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A large number of variants identified through clinical genetic testing in disease susceptibility genes are of uncertain significance
(VUS). Following the recommendations of the American College of Medical Genetics and Genomics (ACMG) and Association
for Molecular Pathology (AMP), the frequency in case-control datasets (PS4 criterion) can inform their interpretation. We
present a novel case-control likelihood ratio-based method that incorporates gene-specific age-related penetrance. We
demonstrate the utility of this method in the analysis of simulated and real datasets. In the analysis of simulated data, the
likelihood ratio method was more powerful compared to other methods. Likelihood ratios were calculated for a case-control
dataset of BRCAI and BRCA2 variants from the Breast Cancer Association Consortium (BCAC) and compared with logistic
regression results. A larger number of variants reached evidence in favor of pathogenicity, and a substantial number of variants
had evidence against pathogenicity—findings that would not have been reached using other case-control analysis methods. Our
novel method provides greater power to classify rare variants compared with classical case-control methods. As an initiative
from the ENIGMA Analytical Working Group, we provide user-friendly scripts and preformatted Excel calculators for
implementation of the method for rare variants in BRCAI, BRCA2, and other high-risk genes with known penetrance.

1. Introduction

Clinical genetic testing of disease susceptibility genes often
identifies variants of uncertain significance (VUS), compli-
cating the clinical management of carriers and their families
[1]. The assessment of the clinical significance of these rare
sequence variants, including missense substitutions, in-
frame deletions and insertions, and intronic variants, is
essential to directing the clinical management of carriers
and their relatives towards appropriate prevention, early
detection, and personalized treatments.

The most widely used method for the interpretation of
germline variants is via the application of the standards
and guidelines recommended by the American College of
Medical Genetics and Genomics and the Association for
Molecular Pathology (ACMG/AMP) [2]. Strength levels
(very strong, strong, moderate, and supporting) are assigned
to independent lines of evidence for or against variant path-
ogenicity. These strength levels are then combined and used
in a scoring system to provide a clinical class, expressed as
pathogenic, likely pathogenic, likely benign, benign, or
VUS. These guidelines integrate various sources of informa-
tion including the variant’s nature and position (e.g., non-
sense, frameshift, and missense) and clinical data (e.g.,
prevalence in affected individuals and controls), and the
combination of this information is interpreted to establish
the significance of the variant under investigation with
respect to risk. These criteria were recently reinterpreted in
a quantitative Bayesian framework, which derived ranges
of likelihood ratios (LRs) consistent with each of the evi-
dence strength levels [3]. For case-control data, the specific
criterion (PS4) states that a relative risk (RR) or odds ratio
(OR) >5.0 with nominal statistical significance (i.e., the

confidence interval of the RR or OR does not include 1) pro-
vides strong evidence in favor of pathogenicity [2].

A significant advance in the classification of variants in
cancer and other disease genes was the development of the
multifactorial integrated likelihood ratio model [4]; this
model combines multiple features under the assumption
that each of them is an independent predictor of variant
pathogenicity in a Bayesian framework, thus providing a
quantitative estimate of the pathogenicity of a variant [5].
The ENIGMA consortium [6] has been applying and
extending this multifactorial likelihood model. To date,
application of this model has included clinically calibrated
prior probabilities of pathogenicity derived from bioinfor-
matic prediction of variant effect and location, along with a
combined LR derived from clinical data [5], such as family
history of cancer [7], breast cancer tumor pathology [8], var-
iant cosegregation with disease [9, 10], and variant cooccur-
rence in trans with a pathogenic variant (PV) in the same
gene [7]. This model can also incorporate LRs derived from
variant frequency in cases and controls. Recently, case-
control information derived from genotype data for 20 var-
iants was incorporated into a comprehensive multifactorial
likelihood analysis of BRCAI and BRCA2 variants by
ENIGMA [11], using a method incorporating gene- and
age-specific penetrance of PV carriers only. Such case-
control LR calculations take into consideration gene- and
age-specific penetrance values, and hence they might be
expected to outperform the statistical measures currently
recommended by ACMG/AMP for the analysis of case-
control data (i.e., OR or RR estimates).

In this paper, we present a novel case-control LR
method, based on the same principle as used in Parsons
et al’s [11], that incorporates age information in both
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carriers and noncarriers in the dataset. The method can be
used to obtain evidence in favor or against pathogenicity
for rare variants in any gene for which there exist known
age-specific penetrance estimates based on data obtained
from case-control studies. We illustrate the use of this
method to calculate LRs for 24 BRCAI and 68 BRCA?2 vari-
ants from breast cancer case-control genotype data gener-
ated by the Breast Cancer Association Consortium (BCAC)
as part of the large-scale OncoArray project [12]. We further
demonstrate the utility of this case-control LR approach to
aid in the interpretation of the clinical significance of vari-
ants using evidence aligned to ACMG/AMP code strengths
or other classification methods.

2. Methods
2.1. Case-Control Datasets

2.1.1. Simulated Case-Control Dataset. Genotype data simu-
lations were performed using the R (v3.6.1) (https://www.r-
project.org/) statistical computing language. To create case-
control datasets, genotypes for cases and controls were sim-
ulated using a Poisson distribution with lambda (1) equal to
the mean number of events (variant carriers) in the given
interval, expressed as

Acases = N X RR x MAF, 0
1

/\Controls =N x MAF,

where N denotes the sample size, RR denotes the relative
breast cancer risk of the causal variant and MAF denotes
the minor allele frequency of the variant in the general pop-
ulation. Ages were simulated using a normal distribution,
with the mean and standard deviation following the gene-
specific age distribution in the CARRIER population-based
study [13].

Genotype data simulations were carried out for variants
conferring a RR of 1 (indicating no increased risk), 2, 3, 4,
5,6, 7,8, 9, or 10, minor allele frequency in controls of
0.0001, 0.00005, or 0.00003, and sample size of N = 20,000
(20,000 breast cancer cases and 20,000 controls), 30,000
(30,000 breast cancer cases and 30,000 controls), or 50,000
(50,000 breast cancer cases and 50,000 controls). For each
of these 90 scenarios, we simulated 10,000 replicates.

Additionally, in order to account for the possibility that
age information is not available, we repeated the analysis
using same age for all individuals.

2.1.2. BCAC OncoArray Dataset. Genotype data were gener-
ated as part of the BCAC component of the OncoArray pro-
ject [12] (studies included in the analysis are listed in
Supplementary Table S1) and were available for 75,657
breast cancer cases and 52,987 controls of European
ancestry. The majority of studies were population-based
case—control studies or case—control studies nested within
population-based cohorts. However, a subset of studies
oversampled cases with a family history of breast cancer.
Of these, 464 breast cancer cases and 1,347 controls had
missing information regarding their age at diagnosis or
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interview, respectively and were excluded from the
analyses. Another 1,445 cases and 858 controls were
removed because their ages fell outside the interval of 21-
80 years (the age range for which penetrance estimates
were available). Cluster plots of 56 BRCAI and 127 BRCA2
variants, nominated by ENIGMA researchers for inclusion
in the OncoArray project were manually checked to review
the automated calls. This was performed since automated
genotype calling for rare variants from GWAS chips has
been shown to be suboptimal [14]. Genotypes were
adjusted for 41 BRCAI and 91 BRCA2 variants, while 3
BRCA1I and 2 BRCA2 variant genotypes were determined
to have been called correctly by automated clustering.
Genotype recalling was not performed for 12 BRCAI and
34 BRCA2 variants due to the low quality of the genotype
data; these variants were not considered further.

After genotype cluster review and recalling, 16 BRCAI
and 19 BRCA2 variants were excluded from further analysis
due to their high frequency (>0.1%). Additionally, case-
control LR calculations were not possible for four BRCAI
and six BRCA2 variants due to the absence of variant carriers
in the postfiltering dataset. After these exclusions, case-
control LR and logistic regression analyses were performed
for 24 BRCAI and 68 BRCA2 variants. It should be noted
that some of the variants selected for the array have subse-
quently been classified or were those whose pathogenicity
status were known and were included as positive or negative
controls.

2.2. Statistical Analyses

2.2.1. Case-Control Likelihood Ratio Method. This method
(detailed in Supplementary File 1) compares the likelihood of
the distribution of the variant of interest among cases and con-
trols under the hypothesis that the variant is associated with
similar risks of the disease in question as the “average” patho-
genic variant (Hp), compared to the likelihood under the
hypothesis that it is a benign variant not associated with
increased risk (H,). These risks may be age-, sex-, and/or
country-specific. Thus

Pr (Data’Hp)

LR= —— ==,
Pr(Data|H,)

(2)

where Data denotes observed data on carrier status of a variant
of interest, case-control status, and age at diagnosis or inter-
view, combined over all individuals in the dataset.

In order to calculate the above LR, we follow a survival
analysis framework. We first determine the probability that
an individual with genotype k remains unaffected at age ¢,
Si(t), and the corresponding probability that an individual
with genotype k is affected at age ¢, f,(t) (where k=0 or 1
for non-carriers and carriers, respectively). These probabili-
ties can be computed from the age-specific baseline inci-
dence, A,(t), and the age-specific log-relative risk of an
assumed pathogenic variant in the gene of interest, 3(t).
These probabilities are given by
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Si(t) = exp <—J;/\O(t)e/3(‘>kdt),

Filt) = 8(t) %,

(3)

As detailed in Supplementary File 1, the likelihood ratio
is to close approximation, given by

(IL, 8 (1) # %1y (1)) /((zj.V 51(t) P )s, (tj))K)

ccLR =
1/NK

(4)

where N is the total number of individuals, K is the number
of variant carriers, v; is the variant status (0 for noncarriers
and 1 for variant carriers), and dj is the disease status (0
for controls and 1 for cases) for individual j.

The baseline incidence rates A,(t) were taken from the
age-specific background rates for England and Wales
(1998-2002)  (https://ci5.iarc.fr/CI5I-X/Default.aspx), and
the age-specific breast cancer relative risks for pathogenic
variant carriers f3(¢) were taken from the recent large-scale
BRIDGES (Breast Cancer Risk after Diagnostic Gene
Sequencing) project [15]. To allow for possible carrier fre-
quency differences by country, stratified LR calculations
were performed within each country and then multiplied
to provide a final LR.

Likelihood ratios are further translated into ACMG/
AMP code strength categories according to published rec-
ommendations [3]. Likelihood ratio estimates in favor of
variant pathogenicity are scored as very strong, LR > 350;
strong, 350 > LR >18.7; moderate, 18.70 > LR >4.33; and
supporting, 4.33 > LR >2.08. Likelihood ratio evidence for
benign variant status is scored as very strong, LR <0.0029;
strong, 0.0029 < LR <0.053; moderate, 0.053 < LR <0.231;
and supporting, 0.231 <LR<0.48. No evidence strength
corresponded to estimates of 0.48 <LR < 2.08.

In a series of sensitivity analyses, the method was applied
using three other published RR estimates: from case series
unselected for family history of breast cancer [16], cohort
series of BRCA1 and BRCA2 carriers [17], and breast cancer
hazard ratio estimates for missense BRCA1 and BRCA2 var-
iants [18]. In order to account for country-specific effects,
the stratified analysis was also performed using age- and
country-specific incidence rates derived from the Cancer
Incidence in Five Continents, volume 9, 1998-2002,
(https://ci5.iarc.fr/CI5I-X/Default.aspx). Age-specific breast
cancer incidences for Greece and North Macedonia were
retrieved from the 2020 cancer registry (European Cancer
Information System (ECIS), https://ecis.jrc.ec.europa.eu/)
since cancer incidence data were not available for the years
1998-2019. Unstratified analyses were also performed for
comparison.

Detailed R scripts and preformatted Excel calculators
(user can either input individual-level data or tabulated by
age groups) for the calculation of case-control LRs can be
found using the following GitHub link (https://github.com/
BiostatUnitCING/ccLR). The files provided can be used to

derive estimates based on the RR from Dorling et al.
[15], Kuchenbaecker et al. [17], or Antoniou et al. [16].
In addition, this method can also be used to compute
case-control LRs for variants in other disease susceptibility
genes by using age-specific penetrance estimates for the
gene of interest (indicated by “custom” gene in the prefor-
matted Excel calculators and R script). Furthermore, to
allow for the possibility that age information is not avail-
able (or is only available for a subset of the dataset), the
user can incorporate individuals with unknown age at
diagnosis or interview into any of the age groups specified
in the tabulated calculator.

2.2.2. Odds Ratio Analysis. Odds ratio analysis was per-
formed using logistic regression adjusted by age and country
(if applicable) and Fisher’s exact test (corrected using Hal-
dane’s method when simulations resulted in zero variant
carriers in cases or controls [19]). Logistic regression p
values were estimated using the likelihood ratio test. Based
on the original ACMG/AMP recommendations [2], an OR
estimate greater than 5.0, with the confidence interval not
including 1.0, was used to define strong evidence of pathoge-
nicity (PS4).

2.2.3. Evaluation and Application of the Case-Control
Analyses Methods. The simulated datasets were analyzed
using the novel case-control LR method, logistic regression
(adjusted by age), and Fisher’s exact test. The case-control
LR method was applied using age-specific breast cancer
ORs for BRCAI and BRCA2 PVs [15]. For causal variants
with a relative risk of 2 to 10, the power of the case-control
LR method was estimated either as the probability of reach-
ing at least supporting (LR >2.08) or at least strong patho-
genic (LR >18.7) evidence. For benign variants with a
relative risk of 1, the power of the case-control LR method
was estimated either as the probability of reaching at least
supporting (LR<0.48) or at least strong (LR <0.053)
benign ACMG/AMP evidence. Correspondingly, type I
error for pathogenicity was calculated as the probability of
obtaining at least supporting or at least strong pathogenic
ACMG/AMP evidence when the relative risk was set to 1.
Equivalently, type I error for evidence against pathogenicity
was calculated as the probability of obtaining at least sup-
porting or at least strong benign ACMG/AMP evidence
when the relative risk was greater than one. The power of
the OR methods was estimated as the probability of reaching
the ACMG/AMP PS4 criterion (OR > 5.0, CI not including
1.0, p value <0.05). Following the analyses results of the sim-
ulated datasets, optimal LR cut-offs (to maximize power and
minimize type I error) are used to define ACMG/AMP evi-
dence strengths for the 92 variants included in the BCAC
OncoArray dataset.

3. Results

3.1. Simulated Datasets. Based on the simulation results for
high-risk BRCAI (RR>9) and BRCA2 (RR >5) variants,
LR of strong and very strong evidence in favor of pathoge-
nicity (LR > 18.7) and of at least supporting evidence against
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F1GURE 1: Performance of the case-control likelihood ratio method and odds ratio analysis in providing at least strong ACMG/AMP
evidence in favor of pathogenicity (LR >18.7) using simulated datasets. Power equals the probability of reaching at least strong
pathogenic ACMG/AMP evidence. Genotype data simulations were carried out for causal variants conferring disease relative risk
between 2 and 10. We performed 10,000 simulations for each case scenario. Results represent simulated case-control data for 20,000 (a—c),
30,000 (d-f), or 50,000 (g-i) breast cancer cases and controls and minor allele frequency of 0.00003 (a, d, g), 0.00005 (b, e, h), or 0.0001 (q, £, i).
ccLR: case-control likelihood ratio; MAF: minor allele frequency; N: sample size.

pathogenicity (LR <0.48) should be used in order to
maintain a high power (>80%) and low type I error
(<0.05) (Supplementary Table S2).

Results for all measures in all simulated datasets show
that the power to achieve strong evidence in favour of path-
ogenicity is consistently greater for the case-control LR
method using age-specific breast cancer risks compared to
standard OR analysis methods (Figure 1, Supplementary
Table S2). The power to correctly categorize variants with
a RR comparable to a typical BRCAI PV was >80% in all
scenarios except for small datasets (N < 30,000) with causal
variants present at a lower frequency (MAF =0.00003)
(Figure 1(a)).

In addition, the case-control LR method can also be
used to obtain evidence against pathogenicity, something
that cannot be achieved using standard OR analysis
methods. Results from simulated case-control datasets of
benign variants (RR of 1, Figure 2) show that the case-
control LR method using the age-specific RRs of the

“average” BRCAI PV exhibits adequate power (>80%) to
identify variants with evidence against pathogenicity
(LR<0.48) for larger datasets (N >30,000) and a MAF
of 0.0001.

The implementation of the method to account for data-
sets with missing information, assuming the same age for all
individuals, demonstrated reduced power and increased type
I error in all simulations. However, the type I error was still
less than 0.05 in all cases (Supplementary Figures S1 and S2,
Supplementary Table S3).

3.2. BCAC OncoArray Dataset

3.2.1. Logistic Regression Results. Using logistic regression,
two BRCA2 variants (2%) (Table 1) reached strong patho-
genic evidence following the ACMG/AMP classification cri-
terion (PS4 criterion, OR > 5, p value <0.05, and CI not
including 1.0) [2]. Detailed logistic regression results for all
variants are shown in Supplementary Table S4.

25UB01 SUOLUWLIOD BAIERID 3[Gediidde au) Aq peusencb /e SopIle YO ‘8N J0'S9N 10} AXeIqIT 8UIUO AB]IM UO (SUOIIPUGO-DUE-SLLLBY LI A I ARG PUI|UO//'ScIY) SUOIPUOD PUE SWi | U} 89S *[6202/80/22] U0 ARIqIT8UIIUO A3|IM ‘Spnes 8 0B D 0IARS Ad TYET966/5202/SGTT OT/I0PALICY A3 | 1M AReiq 1 UIIUO//SANY WOIJ papeo|umod T ‘€202 Nuny



Human Mutation

0.8 -
. 06"
(5]
3
S
04
0.2 -
0
MAF MAF MAF MAF MAF MAF MAF MAF MAF
0.00003 0.00005 0.0001 0.00003 0.00005 0.0001 0.00003 0.00005 0.0001
N =20,000 N =30,000 N =50,000
—— ccLR BRCA1
ccLR BRCA2

FIGURE 2: Performance of the case-control likelihood ratio method in providing ACMG/AMP evidence against pathogenicity, using
simulated datasets. Power equals to the probability of reaching at least supporting benign ACMG/AMP evidence (LR <0.48) when the
relative risk was set to 1. We performed 10,000 simulations for each case scenario. Results represent simulated case-control data for
20,000, 30,000, or 50,000 breast cancer cases and controls and minor allele frequency of 0.00003, 0.00005, or 0.0001. ccLR: case-control

likelihood ratio; MAF: minor allele frequency; N: sample size.

3.2.2. Case-Control LRs and ACMG/AMP Code Strengths. In
the country-stratified baseline analysis (using the breast can-
cer ORs estimated from BRIDGES [15]), evidence in favor of
pathogenicity (defined as LR >18.70 following the simula-
tion cut-offs) was achieved for 6 variants (6.5%) (Table 2),
of which 3 variants were assigned very strong and another
3 strong strengths. Evidence against pathogenicity (defined
as LR <0.48) was observed for 59 variants (64.1%), of
which 26 were assigned very strong, 14 strong, 7 moderate,
and 12 supporting strengths. The results for the remaining
27 variants (29.3%) were uninformative. Case-control LRs
and corresponding ACMG/AMP code strengths for all 92
BRCAI and BRCA2 variants are shown in Supplementary
Table S4. The different sensitivity analyses did not show
any major discrepancies in the estimated LRs
(Supplementary Table S5).

4. Discussion

This study provides a detailed description of the methodol-
ogy to calculate case-control LRs for rare variants using
case-control data based on age- and gene-specific relative
risks and age information for noncarriers. The LRs are cal-
culated by comparing the likelihood of the distribution of
the variant of interest in cases and controls under the
hypothesis that the variant has similar age-specific relative
risks as the “average” pathogenic variant, compared to the
hypothesis that it is not associated with increased (or
decreased) disease risk. We evaluated the method using sim-
ulated datasets and further applied it to derive LRs for path-
ogenicity for individual variants from the analysis of
genotype data from a large case-control study. These can
now be used in combination with other evidence to inform
variant classification—either according to ACMG/AMP
classification standards and guidelines [2, 3] or using multi-
factorial likelihood modelling approaches [4, 11]. Further,
we provide user-friendly scripts and preformatted Excel cal-

culators to facilitate the future implementation of this
method for the calculation of case-control LRs. These
resources may be readily applied for the calculation of LRs
to be used in the classification of VUS in the BRCAI and
BRCA2 and other disease susceptibility genes with known
penetrance values.

Notably, our results demonstrate the improved perfor-
mance of our LR-based method for assessing variant pathoge-
nicity as it considers gene- and age-specific penetrance for
carriers and age information for noncarriers. Using simulated
case-control datasets, we show that the case-control LR method
using age-specific breast cancer ORs from high-penetrance
genes (e.g., BRCAI and BRCA2) outperforms other OR analysis
methods. These observations reflect the fact that the method
presented here is more suitable for the analysis of rare variants
in a case-control setting. We further provide cut-offs of LRs in
favor or against pathogenicity to be used in a real setting,

Analysis of the BCAC OncoArray data using our pro-
posed method provided informative pathogenic ACMG/
AMP classification evidence for six out of the 92 variants
analyzed. Furthermore, 59 variants reached evidence against
pathogenicity, something that is not directly measured as a
code strength through classical calculations of ORs. Given
that, a priori, the vast majority of rare sequence variants
(e.g., BRCAI and BRCA2) will be neutral with respect to risk,
this is a key advantage of our approach. In contrast, using
logistic regression analysis, the informative ACMG/AMP
classification criterion PS4 (OR > 5.0, p value <0.05, and CI
not including 1.0) was reached only for two variants.

There are possible caveats that should be recognized.
The selection of cases or controls for a family history of can-
cer would affect the carrier probabilities. The likelihood
ratios would then be inaccurate, but in principle, this could
be considered by incorporating family history into the likeli-
hoods, if known. Depletion of cases with known pathogenic
variants by prior clinical sequencing could also bias the like-
lihood ratios; therefore, the method is best applied to

85US017 SUOWILLOD 9A 181D 3(dfedl|dde au) Aq pauenoh ae sapliie YO 38N JO S3INI 10} Akeid13U1UO AB]IA UO (SUOIPUCD-PUE-SWLB /WD A8 | 1M AzeIq U1 |UO//SdNL) SUOIPUOD PUe SWB L 8Y1 335 *[Sz02/80/.2] uo Ariqiauliuo Asim ‘apries @ ofe o 0PINBS AQ TYETIE6/E202/SSTT OT/I0p/W0d A8 1M Aseiqiput|uo//sdny wouy papeojumod ‘T ‘€20 ‘Nwny



humu, 2023, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1155/2023/9961341 by Servicio Galego De Saude, Wiley Online Library on [27/08/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Human Mutation

"[EAIDIUT 2DUSPYU0D D) 01kl SPPo YO (2050000 AN ‘€°650000 JAN) ZVOYF 03 SUIPIOIOL 2INJE[OUIUIOU JUBLIE A

S70°0 (8%°99-70°T) 7€'8 (.01 X £6°T) 6£L0S/T (,_0T X 8€°T) €95Z£/01 (drrzsog8ry) d L<OPS16 L D708I¥S6TE €1IY2
Tvoud
¥10°0 (€T16-99'T) 0€°CT (0T x £6'T) 08908/ (,-0T X 6¥°7) T6£7L/8T (stHeTLTdsy) d D<DHLI18? D7D 90SL£6TE TP
(fouonbaxy) N (fouanbaxy) N
onfea d (1D %S6) IO s[onuo) saseD) ujord SADH 3pRosPNU SADH (618Y/L£YDYD) AT IueLIEA auD

SIOLLIED JUBLIE A

“(WOLIID $SJ JINV/DINDV Y} UO Paseq) uoIssaidal oisi30] £q pajewun)sd YSLI 190Ued JSealq [IIM SJUBLIBA pajerdosse juedoyrudls A[[esrisnels ;] a14v,],

10



Human Mutation

11

TaBLE 2: Variants with informative LRs in favor of pathogenicity, estimated by the baseline analysis.

Gene Variant_ID (GRCh37/hgl9) HGVS nucleotide

HGVS protein Cases

Variant carriers
Controls LR

N (frequency) N (frequency)

chr17_41234451_A_G c4327C>T p.(Argl443*)  11/72558 (1.52x 10™")  3/50781 (5.91x107°) 52671
pReAt chrl7_41215947_T_G c5096G>T  p.(Argl699Llen) 17/72560 (2.34x107") 3/50780 (5.91x107°) 30747
chr13_32937506_C_G c8167G>C  p.(Asp2723His) 18/72392(2.49x 107") 1/50680 (1.97 x10°) 819333
chrl3_32953453_A_G c8755-1G > A 3/72562 (4.13x 10°°) — 41.18
preaz chr13_32954180_C_T c9154C>T  p.(Arg3052Trp) 10/72563 (138 x 107)  1/50779 (1.97x 107°)  86.82
chrl3_32968940_A_T c9371A>T  p.(Asn3124Ile) 16/72548 (2.21x107%) — 3530.99

Variant nomenclature according to BRCAI (NM_007294.4, NP_009225.1), BRCA2 (NM_000059.3, NP_000050.2). LR: likelihood ratio.

population-based case-control studies. For these reasons, we
highlight the ACMG/AMP recommendation to review all
available evidence for/against pathogenicity for a given vari-
ant and to denote obviously conflicting findings for different
evidence types, before assigning a final classification. A con-
servative approach may be to assign case-control weight
with a cap, for example, at moderate strength for or against
pathogenicity.

Our method gains power in part because it leverages data
on individual-level age, but we have to acknowledge that age
is not always available. The method can be implemented more
approximately by assuming that individuals with unknown
information are of the same age, but this reduces power because
the expectation that carriers of risk variants develop the disease
at a younger age is then not utilised. It may also increase type I
error because the likelihood ratio may be calculated for an age
that is not appropriate for the dataset (for example, if the dataset
consists predominantly of older individuals), although the type
I error was still low in the simulations we considered. In the tab-
ulated, preformatted calculator, we allow the user to incorporate
individuals of unknown age at diagnosis or interview into any of
the age groups specified. A conservative approach would be to
include individuals of unknown age in the oldest age group.
In this way, case-control genotypes from both existing data
and new series, with and without age data, can be incorporated.
However, we would like to emphasize that pooling series, par-
ticularly from different populations with different age/ethnicity
structures or with different genotyping technologies, can lead to
biased results. Ideally, datasets should be analysed separately,
and the overall likelihood ratio generated by multiplying the
study-specific likelihood ratios.

5. Conclusions

This manuscript describes in detail a novel method used for
the calculation of the case-control LR to provide evidence
of varjant pathogenicity. This LR method is more informa-
tive compared to logistic regression analysis (or an OR cal-
culation based on contingency tables and Fisher’s exact
test). It improves power as it considers age- and gene-
specific penetrance values and age information for noncar-
riers and can provide both evidence in favor of and against
pathogenicity. In addition, this method can also be imple-

mented towards the classification of VUS in any disease
susceptibility gene for which disease penetrance has been
reliably estimated. Open-access scripts and preformatted
Excel calculators with code and instructions on how to
use the method are available at the following address:
https://github.com/BiostatUnitCING/ccLR.

Data Availability

All scripts allowing for replication of all analyses are avail-
able in the supplementary files and public repository
(https://github.com/BiostatUnitCING/ccLR). Requests for
the genotyped BCAC raw data can be made to the Data
Access Coordination Committee (DACC) of BCAC (http://
bcac.ccge.medschl.cam.ac.uk/).
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the relative risk was set to 1. We performed 10,000 simula-
tions for each case scenario. Results represent simulated
case-control data for 20,000, 30,000, or 50,000 breast cancer
cases and controls and minor allele frequency of 0.00003,
0.00005, or 0.0001. ccLR: case-control likelihood ratio;
MAF: minor allele frequency; N: sample size.

References

(1]

(3]

(6]

(10]

(11]

D. M. Eccles, G. Mitchell, A. N. A. Monteiro et al., “BRCAI and
BRCA2 genetic testing-pitfalls and recommendations for
managing variants of uncertain clinical significance,” Annals
of Oncology, vol. 26, no. 10, pp. 2057-2065, 2015.

S. Richards, N. Aziz, S. Bale et al.,, “Standards and guidelines
for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics
and Genomics and the Association for Molecular Pathology,”
Genetics in Medicine, vol. 17, no. 5, pp. 405-424, 2015.

S. V. Tavtigian, M. S. Greenblatt, S. M. Harrison et al., “Model-
ing the ACMG/AMP variant classification guidelines as a
Bayesian classification framework,” Genetics in Medicine,
vol. 20, no. 9, pp. 1054-1060, 2018.

D. E. Goldgar, D. F. Easton, A. M. Deffenbaugh, A. N. Mon-
teiro, S. V. Tavtigian, and F. ]. Couch, “Integrated evaluation
of DNA sequence variants of unknown clinical significance:
application to BRCAI and BRCA2,” The American Journal of
Human Genetics, vol. 75, no. 4, pp. 535-544, 2004.

D. E. Goldgar, D. F. Easton, G. B. Byrnes et al., “Genetic evi-
dence and integration of various data sources for classifying
uncertain variants into a single model,” Human Mutation,
vol. 29, no. 11, pp. 1265-1272, 2008.

A. B. Spurdle, S. Healey, A. Devereau et al., “ENIGMA-evi-
dence-based network for the interpretation of germline
mutant alleles: an international initiative to evaluate risk and
clinical significance associated with sequence variation in
BRCAI and BRCA2 genes,” Human Mutation, vol. 33, no. 1,
pp. 2-7, 2012.

D. F. Easton, A. M. Deffenbaugh, D. Pruss et al., “A systematic
genetic assessment of 1,433 sequence variants of unknown
clinical significance in the BRCAI and BRCA2 breast cancer-
predisposition genes,” The American Journal of Human Genet-
ics, vol. 81, no. 5, pp. 873-883, 2007.

A. B. Spurdle, EMBRACE Group, F. J. Couch et al., “Refined
histopathological predictors of BRCAI and BRCA2 mutation
status: a large-scale analysis of breast cancer characteristics
from the BCAC, CIMBA, and ENIGMA consortia,” Breast
Cancer Research, vol. 16, no. 6, p. 3419, 2014.

S. Belman, M. T. Parsons, A. B. Spurdle, D. E. Goldgar, and
B.J. Feng, “Considerations in assessing germline variant path-
ogenicity using cosegregation analysis,” Genetics in Medicine,
vol. 22, no. 12, pp. 20522059, 2020.

D. Thompson, D. F. Easton, and D. E. Goldgar, “A full-
likelihood method for the evaluation of causality of sequence
variants from family data,” American Journal of Human
Genetics, vol. 73, no. 3, pp. 652-655, 2003.

M. T. Parsons, E. Tudini, H. Li et al., “Large scale multifactorial
likelihood quantitative analysis of BRCA1 and BRCA2 vari-
ants: an ENIGMA resource to support clinical variant classifi-
cation,” Human Mutation, vol. 40, no. 9, pp. 1557-1578, 2019.

(12]

(13]

(14]

(15]

(16]

(17]

(18]

[19]

17

K. Michailidou, S. Lindstréom, J. Dennis et al., “Association
analysis identifies 65 new breast cancer risk loci,” Nature,
vol. 551, no. 7678, pp. 92-94, 2017.

C. Hu, S. N. Hart, R. Gnanaolivu et al., “A population-based
study of genes previously implicated in breast cancer,” New
England Journal of Medicine, vol. 384, no. 5, pp. 440-451,
2021.

J. R. Coleman, J. Euesden, H. Patel, A. A. Folarin, S. Newhouse,
and G. Breen, “Quality control, imputation and analysis of
genome-wide genotyping data from the Illumina HumanCor-
eExome microarray,” Briefings in Functional Genomics,
vol. 15, no. 4, pp- 298-304, 2016.

L. Dorling, S. Carvalho, J. Allen et al., “Breast cancer risk genes -
association analysis in more than 113,000 women,” New England
Journal of Medicine, vol. 384, no. 5, pp. 428-439, 2021.

A. Antoniou, P. D. P. Pharoah, S. Narod et al., “Average risks
of breast and ovarian cancer associated with BRCAI or BRCA2
mutations detected in case series unselected for family history:
a combined analysis of 22 studies,” American Journal of
Human Genetics, vol. 72, no. 5, pp. 1117-1130, 2003.

K. B. Kuchenbaecker, J. L. Hopper, D. R. Barnes et al., “Risks of
breast, ovarian, and contralateral breast cancer for BRCAI and
BRCA2 mutation carriers,” JAMA, vol. 317, no. 23, pp. 2402-
2416, 2017.

H. Li, C. Engel, M. de la Hoya et al., “Risks of breast and ovar-
ian cancer for women harboring pathogenic missense variants
in BRCAI and BRCA2 compared with those harboring protein
truncating variants,” Genetics in Medicine, vol. 24, no. 10,
p. 2208, 2022.

A. Agresti, Categorical Data Analysis, Wiley, 2nd edition,
2003.

85US017 SUOWILLOD 9A 181D 3(dfedl|dde au) Aq pauenoh ae sapliie YO 38N JO S3INI 10} Akeid13U1UO AB]IA UO (SUOIPUCD-PUE-SWLB /WD A8 | 1M AzeIq U1 |UO//SdNL) SUOIPUOD PUe SWB L 8Y1 335 *[Sz02/80/.2] uo Ariqiauliuo Asim ‘apries @ ofe o 0PINBS AQ TYETIE6/E202/SSTT OT/I0p/W0d A8 1M Aseiqiput|uo//sdny wouy papeojumod ‘T ‘€20 ‘Nwny



	A Likelihood Ratio Approach for Utilizing Case-Control Data in the Clinical Classification of Rare Sequence Variants: Application to BRCA1 and BRCA2
	1. Introduction
	2. Methods
	2.1. Case-Control Datasets
	2.1.1. Simulated Case-Control Dataset
	2.1.2. BCAC OncoArray Dataset

	2.2. Statistical Analyses
	2.2.1. Case-Control Likelihood Ratio Method
	2.2.2. Odds Ratio Analysis
	2.2.3. Evaluation and Application of the Case-Control Analyses Methods


	3. Results
	3.1. Simulated Datasets
	3.2. BCAC OncoArray Dataset
	3.2.1. Logistic Regression Results
	3.2.2. Case-Control LRs and ACMG/AMP Code Strengths


	4. Discussion
	5. Conclusions
	Data Availability
	Ethical Approval
	Disclosure
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials



