (yellow line).

(B) Sankey diagrams indicate how VUSs were resolved (assigned an ACMG evidence strength code) after applying the functional data
integration. VUS* denotes VUSs that were tested only in non-credentialed tracks.

smaller number of reference variants), the average sensi-
tivity was 1 (0.33-1.00; 95% CI), the average specificity
was 0.97 (0.83-0.99; 95% CI), and the MCC was 0.8. The
integrative approach displayed a strong performance
when classifying BRCA1 and BRCA2 missense variants ac-
cording to the available functional information.

Assignment of evidence strength labels to VUSs
From the set of BRCA1 variants tested (FYI-BRCA1 v2.0),
we removed reference variants and identified 1,342 VUSs

that had been tested only once and assigned BS3_variable
labels to 75.7% of VUSs and PS3_variable labels to 8.3% of
VUSs (Table S12; Figure 2A). From FYI-BRCA2 v.1.0, 1,969
VUSs were tested only once; we assigned BS3_variable co-
des to 73.9% of VUSs, and 12.2% were assigned PS3_vari-
able codes (Table S13; Figure 2A).

Next, we identified 919 BRCA1 and 3,035 BRCA2 VUSs
that had been tested more than once with concordant
scores and assigned the strongest of all codes assigned to
the variant, with 84.9% of BRCAI and 89.1% of BRCA2
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variants assigned BS3_variable codes and 13.6% of BRCA1
and 10.9% of BRCAZ2 variants assigned PS3_variable codes
(Figure 2A).

There were 635 BRCA1 and 997 BRCA2 VUSs with discor-
dant results (Tables S12 and S13). For variants with discor-
dant calls, we have previously proposed a preponderance-
of-evidence principle in which ratios of 3:1 or greater and
1:3 or smaller (1.5 <log?2 [ratio benign/path] < —1.5) consti-
tute preponderance of evidence. While 24.3% (BRCA1) and
9.6% (BRCA2) of VUSs were resolved by the preponderance-
of-evidence rule, the majority of VUSs with discordant re-
sults remained unresolved. Interestingly, BRCA variants
with discordant results were more likely to have had at least
one hypomorph observation than all VUSs tested (BRCA1:
0.4 versus 0.11, X? = 257.916, p < 0.00001; BRCA2: 0.32
versus 0.1, X? = 440.1673, p < 0.00001).

At the end of the process, 75.5% of all BRCAI and 79.7%
of all BRCA2 VUSs tested received PS3_variable and
BS3_variable ACMG codes according to the strength of
functional evidence (Figure 2B).

Reference variants with conflicting results

We examined the set of reference variants with functional
labels conflicting with their classification to identify po-
tential causes of discordant results or limitations of our
approach. Of 140 PVs (IARC classes 4 and 5), only two
(p.Arg71Thr and p.Gly1803Ala) were incorrectly assigned
as benign (<1.5%). Variant p.Arg71Thr is pathogenic due
to a splicing defect, and two tracks only evaluated the pro-
tein function from cDNA. To prevent this type of misclas-
sification during the integration of functional data with
other sources of information, variants with a final classifi-
cation of LB/B with a SpliceAI"" score > 0.2 were flagged
(see below). In the case of p.Glyl1803Ala, many of the
tracks used in classification were based on structural integ-
rity of the BRCT domain, and presumably, the variant
does not substantially affect the structure despite being
functionally compromised. Of 211 benign variants
(IARC classes 1 and 2), only two (p.Ilel275Val and
p-His1680GIn) were incorrectly assigned (<1%) as patho-
genic. Notably, all four tracks (T153-T156) that contribute
to the misclassification of p.Ile1275Val are from the same
study (Table S12).

For BRCA2, 176 reference variants were evaluated. No
reference PV (IARC classes 4 and 5) was incorrectly as-
signed, whereas seven reference benign variants
(p.Thr774Ala, p.Thr1087Ile, p.Thr1354Met, p.Asp1911Gly,
p-Leu2396Ser, p.Arg2784Gln, and p.lle3207Thr) were
incorrectly assigned. Notably, five of these incorrect assign-
ments were made by the same track (T142) (Table S13).

Amino acid substitutions, protein modular domains,
and structural motifs

We hypothesized that variants assigned to different func-
tional categories (functional impact, normal function, or
hypomorphic) would display specific amino acid substitu-
tion patterns. First, we determined the frequency and

enrichment ratio (compared with all variants tested) for
all possible amino acid substitutions in each functional
category (Tables S14 and S15). We then focused on the
top ten most enriched and most depleted substitutions.
BRCA1 and BRCAZ2 variants having functional impact
(PS3 _variable) were enriched in amino acid substitutions
that changed amino acid class (hydrophobic, polar,
charged, and special cases), particularly from hydrophobic
to other classes, and depleted in variants with substitu-
tions that remained in the same or related (e.g., charged
and polar) class (Figure 3A). Conversely, BRCAI and
BRCAZ2 variants scoring as functionally normal (BS3_vari-
able) were enriched in amino acid substitutions that re-
mained in the same or related amino acid class and
depleted in substitutions that changed class (Figure 3B).

BRCA1 and BRCAZ2 variants that received the provi-
sional label of hypomorphic had a pattern of substitution
enrichment and depletion similar to variants with func-
tional impact (Figure 3C). However, the enrichment
pattern differed between BRCA1 and BRCA2: hypomor-
phic BRCA1 variants were enriched for cross-class substi-
tutions originating in hydrophobic residues, whereas
hypomorphic BRCA2 variants were enriched for cross-
class substitutions originating in polar or charged residues
(Figure 3C). As expected, there was considerable overlap
between (1) enriched substitutions in functional impact
assignments and depleted substitutions in normal func-
tion assignments and (2) enriched substitutions in normal
function assignments and depleted substitutions in func-
tional impact assignments (Figure S3).

Part of the difference in amino acid substitutions
driving functional assignment of pathogenic, benign, or
hypomorph can be ascribed to physicochemical charac-
teristics as described by Grantham distances and by side-
chain volume differences (Figures 3D and 3E).*”

Most variants receiving assignments of functional
impact (PS3_variable) were part of recognized functional
domains and were likely to disrupt secondary structures
within these regions. In BRCA1, 99% of functional impact
assignments were present either in the RING finger or the
BRCT domains, although these regions have been more
extensively tested (Figures 4A and 4B).

In BRCA2, 67.2% of functional impact assignments
were located in the PALB2 binding region or the C-termi-
nal DNA-binding domain (Figures 4A and 4B). Although
pathogenic reference variants are restricted to functional
domains (Figure 4C), 190 variants showed functional
impact outside of these domains, but only one is spliceo-
genic. Most of these variants were scored by the same
assay (track T142), but only 11 of them (5.8%) are pre-
dicted by EVE to be pathogenic, and five are benign refer-
ence variants, raising the possibility that these variants
were incorrectly scored as functionally compromised.

Even within known functional domains, some second-
ary structures appear to be relatively tolerant to substitu-
tions. For example, within the BRCA1 BRCT, loops in
intervening seq 6 (aa 1726-1729), the p'2 sheet (aa
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Figure 3. Landscape of amino acid substitutions in BRCATand BRCA2 stratified by final assignment

(A-C) Amino acid substitutions in variants assigned as functional impact (A), normal function (B), and hypomorph (C). Amino acids
(one-letter code) are colored according to class: hydrophobic, yellow; polar negative, pink; polar positive, light blue; negatively
charged, red; positively charged, dark blue; and special cases, gray. Arrows indicate the top ten enriched and depleted substitutions

by enrichment ratio variant.

(D and E) Distribution of Grantham distance (D) and side-chain volume difference (E) in each set. *p < 0.05 and **p < 0.01.

1790-1792), and the loop in intervening seq 12 (aa 1793-
1804) had 104 variants tested, yet no variant with signifi-
cant functional impact was found (Table S16). The p2
sheet in the first BRCT, which corresponds spatially to
f’2 in the second BRCT domain, is also relatively tolerant

to changes, consistent with their small contribution to the
packing of BRCT domains.*”

In the BRCA2 C-terminal DNA-binding domain, nine sec-
ondary structures located in the helical, OB1, and OB2 do-
mains were sensitive to substitution, with a >0.25 fraction
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Figure 4. Location of variants

(A and B) Fraction (A) and absolute counts (B) of final assignments by 100-(BRCA1) or 200- (BRCA2) amino acid windows. The RING
finger, the coiled-coil (CC), and the BRCT domains are indicated by red lines. Red, functional impact; blue, normal function; and gray,
indeterminate.

(C) Location of reference variants annotated by IARC class. Red, class 5 (pathogenic); pink, class 4 (likely pathogenic); light blue, class 2
(likely benign); and dark blue (benign).

(D and E) Fraction (D) and absolute counts (E) of final hypomorph assignments. Yellow, hypomorphs, and gray, other.
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of variants showing functional impact. Surprisingly, struc-
turesin the Tower domain were very tolerant to substitution
(Table S16). To date, no LP/P reference variant has been
identified in this region.

Hypomorphic variants

We hypothesized that variants for which the functional re-
sults were intermediate (score = 1) and therefore were
considered hypomorphic represent clinically relevant
RPPVs.**™*° Likewise, it is possible that RPPVs manifest
themselves as generating discordant results across different
assays.

We identified 350 BRCA1 and 616 BRCA2 variants that
had at least one track scoring as intermediate (hypomorph
observation set) (Figure 4D). In addition, 526 BRCA1 and
924 BRCAZ2 missense variants had unresolved discordant
calls (unresolved discordant set) (Tables S12 and S13).

Further, we hypothesized that variants found in indi-
viduals with Fanconi anemia (FA) also represent RPPVs.
To determine the extent to which these datasets contain
RPPVs, we estimated the likelihood that the five BRCA1
and 28 BRCAZ2 RPPVs previously identified in individuals
with FA*® would be found in different variant sets (i.e., un-
resolved discordant, indeterminate, functional impact,
normal function, and hypomorph observation) compared
to the set of all variants (Table S17). BRCA1 variants found
in individuals with FA were enriched in the unresolved
discordant, intermediate, and hypomorph observation
sets. BRCA2 FA variants were enriched in the unresolved
discordant, indeterminate, functional impact, and hypo-
morph observation sets (Table S17).

Resolution of variants with discordant scores with
an ACMG/AMP-compatible point system

We compared the resolution of discordant variants using
two approaches. In approach 1, the ACMG codes result
from integrating the functional data and the preponder-
ance-of-evidence rule (as described above) (Tables S12
and S13), and in approach 2, the functional data are inte-
grated using the ACMG/AMP-compatible point sys-
tem>%*° (Tables S18 and S19).

We used the functional integration via the two ap-
proaches to resolve discordance in functional data for
reference variants and assess their out-of-sample perfor-
mance by comparing the results with the reference variant
disposition (i.e., truth set) via cross-validation. For both
genes, application of the point system to generate patho-
genicity assertions based on the functional integration
improved the resolution of discordant results. The rate
of resolution (assignment of a non-indeterminate label)
improved from 66.6% to 92.1% in BRCAI reference vari-
ants with discordant functional results and from 49.1%
to 98.1% in BRCAZ2 reference variants (Figures 5A and
5B). This improvement is accompanied by an increase in
consequential (from benign to pathogenic or from patho-
genic to benign) mislabeling from 0.8% to 5.5% in BRCA1
and from 1.9% to 7.5% in BRCA2.

Despite high rates of resolution of reference variants,
discordance is high (40.9% for BRCA1 and 24.7% for
BRCAZ2) among VUSs, and the preponderance-of-evidence
approach resolves only a minority of variants (24.3% in
BRCA1 and 10% in BRCA2). A pairwise comparison be-
tween code- and point-based ACMG functional assertions
for VUSs that received discordant scores also showed an
improvement in resolution from 24.3% to 63.6% in
BRCA1 and from 10% to 66.4% in BRCA2 (Figure 5C).
Importantly, we did not observe any consequential
change when moving from code-based to point-based
integration. Taken together, these data show that moving
to a point-based system to resolve variants with discor-
dant results improves the overall resolution.

Evaluating capping of functional data ACMG points
The application of BS3 and PS3 points is capped at —4
and +4, respectively, to temper classification from a single
source (i.e., functional data) (Tables S18 and S$19).
Limiting the computation of points from multiple tracks
to —4 for benign variants and +4 for PVs penalizes
41.1% (1,334/3,247) of BRCAI variants and 52.8%
(3,261/6,177) of BRCAZ2 variants that received over four
points (BRCA1 LP/P range: +5 to +82; LB/B range: —5 to
—108; BRCA2 LP/P range: +6 to +52; and LB/B range: —5
to —39). This cap conflates variants that receive BS3_vari-
able or PS3_variable labels with concordant results from a
single assay with those that receive labels supported by re-
sults from multiple assays. Because individual assays have
limitations (e.g., variants with functional impact due to
(1) splicing defects will not be detected in cDNA-based as-
says or (2) temperature-sensitive effects may not be de-
tected in yeast-based assays and variants with no func-
tional impact may show functional defects due to
technical errors or incorrect thresholds), variants tested
multiple times with concordant results are less likely to
be incorrectly labeled. To retain the information without
violating the cap, we annotate variants that receive final
LP/P or LB/B classifications supported by multiple concor-
dant assays (Tables S18 and S19, see column notes).

To assess the rate of potential incorrect clinical classifica-
tion if the cap was not applied, we determined how many
reference variants would have been incorrectly classified.
For BRCA1, one LB/B variant would have been incorrectly
classified as LP/P (p.Ile1275Val, 16 points), whereas four
LP/P (p.Arg71Thr, —8 points; p.Met1411Thr, —10 points;
p-Alal823Thr, —8 points; and p.Gly1803Ala, —12 points)
would have been incorrectly classified as benign, totaling
a 1.4% (5/351) consequential misclassification rate. For
BRCAZ2, only two LB/B variants (p.Arg2784Gln, 23 points,
and p.Val2908Gly, 8 points) were incorrectly classified as
pathogenic, resulting in a 1.1% (2/176) consequential
misclassification rate, within the acceptable error rates in
the IARC (5%) and ACMG (10%) frameworKs.

Taken together, the analysis of this small dataset (refer-
ence variants only) suggests that variants reaching > +23
or < —12 could be classified using only functional data.
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Figure 5. Comparison of ACMG code-base and point-base integration on the resolution of variants with discordant results
(A and B) Resolution of discordant results for BRCA1 (A) and BRCA2 (B) reference variants.

(C) Resolution of discordant results for BRCAI and BRCA2 VUSs. Codes favoring pathogenicity (PS3_supporting, PS3_moderate, and
PS3_strong) or non-pathogenicity (BS3_supporting, BS3_moderate, and BS3_strong) were collapsed into pathogenic (P) or benign
(B) classes, respectively. Points favoring pathogenicity (+1, +2, +3, and +4) or non-pathogenicity (-1, —2, —3, and —4) were collapsed

into P or B classes, respectively.

Cancer risks associated with functional categories
Next, we determined the association of variants, aggregated
by final functional code labels (BS3_variable, indetermi-
nate, and PS3_variable), with breast cancer risk. We used fe-
male individuals affected by breast cancer who received he-
reditary cancer genetic testing by Ambry Genetics and
female control subjects from AoU or gnomAD 4.1.

BRCA1 PS3_variable missense variants were associated
with high risks of breast cancer (odds ratio [OR] > 4.8) in
all case-control analyses, in line with those obtained for
premature protein termination variants (PTVs) or known

PVs using the same datasets (Table 1). Variants that re-
mained indeterminate after functional integration dis-
played moderately increased risks (1.8 < OR < 3.4), sug-
gesting that they may still contain PVs. In contrast,
BS3_variable missense variants were not associated with
significantly increased risks of breast cancer (Table 1).
The Ambry Genetics versus AoU comparison displayed a
significantly reduced OR compared with the other com-
parisons, suggesting selection bias perhaps due to ascer-
tainment differences and highlighting the limitations of
pooled analyses.

The American Journal of Human Genetics 773, 1-19, November 5, 2026 11



Please cite this article in press as: Lyra et al., Large-scale integration of functional assay data for the resolution of germline BRCAI and
BRCAZ2 variants of uncertain significance, The American Journal of Human Genetics (2026), https://doi.org/10.1016/j.ajhg.2026.09.013

Table 1. Associations between variants categorized by integration of functional data and breast cancer risk

Case Case Case Control Control  Control Adjusted p
OR pvalue 95%Cl AC AN freq AC AN freq value
BRCA1 PS3
Ambry (Cs) x AoU (Ct) 9.81 0.000 6.21- 166 514,288 0.03% 19 385,856 0.00% 1.19e-31
16.39
Ambry (Cs) x gnomAD v.4.1 4.87 1.08e- 3.22— 191 631,308 0.03% 28 363,940 0.01% 1.73e-12
(Ct) 12 7.74
CARRIERS+BRIDGES (Cs x 10.27 6.58e- 3.78- 40 162,146  0.02% 4 166,494 0.00% 1.05e-07
Ct) 09 31.42
BRCA1 indeterminate (VUS)
Ambry (Cs) x AoU (Ct) 1.87 4.56e- 1.53- 302 514,288 0.06% 165 385,856 0.04% 4.56e-10
10 2.28
Ambry (Cs) x gnomAD v.4.1 3.38 8.48e- 2.62— 384 631,308 0.06% 70 363,940 0.02% 1.70e-19
(Ct) 20 4.42
CARRIERS+BRIDGES (Cs x 1.75 3.89%- 1.38- 182 162,146 0.11% 107 166,494 0.06% 3.11e-05
Ct) 06 2.22
BRCA1 BS3
Ambry (Cs) x AoU (Ct) 0.69 3.07e- 0.60- 469 514,288 0.09% 536 385,856 0.14% 3.07e-08
08 0.79
Ambry (Cs) x gnomAD v.4.1 1.28 7.78e- 1.11- 605 631,308 0.10% 283 363,940 0.08% 8.89e-04
(Ct) 04 1.48
CARRIERS+BRIDGES (Cs x 1.05 0.118 0.99- 2,309 162,146  1.42% 2,264 166,494 1.36% 0.189
Ct) 1.11
BRCAI reference
PTV Ambry (Cs) x AoU (Ct) 9.21 0.000 8.14- 2,532 514,288 0.49% 287 385,856 0.07% 0.000
10.46
PV CARRIERS+BRIDGES (Cs x  8.58 1.28e- 6.91- 790 162,146  0.49% 95 166,494 0.06% 0.000
Ct) 141 10.67
BRCA2 PS3
Ambry (Cs) x AoU (Ct) 2.81 0.000 2.30- 435 514,316  0.08% 140 385,856 0.04% 6.12e-27
3.44
Ambry (Cs) x gnomAD v.4.1 2.56 1.9e-20 2.10- 531 631,336 0.08% 120 362,999 0.03% 5.08e-20
(Ct) 3.13
CARRIERS+BRIDGES (Cs x 1.62  7.03e-*  1.22- 129 162,146 0.08% 82 166,494  0.05% 0.002
Ct) 2.14
BRCAZ2 PS3 restricted to DBD domain variants
Ambry (Cs) x AoU (Ct) 5.39 0.000 4.06- 338 514,136  0.07% 56 385,856 0.01% 2.50e-39
7.29
Ambry (Cs) x gnomAD v.4.1 5.20 5.80e- 3.87- 410 631,336  0.06% 46 362,999 0.01% 5.80e-26
(Ct) 26 7.16
CARRIERS+BRIDGES (Cs x 2.55 4.50e- 1.68- 77 162,146  0.05% 31 166,494 0.02% 1.35e-05
Ct) 06 3.93
BRCA2 indeterminate (VUS)
Ambry (Cs) x AoU (Ct) 1.15 0.0936 0.98- 408 514,316 0.08% 283 385,856 0.07% 0.0936
1.35
Ambry (Cs) x gnomAD v.4.1 1.31 6.11e- 1.13- 516 631,336  0.08% 269 362,999 0.07% 8.15e-04
(Ct) 04 1.54
CARRIERS+BRIDGES (Cs x 1.03 0.403 0.96- 1,530 162,146  0.94% 1,524 166,494 0.92% 0.496
Ct) 1.11

BRCAZ2 BS3

(Continued on next page)
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Table 1. Continued
Case Case Case Control Control  Control Adjusted p
OR pvalue 95%Cl AC AN freq AC AN freq value
Ambry (Cs) x AoU (Ct) 1.05 0.459 0.93- 624 514,316 0.12% 540 385,856  0.14% 0.459
1.19
Ambry (Cs) x gnomAD v.4.1 1.19  0.005 1.05- 788 631,336  0.12% 398 362,999  0.11% 0.005
(Ct) 1.35
CARRIERS+BRIDGES (Cs x 0.95 0.038 0.90- 3,060 162,146 1.89% 3,309 166,494 1.99% 0.076
Ct) 1.00
BRCAZ2 reference
PTV Ambry (Cs) x AoU (Ct) 5.38  0.000 4.94- 3,906 514,316 0.76% 663 385,856  0.17% 0.000
5.86
PV CARRIERS+BRIDGES (Csx  5.68 1.18e- 4.90- 1,171 162,146  0.72% 213 166,494 0.13% 0.000
Ct) 166 6.58
MAVE PV Ambry (Cs) x 5.55 1.64e- 4.14- 566 758,236  0.07% 49 363,928  0.01% 0.000
gnomAD v.4.1 46 7.53

p values marked as 0.000 are for extremely low values. OR, odds ratio; 95% Cl, 95% confidence interval; Case AC, allele count in affected individuals; Case AN, total
number of alleles in sample; Case Freq, allele frequency in affected individuals; Control AC, allele count in control subjects; Control AN, total number of alleles in
control subjects; Control Freq, frequency in control subjects; PS3, includes PS3 only (as there were no events for PS3_moderate or PS3_supporting, ENIGMA-desig-
nated benign variants were excluded from PS3 OR calculation [BRCAT: p.lle1275Val; BRCA2: p.Thr1354Met, p.Glu1593Asp, and p.Leu2396Phe], and recurrent
variant p.Asn2622Ser, which was enriched in African American individuals, was also excluded from BRCA2 PS3 calculation); (Cs), affected individuals; AoU, All
of Us; (Ct), control subjects; BS3, includes BS3_supporting, BS3_moderate, and BS3; BRCAT/2 reference, ORs associated with variants with disposition obtained
independently of functional data or from multiplex assays of variant effects (MAVEs); PTV, premature termination variants; PV, known pathogenic variants; PV,

missense variants scoring as pathogenic in BRCA2 MAVE.?®

BRCAZ2 PS3_variable missense variants were associated
with elevated risks of breast cancer (OR > 2.5) in both
case-control analyses, albeit attenuated compared with
those obtained for PTVs or known PVs using the same da-
tasets, suggesting that this category may improperly
contain variants with no clinically relevant impact on
function. Interestingly, when we limited our analysis to
the C-terminal DNA-binding domain, ORs in the Ambry
Genetics case-control studies were larger than 5, consis-
tent with those obtained for PTVs or known PVs using
the same datasets (Table 1). These results suggested that
the attenuation in OR was due to variants incorrectly
labeled as PS3_variable in the regions outside the C-termi-
nal DNA-binding domain.

A slightly but significantly elevated OR for BS3_variable
variants in the Ambry Genetic versus gnomAD case-con-
trol analysis raises the possibility that this category may
contain variants with clinically relevant impact on func-
tion, as variants with a significant impact on function
may be missed by specific assays. On the other hand,
similar to what was found for BS3_variable variants in
BRCA1, there was no evidence for association with risk
for BRCA2 BS3_variable variants in the AoU comparison
and the CARRIERS+BRIDGES population-based case-con-
trol analyses (Table 1).

Taken together, these analyses confirm that BS3_variable
and PS3_variable variants categorized using the integrated
functional framework are associated with population
average and increased risk for breast cancer, respectively.
Population-based case-control studies, albeit with far fewer
affected individuals, were consistent with the results from
other case-control comparisons (Table 1). These results pro-

vide further support for the validity of the integration of
functional data.

Integration of functional data with other sources of
information to classify variants
To formally classify variants, we integrated the functional
data with other available sources of information
(Tables S18 and S19). We used EVE as the in silico predictor
and, following the ACMG guidelines for PP3 and BP4 (in
silico predictions), we assigned +1 and —1 (supporting ev-
idence) to variants considered pathogenic and benign,
respectively. For PM2 (absent/rare from control subjects
in an ethnically matched cohort population sample), we
assigned +1 (supporting evidence) for variants absent
from gnomAD 4.1. For PP1 and BS4 (co-segregation or
lack of co-segregation with disease in multiple affected
family members), we integrated previously published
data and assigned points according to the likelihood ratios
in the original studies.”**” For BA1 (stand-alone allele fre-
quency), we assigned —8 points for variants with gnomAD
filtering allele frequency (FAF) > 0.001. For BS1 (allele fre-
quency greater than expected for disease), variants with
FAF > 0.0001 were assigned —4, and variants with FAF >
0.00002 and <0.0001 were assigned —1. No VUS achieved
the stringent threshold of OR > 4 (with the lower 95% CI
excluding 2.0 and with p < 0.05) in case-control analyses;
therefore, we did not include points for the PS4 code.*®
The total points from all codes were computed for each
variant, and variants were classified as P (>10 points), LP
(6-9 points), LB (—6 to —2 points), or B (<—7 points). Var-
iants scoring between —1 and 5 points were labeled as
VUSs. In BRCA1, 2,896 VUSs for which functional data
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were available were assessed, and the integration of points
corresponding to ACMG codes led to ClinVar-compliant
classifications of 2,085 variants as LB/B and 260 as LP/P,
and 551 remained VUSs, representing a resolution rate
of 80.1% (Figure 6A). In BRCA2, 6,001 VUSs were assessed
and resulted in 3,849 LB/B and 323 LP/P, and 1,829 re-
mained VUSs, with a resolution rate of 69.5% (Figure 6B).

Finally, we evaluated the impact of the integrated clas-
sification on variants present in a population underrepre-
sented in genomic studies. Of 328 BRCA1 variants identi-
fied in individuals of AA ancestry in gnomAD, 84 were
VUSs or conflicting classifications in ClinVar and were
functionally tested (Table S20). Incorporating the inte-
grated functional classification led to the classification of
71 variants (84.5% resolution), all going to the LB/B group
(Figure S4). For the 215 BRCA2 VUSs or conflicting classi-
fications functionally assessed, 76.3% were resolved
(Figure S4), identifying six LP variants (p.Ser2616Tyr,
p.lle2672Thr, p.Gly2724Glu, p.Trp2788Leu, p.Tyr3006-
Asp, and p.Glu3167Asp). All LP variants were very rare
(allele frequency < 1.3 x 107% <1.4 x 10~° in AA individ-
uals), five of which were only found in AA individuals
(except p.Trp2788Leu) (Table S20).

Discussion

A significant challenge for the implementation of preci-
sion medicine in oncogenomics lies in the accurate inter-
pretation of germline and somatic genetic data. For car-
riers of variants in BRCAI and BRCA2, the ability to
interpret germline genetic data has implications for risk
stratification, prevention, and treatment for several types
of cancer.

We reasoned that experimental data could be harnessed
to address the challenges of variant classification for can-
cer susceptibility genes. Here, we systematically collected,
curated, and harmonized data from functional assays
testing 9,424 missense variants in BRCA1 and BRCA2 pub-
lished in the last 28 years. We leveraged these data to (1)
determine the strength of evidence for each assay using
defined reference set variants following ClinGen recom-
mendations,**?® (2) assign evidence strength based on
all relevant calibrated assays for each variant, (3) deter-
mine the code/points applicable for each variant based
on the integrated data, (4) generate a curated resource of
functional data, and (5) integrate functional data with
other sources of information to classify 6,517 BRCAI
and BRCA2 variants as LB/B or LP/P.

First, we focused on developing and refining rules to
conduct the integration of functional data from a large
number of independent published functional assays.
Analysis of reference variants with discordant results re-
vealed a small percentage of incorrect assignment after
integration (<2%). These incorrect assignments high-
lighted the need to account for RNA splicing defects,*®
and splice prediction should always be checked before

assuming that the functional effect is due to the missense
substitution. More importantly, we demonstrate that the
functional integration framework represented here dis-
plays a strong performance compatible with the require-
ments of ClinGen guidelines. Furthermore, variant cate-
gories based on functional assignment align well with
risk of breast cancer in large case-control studies, confirm-
ing its validity for clinical use in variant classification.

The integrated functional data analysis conducted here-
in also provides a detailed view of regions, domains, and
motifs important for function and how structural-based
metrics such as Grantham distance and differences in
side-chain volume contribute to the discrimination be-
tween functional impact, hypomorphic, and normal func-
tion assignments. For BRCA1, 99% of functional impact
assignments were in the RING finger or the BRCT do-
mains, in agreement with the notion that other regions
in the protein constitute “cold spots” and are unlikely to
have any pathogenic missense variant.*” An important
caveat is that functional assessments have been targeted
in the RING and BRCT regions, creating a bias in variant
testing by location. BRCA2 presented a relatively lower
rate (67%) of variants with functional impact located in
the known functional regions. However, a vast majority
of the functional impact assignments in the BRCA2 cold
spots were derived from a single assay and not corrobo-
rated by structural predictions. This suggests potential is-
sues with random errors of specific assays rather than pre-
viously undetected functionally important regions. Since
the assay was credentialed, it suggests that the OddsPath
metric presents some shortcomings. The data support
the use of the Dines et al. cold spot information in variant
classification.”” Our analyses also indicate that some spe-
cific structures within “hot spots,” such as the Tower
domain in the BRCA2 C-terminal DNA-binding domain,
are unlikely to harbor pathogenic missense variants.

As an alternative to evidence criteria codes, a point-
based system derived from the Bayesian formulation of
the ACMG/AMP guidelines has been proposed.*®*°
As the points are proportional to log(odds) rather than
to the OddsPath, they are additive. Our data show that
moving from codes to points facilitates resolution of vari-
ants with discordant results. Importantly, ACMG/AMP
recommends that a variant should not be clinically classi-
fied using a single type of evidence, in particular when
classifying LP and PVs.”” That tenet, which forms the basis
for capping the functional scores, presupposes that func-
tional assays are not independent and should be consid-
ered a single type of source of evidence. However, for
BRCA1I and BRCA2, some tests in the vast array of assays
exploring different activities may be sufficiently indepen-
dent of one another. Therefore, the combination of results
in this way may be a principled approach to the natural
accumulation of evidence. A further refinement of this
model would be to develop a matrix of interdependencies
across tracks, with contributions to adjusted final scores.
In addition, one could also weigh contributions of
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Figure 6. ACMG-compliant classification

Sankey diagram showing integration of applicable ACMG codes and points to resolve variants of uncertain significance in BRCA1
(A) and BRCA2 (B). Refer to Tables S19 and S20. Stepwise application of ACMG codes BS3/PS3, BP4/PP3, PM2, and BA1/BS1 and points
according to the strength of evidence (supporting =1, moderate =2, strong +4, and very strong =8). The total points from all codes
considered and variants were classified as pathogenic (P) (>10 points), likely pathogenic (LP) (6-9 points), likely benign (LB) (—6 to —2
points), or benign (B) (<—7 points). Variants scoring between —1 and 5 points remained VUSs.
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different assays according to their uncertainty (judged by
the ClIs of sensitivity and specificity of each assay).

A more formal model-based approach would involve
fitting to the data a hierarchical model that includes
groupings associated with variant, assay type, lab, and
experimental replicate or batch, as available. The resulting
partial pooling, or statistical shrinkage, would naturally
adapt to and account for structural dependencies present
in the data; variation in the operating characteristics of
the various assays would likewise be accounted for by
the inclusion of appropriate random-effects distributions.
The resource presented in the current study provides a ba-
sis for advanced simulations of changes in rules of
classification.

Functional data for BRCAI and BRCA2 are consistent
with the existence of hypomorphic variants in those
genes. The data also provide insight into the relationship
between level of functional impact and risk, as variants
from individuals with FA, presumably RPPVs, were en-
riched in the set of variants scoring as intermediate (hypo-
morph observation set). As risk estimates are extremely
difficult to obtain for individual variants, functional
data will be instrumental to identify RPPVs.***° RPPVs
in TP53 and OTC were enriched in the hypomorphic
variant sets.’’°” Thus, functional data integration can
help in the identification of RPPVs, but functional assays
should be calibrated with clinically relevant RPPVs.
Once clinically calibrated, these variants can then be asso-
ciated with risk-appropriate recommendations.”**” For
example, an RPPV associated with a less than 20% lifetime
risk of breast cancer may trigger increased surveillance but
not justify offering prophylactic surgery.

To classify variants with existing functional data using
the ACMG/AMP-compliant framework, we combined
the functional integration (BS3/PS3 codes) with other
available evidence (PP3/BP4, PM2, PP1/BS4, BA1l, and
BS1 codes). This approach led to a high-resolution rate
(>80%) of VUSs, illustrating the power of functional inte-
gration to accelerate clinically meaningful classifications.
Moreover, the approach was also impactful for the classi-
fication of variants found in AA individuals. Overall reso-
lution rates of variants with discordant functional results
using the point system were markedly higher than those
using the code system (63.6% versus 24.3% for BRCA1
and 66.4% versus 10% for BRCA2). However, a consider-
able fraction of missense VUSs (19.9% in BRCA1 and
30.5% in BRCA2) lack or have conflicting data from mul-
tiple sources and are still unresolved. Improvements in
analytical methodology, comprehensiveness of MAVEs,
better and more diverse estimates of allele frequency,
and capture of associated clinical data are likely to close
this gap in the near future.

Our study has several limitations. First, individual tracks
display wide heterogeneity in measurements and design.
For example, tracks have data on a variable number of var-
iants (from a few variants to several thousand), with
different numbers of experimental replicates and use var-

iable cutoffs to distinguish normal from abnormal func-
tion. Also, variants tested only once may achieve classifi-
cations that have the same weight as those tested
multiple times. These issues are mitigated by harmoniza-
tion and calibration of functional results and using the
point-based system to integrate results. Some of these is-
sues could be resolved using quantitative models adapted
to integration.”**>>* However, challenges in accessing
raw data still exist. Finally, models should also consider
the full spectrum of risk to accommodate variants with
reduced penetrance. However, there are currently no es-
tablished missense references for RPPVs, although a few
have been proposed.*’~*>>* Despite these limitations,
the current study provides a framework for the clinical
application of functional data.

In summary, we curated a large dataset of functional as-
says for missense variants of BRCA1 and BRCAZ2. Using this
dataset, we developed a data-driven ACMG/AMP-compliant
framework for data integration. This integration framework
showed strong performance, assessed using a rigorously
curated panel of reference variants, and its clinical validity
was supported by large case-control studies. Because this
framework is based on general functional, structural, and
logical attributes, this model can, with the necessary adjust-
ments, be generalized to other proteins of clinical relevance
with existing functional data.

Data and code availability

Data for all tracks are included as supplemental information
(Tables S1-520). Datasets and codes for queries to generate sum-
mary statistics and variant calls are available through GitHub
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Large-integration). Ambry Genetics supports open data sharing.
All data generated or analyzed during this study are included in
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for detailed patient data that would compromise HIPAA-
compliant safeguards applied to protect patient privacy.
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