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Abstract: <p class="Body" style="margin: 0in 0in 0.0001pt; font-size: 12pt; font-family:
&quot;Times New Roman&quot;; color: rgb(0, 0, 0); border: none; text-align: justify;
line-height: 32px;"><b><span style="font-size: 11pt; line-height: 29.3333px; font-family:
Arial;">Purpose:</span></b><span style="font-size: 11pt; line-height: 29.3333px; font-
family: Arial;"> Germline genetic testing for <i>BRCA1</i> and <i>BRCA2 </i>variants
has been part of clinical practice for over two decades. However, no studies have
compared the cancer risks associated with missense pathogenic variants (PVs)
relative to those for protein-truncating (PTC) variants.</span><span style="font-size:
11pt; line-height: 29.3333px; font-family: Arial;"><o:p></o:p></span></p> <p
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class="Body" style="margin: 0in 0in 0.0001pt; font-size: 12pt; font-family: &quot;Times
New Roman&quot;; color: rgb(0, 0, 0); border: none; text-align: justify; line-height:
32px;"><b><span style="font-size: 11pt; line-height: 29.3333px; font-family:
Arial;">Methods:</span></b><span style="font-size: 11pt; line-height: 29.3333px; font-
family: Arial;"> We collected 582 informative pedigrees segregating one of 28
missense PVs in <i>BRCA1</i> and 153 pedigrees segregating one of 12 missense
PVs in <i>BRCA2</i>. We analyzed </span><span style="font-size: 11pt; line-height:
29.3333px; font-family: Arial;">324 pedigrees with PTC variants in <i>BRCA1</i> and
214 with PTC variants in <i>BRCA2</i>. Cancer risks were estimated using modified
segregation analysis.<o:p></o:p></span></p> <p class="Body" style="margin: 0in 0in
0.0001pt; font-size: 12pt; font-family: &quot;Times New Roman&quot;; color: rgb(0, 0,
0); border: none; text-align: justify; line-height: 32px;"><b><span style="font-size: 11pt;
line-height: 29.3333px; font-family: Arial;">Results:</span></b><span style="font-size:
11pt; line-height: 29.3333px; font-family: Arial;"> Estimated BC risks were markedly
lower for women over age 50 carrying <i>BRCA1</i> missense PVs compared to
<i>BRCA1</i> PTCs (HR 3.9 [2.4 &ndash; 6.2] vs. 12.8 [5.7 &ndash; 28.7] for PTC
variants; p=0.01), particularly for missense PVs in the BRCT domain (HR-=2.8 [1.4,
5.6]; p=0.005 </span><span style="font-size: 11pt; line-height: 29.3333px; font-family:
Arial;">&nbsp;In <i>BRCA2 </i>the HR for women over age 50 was 3.9 [2.0 &ndash;
7.2] for women heterozygous for missense PVs compared to 7.0 [3.3 &ndash; 14.7] for
those harboring PTC variants. </span><i><span style="font-size: 11pt; line-height:
29.3333px; font-family: Arial;">BRCA1</span></i><span style="font-size: 11pt; line-
height: 29.3333px; font-family: Arial;"> p.[Cys64Arg] and <i>BRCA2</i>
p.[Trp2626Cys], were associated with particularly low risks of BC compared to other
PVs.<o:p></o:p></span></p> <p class="Body" style="margin: 0in 0in 0.0001pt; font-
size: 12pt; font-family: &quot;Times New Roman&quot;; color: rgb(0, 0, 0); border:
none; text-align: justify; line-height: 32px;"><b><span style="font-size: 11pt; line-height:
29.3333px; font-family: Arial;">Conclusion:</span></b><span style="font-size: 11pt;
line-height: 29.3333px; font-family: Arial;"> These results have important implications
for counseling of at-risk women who harbor missense PVs in the <i>BRCA1/2</i>
genes.<o:p></o:p></span></p>
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July 17, 2021 
 
Robert D. Steiner, M.D.  
Editor in Chief, Genetics in Medicine 
 
Dear Dr. Steiner, 
 
We are re-submitting our manuscript our manuscript entitled “Risks of breast and ovarian cancer for 
carriers of pathogenic missense variants in BRCA1 and BRCA2 compared with carriers of protein 
truncating variants” to Genetics in Medicine as an Article. We have modified the manuscript in accordance 
with the reviewers’ and editor’s comments and feel that as a result it is much improved. We also have added 
the information on the Ethics Approval to the manuscript.  
 
You may note that there were some Reviewer suggestions that we judged were impossible or not desirable as 
we mention in our response.  As before, we very much look forward to publishing this work in GIM.  
  

Sincerely Yours, 

 
 David E. Goldgar, Ph.D. 
 Research Professor Emeritus, Department of Dermatology 
 Investigator, Huntsman Cancer Institute 
 University of Utah School of Medicine 

Cover Letter



RE: GIM-D-21-00505, entitled "Risks of breast and ovarian cancer for women harboring 
pathogenic missense variants in BRCA1 and BRCA2 compared with those harboring protein 
truncating variants." 
 
 
Editorial Office Requirements: 
GIM has preferred usage for certain terms (detailed 
here https://www.nature.com/gim/authors-and-referees/preparation-of-
submissions#terminology). We ask you to check your article to ensure those terms are used 
correctly. 
• heterozygote (rather than carrier) when referring to a person's genotype/genetic test 
result. This is intended to deal with the issue that "heterozygote" describes the presence of a 
variant, regardless of classification, but "carrier" typically implies that the variant is disease-
causing. We want descriptions of variants to use the terms heterozygous, homozygous, 
hemizygous, etc in order to have no ambiguity. If "heterozygous" is only implied by saying 
"carrier" then that is not precise at the level of a genetic variant. 
Table 1 and 4 still contain "carrier" and "non-carrier" as terms - please provide more accurate 
terminology.  
Response: We have modified this as follows: Instead of Carrier we now use Heterozygous 
and instead of Non-Carrier we use Wild-Type in the headings of Table 1. We hope this is 
acceptable.  
 
Response to Reviewer Comments: 
 
Before addressing the Specific Comments of the two Reviewers I would like to outline some 
changes made to the analyses. C64R, G1738R and BRCA2:D2723H are now analyzed 
separately as presented in the Tables. The other variants that were previously grouped with 
them at the same residues are now listed in the three relevant ‘other categories. We chose to 
do this to focus on the single variants where there were substantial numbers of families and 
to avoid any contamination from other variants with potential splicing defects. This also 
allowed us to include only Italian families for the C64R and (almost) all Greek families for the 
G1738R founder variants. We have also eliminated Table 5 and moved this information to a 
Supplementary Table 2. 
 
Reviewer #1: The authors have undertaken a large analysis of missense variants that have 
been classified as LP/P excluding those with evidence of splicing. The analysis shows a 
potential continuum of risk that is generally lower than for PTC variants. The number of PTC 
families is rather low and oddly there were 2/24 OCs that were phenocopies. The authors 
use UK rates and have adjusted for this in sensitivity analysis but I think a separate analysis 
should be performed on the predominantly Eastern European BRCA1 
c.181T>G,p.[Cys61Gly. This if adjusted looks to have similar BC rates to PTCs and may be 
higher for OC. This is an important analysis and demonstrates that missense variants should 
not be treated as the same as PTCs as in ATM and CHEK2 but also that each missense 
should not be treated as the same as each other. It  would be a useful addition to comment 
on the rates of phenocopies with fits with their low risks of BRCA1 Ring domain residue 64 
and their potential downgrading of the BRCA2 variant. 
 
Response: It is difficult to really get a handle on this without considering cancers occurring 
in those untyped individuals who may have high probabilities of being non-carriers based on 
pedigree position and genotypes of relatives. We have added data related to this to the 
discussion about the C64R and W2626C variants.  
 

Response to Reviewers' comments

https://www.nature.com/gim/authors-and-referees/preparation-of-submissions#terminology
https://www.nature.com/gim/authors-and-referees/preparation-of-submissions#terminology


Specific comments 
 
1. Abstract: 'In BRCA2 the HR for women over age 50 was 3.9 for women heterozygous 
for missense PVs compared to 7.0 for those harboring PTC variants.' Why are there no 95% 
Cis for the HRs when these are provided for BRCA1 
 
Response: We have now added the CIs for the BRCA2 HRs.  
 
2. 'Cumulative risks of breast cancer to age 80 were 72% for BRCA1 heterozygotes and 
69% for BRCA2 heterozygotes; corresponding risks of ovarian cancer were 44% and 17%' 
Please provide 95% Cis  
Response: We have now changed the cited risks from age 80 to age 70 (to be more 
comparable to our results in Table 3 and added the CIs here as well.  
 
3. 'Through the work of the ENIGMA (Evidence-Based Network Investigating Germline 
Mutant Alleles) consortium7 and others, ~60 missense variants have now been classified as 
pathogenic by multifactorial methods8 using such lines of evidence as co-segregation, family 
history of index cases in clinical testing series10-11, and tumor histopathology12 to (classify) 
variants of uncertain significance (VUS).' -I presume you mean 'reclassify'? 
Response: I guess this all depends on whether VUS is considered a classification. In the 
early days, VUS were termed ‘unclassified’ so what ENIGMA etc. did was to ‘classify’ them. 
But I take your point and have changed this to ‘classified/reclassified’.  
 
4. Also Are all these pathogenic or some 'likely pathogenic'? 
Response: As shown in the Supplemental Table 1., these have different reclassifications by 
different groups. Some testing companies have considered them Pathogenic while others 
have been more conservative and classified them as ‘Likely Pathogenic’. The interested 
reader can compare the classifications in Supp. Table 1, or look them up on 
ClinVar/BRCA_Exchange. The vast majority of these variants are quite convincingly 
classified as Pathogenic by all/most sources.  
 
5. 'Indeed, the BRCA1 variant c.5096G>A;p.[Arg1699Gln] was shown to be associated 
with lower risks of breast cancer (~20% by age 70)14,15 and had reduced function in some 
assays14' -Need to clarify reduced function compared to absent function. Otherwise in 
context could be reduced compared to truncating. 
Response: We now specify the activity in terms of % wild-type transcriptional activation in 
the 293T cell line which was 78% of wild-type compared to 45% and 10% for two variants in 
the present study (R1699W and A1708E, respectively).  
 
6. Methods: 'ClinVar17 (at least two submitters denoting it Pathogenic/Likely 
Pathogenic with none calling it Benign or Likely Benign).' -This is problematic. A number of 
ClinVar variants would fit this criteria with the majority of submitters still submitting as class 
3. If these are included they should be treated as a separate category in analysis if a greater 
proportion of submitters classify as class 3. 
Response: This is of course complicated by the fact that all ClinVar submitters/ 
classifications are not considered equal. Our approach has been to focus on submitters with 
at least one ‘star’ as determined by ClinVar and we rely most heavily on the ENIGMA expert-
panel classifications (3-star). In addition to the data in Supp Table 1., we have re-examined 
each variant and verified that none of the variants have a majority of these classifications as 
VUS.   
 
7. '324 pedigrees with (loss of function variants) in BRCA1 and 214 with PTC variants in 



BRCA2' Please be consistent 'loss of function variants' could be 'missense' if there is 
reduced function. Should be PTC for both BRCA1 and BRCA2 
Response: Thanks for pointing out this error – we have corrected this sentence. 
 
8. 'Because only a very small subset of the contributed families provided data on risk 
reducing salpingo-oophorectomy (RRSO) we chose not to censor women at this age; this 
may lead to an underestimation of ovarian cancer risk but this effect would be expected to be 
the same for the PTC variant pedigrees as well as the missense PV set.' -Not necessarily as 
PV carriers for PTCs will have been told about high OC risk whereas missense may not. So, 
uptake of RRSO may well have been higher in PTC. 
Response: The reviewer makes a good point – we have added a sentence to the discussion 
about this, although we note that many of the BRCA1 pathogenic missense variants were 
C61G which has been identified as pathogenic since the late 1990s  
 
9. 'For both breast and ovarian cancer analyses the baseline population incidence rates 
were assumed to be those for the UK organized in eight 10-year birth cohorts (Cancer 
Incidence in Five Continents Reports32)' -This will likely underestimate HRs for missense 
variants in countries with lower BC incidence with high submission rates such as the variants 
from Italy and Greece 
Response: We have reanalyzed the Italian and Greek variants (C64R and G1738R, 
respectively) using rates specific to those countries (although these countries do not have 
nationwide cancer registry data) and we did not observe any major differences. We prefer to 
use the same rates for all analyses to make comparisons between variants easier. In 
addition some variants have a wide geographic distribution, further complicating the issue.  
 
10. 'assuming UK rates in the women born between 1970 and 1979;' -This will again 
underestimate risks for those born <1970 with missense variants 
Response: We acknowledge this point but feel that the HR estimate used in the Cumulative 
risk calculations will adjust for this.  
 
11. 'However, there was some evidence of heterogeneity associated with the BRCA2 
variants in the DBD with HRs for women over age 50 varying from 1.7 (0.4, 6.9) for 
7878G>C;p.[Trp2626Cys]' -this is very low. Please stipulate evidence for pathogenicity 
especially considering the only tested OC was negative (table 1). 
Response: We commented on the evidence for pathogenicity and results of functional 
assays for this variant on page 19. We have elaborated on the reasons for these lower 
estimates somewhat in the revised text.  
 
12. Please discuss phenocopy rates as a surrogate. The rates for 
c.190T>C;c.190T>G;c.191G>A; p.[Cys64Arg/Gly/Tyr] are extremely high at 10/25 ie 40%. 
This suggests that these residues are relatively low risk and will dilute the effect of other ring 
domain missense such as c.181T>G,p.[Cys61Gly] with only 14/128. The overall rate for 
phenocopies outside these 3 residues is 27/227 compared to 10/25 (p<0.0001) 
Response: We are not sure what you mean exactly by surrogate. While the data you cite 
does bear on this question, it is difficult to interpret this in isolation since the HR analysis 
takes into account the ages at diagnosis of these cases and more importantly the weighted 
genotype probabilities of the large number of untyped breast cancer cases in these families. 
Certainly if there is true risk heterogeneity between variants within a class, it would make the 
combined data of limited interpretability. However if the observed differences are random 
variation then the combined result does have value. For this reason we prefer to keep it in. 
We note that in studies of largely PTC variants, combined results are combined even though 
there is substantial evidence of risk heterogeneity based on position within the gene as cited 



in the Introduction to our paper.  
 
13. 'The risks associated with the BRCA2 p.[Trp2626Cys] missense PV for breast and 
ovarian cancer is significantly reduced compared to both BRCA2 PTC variants or other 
BRCA2 missense PVs analyzed in this study (Table 2)' -The evidence from this analysis that 
this variant has any effect is veery limited. There is no significant increased risk for either BC 
or OC and the OC risk is based entirely on untested OC cases. If the OC cases were 
assumed to have the variant entirely based on a priori risk at birth rather than inference 
based on OC would there have been any increase? 
Response: We are not sure of the point the reviewer is making here. The reviewer is correct 
in that there is no evidence in this data set that W2626C is associated with an increased risk 
of breast or ovarian cancer. However, the information contained in the 34 pedigrees with this 
variant may have been insufficient to demonstrate any such effects. We discussed this 
variant in some detail on page 18 of the submitted manuscript. and conclude that it is 
possibly associated with only a two or three-fold risk of BC. We recommended downgrading 
the classification of this variant to VUS at the present time pending additional analyses.  
 
14. 'Based on these analyses, differences in rates from our assumed UK rates are an 
unlikely explanation for the findings.' -Although this may be true to some extent and there 
was only one Eastern European submitter (Lithuania) most of the c.181T>G,p.[Cys61Gly] 
are likely of Eastern European origin and are likely to have been recent migrants. Please 
assess this variant separately for the much lower Eastern European rates. Already this 
variant is not significantly lower for BC incidence than PTCs.  
Response: Among the 316 C61G informative pedigrees, in addition to the 277 families from 
the German Consortium, there were 39 submitted from a variety of countries/regions 
including 20 families from 7 other European countries, South America (3), USA (11), and 
Australia (5). Thus it is difficult to see exactly which rates to use, as some of the 
countries/regions do not have complete cancer registries. Although the reviewer is correct 
about the probable origin of this variant, one would normally use the rates corresponding to 
the place of birth or residence during key developmental periods, at least for breast cancer. 
In response to your comment however, I have analyzed the effect of lower rates for the Italy 
and Greece founder variants, C64R and G1738R, assuming 20% lower rates than the UK 
rates assumed in the main analysis. The HRs changed very little (e.g. for G1738R in the 
Greek population the HRs were 22.9, 3.6, and 14.7 using the UK rates (table 2) and 28.8, 
3.7, and 15.9 under rates assumed to be uniformly 20% lower than the UK. For the Italian 
C64R founder the estimated HRs were 3.7, 4.1, 99 vs. 3.7, 4.0, 100 and with 20% lower 
incidence rates they were 3.7, 4.0 and 125. In our view, and based on data from Cancer 
Incidence data over time, the major source of variation in rates is change over time and we 
have adjusted for this by using birth cohort specific incidence rates.  
 
15. 'The results shown in Tables 2 and 3 clearly indicate that missense PVs in both 
functionally important domains (RING and BRCT) in BRCA1 are associated with lower risks 
of breast cancer than PTC variants' -yes as a group but not for c.181T>G,p.[Cys61Gly] 
especially given above argument 
Response: Although the difference between C61G overall and the GC-HBOC PTC variants 
fell short of statistical significance, we note that when restricted to the 277 families with this 
variant that were ascertained from the same GC-HBOC centers as the PTC families 
(matched for Center within Germany, in fact), the difference was significant as shown in table 
2.  
 
16. 'Although data are more limited, it appears that ovarian cancer risks are comparable 
(though on average perhaps slightly lower) for BRCA1 to those found in published risk 
estimates for PTCs1-3' Again NOT for c.181T>G,p.[Cys61Gly] 



Response: The HRs for C61G and PTC were not statistically significantly different, and 
when restricted to the GC-HBOC C61G the point estimates were nearly identical.  
 
17. '. Further, these risks will depend on family history, their polygenic risk score (PRS), 
and lifestyle factors.' References please 
Response: We have added two references that are relevant to this point.  
 
18. 'This variant is denoted in ClinVar as pathogenic by four clinical laboratories, and as 
likely pathogenic by another.' -There are currently 19 entries and well over 5 by clinical 
laboratories. Please update.  
Response: we now include all relevant classifications from ClinVar for this variant, in the 
text. As noted in response to your point 6 above, we only consider ClinVar classifications 
with at least one-star reliability. For the c.7878 variant, there are 9 Pathogenic, 3 Likely Path, 
and 1 VUS for the 13 submitters who meet this criterion.  
 
19. Please comment on potential for dominant negative missense as in ATM and TP53 
which give higher risks than for PTCs. Is this possible in BRCA1 or BRCA2? This is also an 
argument why all missense should not necessarily be grouped together 
Response: The reviewer makes an interesting point. We do not have any experimental 
evidence for such a dominant negative effect but we note that in our study of BRCA 
missense, we find an opposite effect than in TP53 and ATM, with missense having generally 
lower risks than PTC variants. We very much agree with the last statement about grouping of 
variants with potentially very different  site-specific cancer risks.  
 
Reviewer #2: The goal of this project was to assess the impact on risks of breast and ovarian 
cancer of "pathogenic" and "likely pathogenic" missense mutations in BRCA1 and BRCA2, 
taking advantage of large numbers of families available through ENIGMA, CIMBA, and other 
consortia. Specifically, Goldgar and colleagues selected 40 missense mutations in BRCA1 or 
BRCA2, defined as pathogenic or likely pathogenic by their own or ClinVar criteria, in the 
RING domain of BRCA1, the BRCT domain of BRCA1, and the DNA binding domain of 
BRCA2, then calculated odds ratios for breast cancer dx before age 50, for breast cancer dx 
age 50 or older, and for ovarian cancer, compared to incidence in the UK. Their results 
suggest that risks of breast cancer after age 50 associated with these missenses, while 
highly significant and certainly clinically meaningful, are lower than risks associated with 
BRCA1 and BRCA2 truncating mutations. In contrast, risks of breast cancer before age 50 
and of ovarian cancer are about the same for these missenses and for loss-of-function 
mutations. 
 
Comments. Since the first days after the cloning of BRCA1, it has been clear that a few 
BRCA1 missense mutations had devastating clinical effects. Cys61Gly and Met1775Arg 
were among the first BRCA1 mutations identified, and the informative families that harbored 
them led to very strong suspicion that each was causal for the cancer phenotype. However, 
given the rarity of individual missense mutations, and the fact that few large informative 
families were enrolled in subsequent years, these effects have been difficult to measure 
accurately for other missense mutations. It will be a service to the field to have more robust 
estimates of cancer risks due to clearly damaging missense mutations in BRCA1 and 
BRCA2.  
 
The need for these results also highlights a limitation of ClinVar that is obvious to its users, 
but not to the outside world; namely, that "pathogenic" and "likely pathogenic" are definitions 
based on gene and protein function, not on clinical consequence, and that ClinVar and 
similar sites do not provide a mechanism for assessing variable severity of mutations that 
share the label "pathogenic" or "likely pathogenic." This project implicitly addresses that 



problem and potentially will be very useful to clinical practice.  
 
However, in order to be useful to either clinical practice or to additional biological 
understanding, some revisions are necessary.   
 
Response: We thank the reviewer for their comments above and their appreciation of our 
work. Below we respond to the specific comments that were raised.   
 
C1. Table 1 column 2, and the associated sections of the text, cite numbers of "informative 
families." This is misleading. Based on the data of this table 1, most of the "families" are in 
fact probands with an affected relative but no additional genetic information. For example, 
the table indicates 405 "informative families" with RING domain mutations, but only 199 
genotyped affected relatives in all 405 families combined. Inference from relatives who could 
not be genotyped is appropriate, but column 2 should be re-named "probands" and the next 
six columns "relatives with breast cancer" and "relatives with ovarian cancer." 
 
Then, so that the reader can review the central data of the project, create a Supplementary 
Table listing every family individually, with the cancer, age at dx, and mutation of the proband 
(who is correctly excluded from analysis), and each genotyped relative, with her relationship 
to the proband, her cancer and age at diagnosis, and her genotype. This is not all the 
relevant information but is the core of it.  
Response: We agree and have changed the column headings as suggested. However, it 
should be noted that in a few cases the index case/proband is an unaffected individual who 
was sequenced and in whom the variant was first identified. More importantly, we note that 
much of the information comes from the ages of genotyped relatives who are, at time of 
testing are unaffected with cancer. All families in this table are informative in the statistical 
sense that they have at least one individual in the family genotyped for the variant in addition 
to the index case.  
With respect to the proposed Supplementary table listing all genotyped individuals in the 
data set (presumably by Variant), we think this is a bit too much information and may very 
well run afoul of privacy laws. Such a table would contain ~5500 entries so it is difficult to see 
how this would be of use to anyone. As mentioned in the text, we are happy to share the 
complete (de-identified) dataset with anyone interested to do their own analyses (where 
privacy rules permit).  
 
C2. In the Methods section, indicate how probabilities of carrier/non-carrier status were 
estimated for relatives who could not be genotyped. Since not-genotyped relatives are the 
great majority of subjects, the method of inference is obviously critical. Simply referring to the 
2020 JCO paper is not sufficient, and only marginally relevant. Please describe in detail the 
approach used by Dr Goldgar for this project. 
Response: We are confused by this comment and are not sure what is requested. The 2020 
JCO paper is quite relevant since essentially the same method/computer program for 
estimation of HRs that was used in that study was used in ours, and is based on a method 
that has been around since the early 1970s for analyzing pedigree data  
 In essence, we calculate the likelihood of the observed pedigree data (genotypes and 
phenotypes) as a function of the parameters (in our case the HRs for breast<50, breast>50, 
and ovarian cancer based on the Cox-survival analysis model as described in the text) and 
then use numerical searching techniques to find the values of these parameters that 
maximize this likelihood. This analysis incorporates each individual in the pedigree by 
calculating the probabilities of each variant genotype based on the genotypes of other 
relatives in the pedigree. In addition to the JCO paper, we referenced the computer algorithm  
that implement these calculations. Further information about the basic underlying 



mathematical models can be found in the following twp papers. Elston RC, Stewart J. A 
general model for the genetic analysis of pedigree data. Hum Hered 21:523-42,1971  
Fernando RL, Stricker C, Elston RC. An efficient algorithm to compute the posterior 
genotypic distribution for every member of a pedigree without loops. Theor. Appl. Genet. 
1993, 87:89-93.  
 
C3. Do not pool the mutations, at least not at first. For Table 2, calculate the odds ratio for 
each mutation individually, as has been done for a few. Based on the supplementary table, 
analyses included 11 missenses in the BRCA1 RING domain, 17 missenses in the BRCA1 
BRCT domain, and 12 missenses in the BRCA2 DNA binding domain. Please give the 
individual odds ratios and confidence intervals for each of these 40 mutations for each 
outcome of Table 2: breast cancer  dx<50, breast cancer dx>50, and ovarian cancer. 
Certainly for the most rare mutations the confidence limits will be very wide, but the reader 
should see all the point estimates and their confidence limits, so as to judge for him/herself 
when pooling is appropriate. The goal here is not to reach an arbitrary significance level but 
to see the pattern across missenses and for which is evidence is individually strong. 
Comment in the text on which missenses appear to be similar to each other in clinical effect. 
Response: We thank the reviewer for this suggestion. Unfortunately with the exceptions of 
the more frequent variants in our data set, the methods we are using to estimate the breast 
and ovarian Hazard Rates will not converge with more limited data (or if they do they will 
have such large standard errors as to be useless). However based on your comment we 
have decided to not pool the C64R with the much rarer C64G and C64Y variants, especially 
given that C64R seems to be largely an Italian variant. Similarly we now restrict our analysis 
to G1738R in which all families are either submitted from Greece or from areas with large 
Greek populations (e.g. Melbourne Australia). The C64G and C64Y variants are now 
included in the Other RING Domain variant group and the G1738E pedigree is placed in the 
Other BRCT Domain group. Similarly in BRCA2, we now have analyzed D2723H alone and 
added the D2723G pedigrees to the Other DNA Binding domain. We feel that this is a more 
pure analysis.  
 
C4. Drop the estimates of lifetime risks (Table 3). Let the odds ratios for the three outcomes 
speak for themselves. The lifetime risk estimates suffer from very small sample sizes at older 
ages. 
Response: It should be noted that these ‘lifetime risks ‘ as shown in table 3 are derived from 
the estimated HRs and population incidence rates; they are not estimated directly from the 
data (although the HRs in fact are estimated from the retrospective analysis of cumulative 
incidence in the pedigrees). They are included just to show what risks might be 
hypothetically used in counseling based on the <50 and ≥50 estimated HRs. True cumulative 
risks estimates can only come from large prospective trials of carriers of pathogenic 
missense variants for which insufficient data exists at present. We will clarify that these risks 
are hypothetical and based on the HR estimates and somewhat arbitrary’ background 
incidence rates, but prefer to keep Table 3 in the manuscript.  
 
C5. It is interesting BRCA1 missense mutations and BRCA1 loss-of-function mutations are 
equally associated with ER-negative tumors among breast cancer patients (Table 4).  
Response: Yes we agree but think that this issue could benefit from even larger data sets 
such as the population-based series in Dorling et al. and Hu et al. in NEJM. Certainly the 
biological processes that determine the histopathological type of cancer could differ from the 
mechanisms that influence overall cancer risk.  
 
C6. It is misleading to suggest that mutations of BRCA1 Cys64 are "low risk for breast 
cancer." These mutations yielded extremely high risks for ovarian cancer (OR > 100) It is 
likely that competing risks led to fewer women with these mutations being dx with breast 



cancer. The analysis attempted to adjust for competing risks, but there are limits to statistical 
adjustment for an odds ratio > 100. Omit this sentence from the abstract, and in the text, 
comment on the difference in breast and ovarian cancer risks for this mutation, not on a "low 
risk" of breast cancer (among women who developed ovarian cancer.) 
Response: Given that typically ovarian cancer occurs later than breast cancer, we do not 
believe this could be explained by competing risks. Moreover, the most striking thing about 
C64R is the relatively low HR for women under 50 compared to not only the PTC variants but 
to the other missense as well. This is unlikely to be affected by a high risk of ovarian cancer. 
We also note that However, we agree that saying ‘low risk of breast cancer’ somehow 
implies it has a protective effect and have modified the text to address this oversight.   
 
C7. Move Table 5 to the supplement. Text Table 2 will be much larger with all mutations 
included individually, and repeating the results for one of many possible variations in analytic 
approach need not be included in the main text. 
Response: We agree and will move Table 5 to the Supplemental Material.  
 
C8. Over-use of acronyms makes the text almost impossible to read, even for a specialist. 
For online publication, ink is not a limiting expense. Write out PTC, DBD, PV, LOF, LRT, BC, 
OC, and BPM each time they appear. (BRCA1, BRCA2, RING, and BRCT are accepted as 
acronyms for names and are fine.) 
Response: While indeed, ink is not a limiting expense, we were (and perhaps with other 
suggested changes are now over) right up against the word limit in the submitted version and 
to do as you suggest would add a not inconsiderable number of words. I would rather not 
remove useful descriptive text if I can help it. If the Journal will allow a few more words, I will 
do as you suggest. I agree that too many acronyms are distracting – I often find myself going 
back to where they are first defined to remind myself of the definition of some term or 
another.  
 
 
 

 



Editor: Please respond to the Reviewers' comments. Regarding the comments of 
Reviewer #2, please elaborate on the statistical methods (this can be added to the 
Supplement) and reduce the use of acronyms throughout. You may increase the word 
count by ~ 10% in order to achieve this. 
 
Response: First, thank you for allowing a few extra words; this will be helpful in 
replacing some acronyms with appropriate text. I have prepared a Supplementary 
Methods document but I am somewhat unclear if this is what the reviewer had in mind, 
as he/she was not very specific about this point.  
 
Reviewer Comments: 
 
Reviewer #1: The authors have overall responded well to reviewer comments 
 
There are still two areas that need addressing 
 
1. The authors have not commented on the low number of PTCS used as controls. Why 
so few. what was the selection criteria? 'As a comparison group, we also received a 
matching set of informative PTC variant pedigrees 
from the large German Consortium for Hereditary Breast and Ovarian Cancer (GC-
HBOC).' -What does a matching set mean? You have also used German controls but 
use UK rates, please comment on how you tally this? Please put something in 
discussion regarding this 
 
Response: As we state in Methods, all PTC variant pedigrees were contributed by the 
German Consortium (GC-HBOC). In the original call for pedigrees from the ENIGMA 
centers, we did not ask for pedigrees with PTCs as our main focus was on estimating 
risks for pathogenic missense variants. It was only later, when we saw some hint that the 
cancer risks were somewhat lower for these variants that we thought it would be a good 
idea to examine some PTC variants. Rather than go back to the 40+ different centers 
that contributed originally, it was convenient to get these pedigrees from the GC-HBOC 
consortium because of the high-quality data and more importantly because they had 
contributed by far the highest number of missense PV pedigrees. Note that we compare 
separately the 277 GC-HBOC C61G pedigrees to the 324 GC-HBOC BRCA1 PTC 
pedigrees in the various tables. Here, ‘matching set’ means that for every GC-HBOC 
missense pedigree we attempted to gather a PTC pedigree from the same center; 
basically they were matched for clinical center, of which there are 17 such centers in the 
German Consortium. We have clarified this in the text on page 9 of the re-revised 
manuscript.  Because of the wide geographic variation in the origin of the pedigrees in 
the study as a whole, we chose not to use country specific rates, as we pointed out in 
our response 9 to reviewer 2 in the previous response, specifically: We have reanalyzed 
the Italian and Greek variants (C64R and G1738R, respectively) using rates specific to 
those countries (although these countries do not have nationwide cancer registry data) 
and we did not observe any major differences. We prefer to use the same rates for all 
analyses to make comparisons between variants easier. In addition some variants have 
a wide geographic distribution, further complicating the issue. 
As we described in the Results section, we performed sensitivity analyses regarding the 
assumed population incidence rates and showed that the results did not differ 
substantially as a function of underlying rates (20% higher and 20% lower than assumed 
UK rates). Specifically to your question, we looked at German incidence rates in Cancer 
Incidence in Five Continents and the only data available with complete cancer incidence 

Response to Reviewers' comments R2



data appeared to be from the Hamburg region, and thus may not be representative of 
other areas in Germany. However, in general, they did not differ very much from the UK 
rates. 
 
2. The authors responded that they only considered ClinVar entries from starred labs. 
This needs to go in the methods 
 
Response: We have added this to the Methods on Page 9 of the re-revised MS.  
 
 
 
Reviewer #2: It remains the opinion of this reviewer that this important paper would be 
more widely read - and certainly more widely understood - if the statistical methods were 
explained (rather than citing references that, despite the authors' protestations, are 
inadequate for the purpose) and if the text were written in English rather than in 
acronyms. There are multiple places in the text where superfluous wording could be 
removed to make room for an explanation of the approach and for words rather than 
acronyms. But these are issues of judgement, so I leave the call to these experienced 
authors. 
 
Response: We have eliminated many (but not all) of the Acronyms. As to the more 
detailed methods, we are at somewhat of a loss as to what could/should be done here. 
We have tried our best in a supplemental methods section that provides some of the 
mathematical underpinnings of the statistical approach, but we are not totally sure it is 
what the reviewer is looking for.   
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Purpose: Germline genetic testing for BRCA1 and BRCA2 variants has been part of clinical 

practice for over two decades. However, no studies have compared the cancer risks associated 

with missense pathogenic variants (PVs) relative to those for protein-truncating (PTC) variants.  

Methods: We collected 582 informative pedigrees segregating one of 28 missense PVs in 

BRCA1 and 153 pedigrees segregating one of 12 missense PVs in BRCA2. We analyzed 324 

pedigrees with PTC variants in BRCA1 and 214 with PTC variants in BRCA2. Cancer risks were 

estimated using modified segregation analysis.  

Results: Estimated BC risks were markedly lower for women over age 50 carrying BRCA1 

missense PVs compared to BRCA1 PTCs (HR 3.9 [2.4 – 6.2] vs. 12.8 [5.7 – 28.7] for PTC 

variants; p=0.01), particularly for missense PVs in the BRCT domain (HR-=2.8 [1.4, 5.6]; 

p=0.005  In BRCA2 the HR for women over age 50 was 3.9 [2.0 – 7.2] for women heterozygous 

for missense PVs compared to 7.0 [3.3 – 14.7] for those harboring PTC variants. BRCA1 

p.[Cys64Arg] and BRCA2 p.[Trp2626Cys], were associated with particularly low risks of BC 

compared to other PVs.  

Conclusion: These results have important implications for counseling of at-risk women who 

harbor missense PVs in the BRCA1/2 genes.  

 

 

INTRODUCTION 

 

Germline genetic testing for BRCA1 (OMIM 113705) and BRCA2 (OMIM 600185) variants has 

long been part of clinical practice. Initially restricted to families that met strict criteria for such 

testing, the advent of panel tests by a number of clinical diagnostic testing services that has led 

to the use of these tests in a much broader group of individuals. Once a pathogenic germ-line 

variant (PV) has been identified women are counseled about their risks of breast, ovarian, and 
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 7 

other cancers and appropriate screening or surgical prevention strategies are discussed. In 

most situations these cancer risk estimates are based on studies of large collections of families1 

or relatives of breast cancer cases largely unselected for family history2; typically these analyses 

have pooled all pathogenic variants, irrespective of variant type, under the assumption that all 

such variants are associated with the same risks. The vast majority of the pathogenic BRCA 

variants included in these studies were variants predicted to result in a transcript encoding a 

protein termination codon that is subject to nonsense-mediated decay or encoding truncated 

inactive protein (for simplicity, these will be referred to hereafter as protein truncating variants). 

The most recent estimates for BRCA1/2 risks associated with pathogenic variants come from 

the large prospective study of BRCA pathogenic variant heterozygotes conducted by the 

IBCCS/PROF-SC/kConFab group3. Cumulative risks of breast cancer to age 70 were 66% (95% 

CI 61 – 72) for BRCA1 heterozygotes and 69% (55 – 68) for BRCA2 heterozygotes; 

corresponding risks of ovarian cancer were 41% (33 – 50)  and 15% (10 – 23). There is also 

accumulating evidence from genotype/phenotype studies that even protein truncating variants 

may not all be associated with the same risks, depending on their position within the gene3-6.  

 

Analysis of missense variants poses a particular problem because most such variants are 

expected, a priori, to be of little clinical significance. Through the work of the ENIGMA 

(Evidence-Based Network Investigating Germline Mutant Alleles) consortium7 and others, ~60 

missense variants have now been classified/reclassified as pathogenic by multifactorial 

methods8 using such lines of evidence as co-segregation9, family history of index cases in 

clinical testing series10-11, and tumor histopathology12 to classify variants of uncertain 

significance13.  

To date, all predicted missense substitution variants that have been classified on the basis of 

genetic data as pathogenic (excluding those that act by disruption of normal splicing) reside in 

one of three domains of these proteins: the RING domain of BRCA1 (nucleotides 4 – 294); the 
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BRCA1-C-Terminal (BRCT) repeats in BRCA1 (nt 4987- 5577) and the DNA Binding domain 

(DBD) of BRCA2 (nt 7669 – 9558). However it is not clear if pathogenic missense changes in 

these important domains are associated with the same levels of risk of breast and ovarian 

cancer as the protein-truncating/null variants that have been the subject of most studies 

designed to estimate these risks. Indeed, the BRCA1 variant c.5096G>A;p.[Arg1699Gln] was 

shown to be associated with lower risks of breast cancer (~20% by age 70)14,15 and had reduced 

function in a transcriptional activation assay in the 293T (78% of wild-type activity compared to 45% 

for the p.[Arg1699Trp] variant included in this study)14. Similarly, functional and case-control 

analyses have identified the BRCA2 p.[Tyr3035Ser] variant as a hypomorphic allele associated 

with only a 2.5-fold increased risk of breast cancer (95% CI 1.05 – 6.05)16. 

 

In order to comprehensively examine the risks associated with established (e.g. those classified 

as such in ClinVar17, BRCA Challenge18, ENIGMA7) missense pathogenic variants in BRCA1 

and BRCA2, a large series of pedigrees segregating missense pathogenic variants s were 

collected through the ENIGMA and CIMBA (Consortium of Investigators of Modifiers of 

BRCA1/2)19 consortia and compared through detailed statistical and genetic analyses  with a set 

of pedigrees segregating protein truncating variants. In addition the histopathological profiles of 

breast tumors of patients carrying BRCA1 pathogenic variants and protein truncating variants 

were compared.  

Here we demonstrate that pathogenic missense variants, especially in BRCA1, are associated 

with a reduced risk of breast cancer compared to that for protein truncating  variants, particularly 

at older ages. 

 

 

 MATERIAL & METHODS 
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Through the ENIGMA7 Consortium we put out a broad call for pedigree and tumor pathology 

information from families with a BRCA1 or BRCA2 missense variant that, at the time of 

initiation of the study, had evidence in favor of pathogenicity; this initial list comprised 58 such 

variants. We also obtained qualifying families from the CIMBA8 consortium where complete 

pedigree information was available. Criteria for submission of families for this study were:  

 

1) Index individual (proband) with a pathogenic or likely pathogenic missense variant in 

BRCA1 or BRCA2, as determined by ENIGMA through multifactorial analysis13, or 

ClinVar17 (at least two certified (at least *) submitters denoting it Pathogenic/Likely 

Pathogenic with none calling it Benign or Likely Benign).  

 

2) Informative for segregation analysis, i.e., at least one non-proband individual tested for 

the variant;  

 

As a comparison group, we also received a set of 538 pedigrees segregating protein truncating 

variants from the large German Consortium for Hereditary Breast and Ovarian Cancer (GC-

HBOC). These pedigrees were matched by specific clinical center and date of 

ascertainment/testing to the GC-HBOC missense variant pedigrees.  

 

Variant Selection 

 

Pedigrees were contributed in which the index case had one of 58 selected missense variants. 

Of these, 18 variants were excluded from the analysis as they were determined at the time of 

analysis to not meet the specified criteria, either because they were found to be acting primarily 

through disruption of normal splicing and/or other evidence that cast doubt on their classification 

as pathogenic missense variants. The remaining 40 variants consisted of 11 variants in the 
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BRCA1 RING domain, 17 in the BRCA1 BRCT domain and 12 in the BRCA2 DBD. 

Supplementary Table 1 provides detailed genetic and functional information about the 40 

included variants. One BRCA1 missense variant (p.[Cys64Gly]) and two BRCA2 missense 

variants (p.[Glu2663Val] and p.[Asp2723Gly]) show experimental and bioinformatics evidence of 

pathogenicity through both protein effects and potential splicing effects20,21. Because these 

variants showed strong deleterious effects in functional assays22-24 and only partial splicing 

defects25,26 they were included in our analyses.  

 

Family Data 

 

A total of 1146 missense pathogenic variant pedigrees and 543 protein truncating variant 

pedigrees from 45 contributors representing 17 countries from around the world were submitted 

for this study. The requested information included pedigree data, age at testing/death/current 

age, age at diagnosis of breast cancer, age at diagnosis of ovarian cancer, as well as any 

available information on breast tumor grade, ER, PR, and HER2 status, and prophylactic 

surgeries. Loss of function variant pedigrees (326 BRCA1 and 217 BRCA2) and 527 of the 

missense variant pedigrees (including 279 c.181T>G;p.[Cys61Gly]) were contributed by the GC-

HBOC network.  In addition, we also had relatively large contributions of two founder variants 

(BRCA1:c.190T>C;p.[Cys64Arg])27 with 51 informative families submitted from Italy and 

(BRCA1:c.5212G>A;p.[Gly1738Arg])28 with 21 families submitted from Greece. Of the 1689 total 

submitted families, 391 were excluded from all analyses because they proved to not be 

informative (308 families) for the planned analyses, did not have one of the 40 final selected 

variants (93), or had unclear pedigree structures or multiple variants (14).  

  

After the exclusions described above, the data used for the analyses here included 582 

informative pedigrees with pathogenic missense variants in BRCA1, 153 with pathogenic 
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missense variants in BRCA2, 324 pedigrees with protein truncating variants in BRCA1 and 214 

with protein truncating variants in BRCA2. Summary information of the characteristics of the set 

of families included in the study for each of the included variants is shown in Table 1. 

 

Imputation of Missing Ages and Censoring 

To avoid any biases due to differential information by submitting center (and hence BRCA 

variant), we imputed missing ages at last follow-up/death and years of birth using the program 

PedPro29 that uses the ages/years of birth of close relatives to assign an age or year of birth to 

individuals missing such information. Those with imputed ages ≥90 years were imputed to be 

age 65 since these were likely in older generations without reliable data, and those imputed to 

be 80-89 were censored at age 80. To be conservative, we assumed that 324 cases with 

missing ages at diagnosis of breast or ovarian cancer were diagnosed at age at their last follow-

up/age at death (including imputed ages). For women with breast cancer and ovarian cancer we 

considered them as having both cancers if the breast cancer occurred first; women with breast 

cancer following ovarian cancer were treated as only having ovarian cancer and censored at the 

age of ovarian cancer diagnosis. Age at bilateral prophylactic mastectomy (BPM) was available 

in the GC-HBOC data set, in several smaller centers, and in the 36 families contributed from the 

CIMBA consortium, but not available in the remainder of the dataset. Women without breast or 

ovarian cancer were censored at their age at last observation or, if deceased, at age at death. 

When such information was provided, women known to have had a prophylactic mastectomy 

were censored at age of surgery. Because only a very small subset of the contributed families 

provided data on risk reducing salpingo-oophorectomy (RRSO) we chose not to censor women 

at this age; this may lead to an underestimation of ovarian cancer risk but this effect would be 

expected to be the same for the protein truncating variant pedigrees as well as the missense 

pathogenic variant set, particularly for the p.[Cys61Gly] variant which has been known to be 

pathogenic for over 20 years.  
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Estimation of Risk 

 

Breast and ovarian cancer risks were estimated by maximum likelihood analysis using modified 

segregation analysis with the MENDEL package of programs30 as implemented for breast, 

ovarian and other cancers in the recent analyses of families with pathogenic variants in 

PALB2.31 In the present analyses we estimated risks for breast and ovarian cancer jointly, 

censoring each affected individual at their age at first breast or ovarian cancer. For each 

dataset, we estimated the hazard ratio (HR) associated with development of breast cancer in 

the following two age groups: <50 and ≥50 years. Due to the more limited data for ovarian 

cancer in this dataset, we assumed a constant HR across age. Thus, in each analysis three 

parameters were estimated simultaneously. For both breast and ovarian cancer analyses the 

baseline population incidence rates were assumed to be those for the UK organized in eight 10-

year birth cohorts  (Cancer Incidence in Five Continents Reports32 ) to account for the increasing 

temporal trends in these cancers over time. In order to adjust for the ascertainment process of 

the families, the likelihood of observing the pedigree phenotypes and variant genotypes was 

calculated conditional on the pedigree phenotypes and the genotype of the index case; all 

information for risk estimation thus comes from the distribution of genotypes (i.e., genotype 

status) among the phenotypes of the family members of the proband. From the resulting 

parameter estimates of BC and OC, relative risk, age-specific cumulative risk estimates were 

calculated from the cumulative incidence Λ(t): F(t) = 1 - exp(-Λ(t)), assuming UK rates in the 

women born between 1970 and 1979; the corresponding confidence intervals were calculated 

using a parametric bootstrap. Heterogeneity of breast or ovarian cancer risk between variants in 

the same domain was tested by a likelihood ratio test (LRT) of model likelihoods. Comparisons 

of parameter estimates between missense variants (or groups of variants) and the 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 13 

corresponding estimate for the protein truncating variant pedigrees was done by constructing a 

Z-test based on the parameter estimates and their respective standard errors.  

 

RESULTS 

 

BRCA1 and BRCA2 Risk estimates  

 

Table 2 presents the results of the modified segregation analyses in which we estimate the risks 

of breast and ovarian cancer relative to UK population incidence rates. Based on the estimated 

Hazard Ratios (HR), the biggest difference in risk between pathogenic missense and protein 

truncating variants was in the risk of breast cancer among women over age 50. For example, for 

BRCA1 RING domain variants the HR for women 50 and older was roughly half the 

corresponding estimate for the BRCA1 protein truncating variants. Of note also, the estimated 

HR for c.181T>G, [p.Cys61Gly] in women 50+ for the subset of 217 informative pedigrees with 

this variant from the GC-HBOC clinical network was significantly different from the 

corresponding HR for BRCA1 protein truncating variant pedigrees ascertained from the same 

GC-HBOC clinical centers (p=0.049). The three groups of BRCA1 RING domain variants as 

shown in Table 2 did not reveal statistically significant heterogeneity in the estimated HRs 

(2=10.0, 6 df; p=0.12) by likelihood ratio test (LRT)). For BRCA1 BRCT domain missense 

variants the HR for women 50 and older was significantly reduced compared to protein 

truncating variant heterozygotes (2.0 vs. 12.8; p=0.005). There was no evidence of significant 

heterogeneity between variants within the BRCT domain and there was no significant difference 

between the overall estimated models for the RING and BRCT domains (2 = 5.48; 3 df; 

p=0.14). 
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No significant difference was observed in the HR of all BRCA2 missense pathogenic variants in 

the DBD compared to the estimated cancer risks for protein truncating variants2,3. However, 

there was some evidence of heterogeneity associated with the BRCA2 variants in the DBD with 

HRs for women over age 50 varying from 1.7 (0.4, 6.9) for c.7878G>C;p.[Trp2626Cys], to 5.9 

(2.2, 16.3)  for the well-established missense pathogenic variant p.[Asp2723His], and 7.0 (3.3, 

14.7) for the BRCA2 protein truncating variants.  

When we examined the risks to women over age 60 (data not shown), we observed even lower 

risks for breast cancer compared to protein truncating, although reduction in sample size 

increased the standard errors, resulting in wider confidence Intervals. For example, for the 

RING and BRCT domain pathogenic variant heterozygotes the HRs were 2.8 (1.1, 7.3) and 2.0 

(0.6, 6.6), respectively, versus 16.5 (4.3, 63.2) in the BRCA1 protein truncating pedigrees in our 

study. For BRCA2 pathogenic DBD missense variants, the HR for women over age 60 was 2.0 

(0.6, 6.3) vs. 5.3 (1.6, 17.9) in the BRCA2 protein truncating pedigrees.  

 

In general the estimated HRs for ovarian cancer were quite similar in the various pathogenic 

missense variant analyses although risks were somewhat reduced for the BRCA1 BRCT 

variants but this was not statistically significant. Estimated cumulative risks of BC to age 50 and 

age 70 and of OC to age 70 for the primary sets of variants are shown in Table 3. Globally, risks 

to age 50 did not vary substantially between missense pathogenic variants and their protein 

truncating variant counterparts However the estimated risks to age 70 were more variable, due 

to the HRs for ages greater than 50 being in general lower for the missense variants.  

 

Estrogen Status of Breast Tumors with BRCA1 Variants 

 

ER status was available for 361 breast tumors from women harboring a BRCA1 pathogenic 

missense variant. These included 250 from missense variants in the RING domain (220 of 
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which were from p.[Cys61Gly] heterozygotes) and 111 in the BRCT domain, to compare to 210 

tumors from BRCA1 protein truncating heterozygotes (Table 4). There was no significant 

difference in the frequency of ER negative tumors among breast cancers from BRCA1 missense 

pathogenic variant women compared to the tumors from women heterozygous for a protein 

truncating variant. Individually, only p.[Ala1708Glu] had a nominally significantly lower frequency 

of ER negative tumors (52% vs. 72%; p=0.027) compared to tumors from women with protein 

truncating variants, although this was not significant when corrected for the number of 

comparisons made.  

 

BC risk associated with specific variants 

We found that the breast (but not ovarian) cancer risks associated with two specific missense 

pathogenic variants were lower than that for other BRCA1 missense pathogenic variants. The 

HR for women under age 50 associated with the p.[Cys64Arg] missense pathogenic variants 

was 3.7 (95% CI 1.4,9.5) and that for women ≥50 was 4.1 (0.9, 18.3). In particular, the HR for 

younger women was substantially lower than that for other RING and BRCT variants. We tested 

this variant against the estimated risk for the p.[Cys61Gly] variant assuming a constant HR and 

found it to be significantly different (Z-test; p=0.015). These lower estimated risks are consistent 

with the observation of 10 BC cases in these families who tested negative for the variant, mean 

age at diagnosis of 48.6) compared with 14 non-proband cases that tested positive (mean age 

at diagnosis of 43.9). Morevover, among 13 women unaffected with breast or ovarian cancer 

over the age of 60 tested for the variant, almost half (6/13) were found to be positive, also 

indicating a lower penetrance. Thus the evidence suggests that this BRCA1 missense 

pathogenic variant has substantially reduced breast cancer risk (but not necessarily ovarian 

cancer) compared to other pathogenic variants while still higher than the population incidence 

rates. The risks associated with the BRCA2 p.[Trp2626Cys] missense variant for breast and 

ovarian cancer is significantly reduced compared to both BRCA2 protein truncating variants or 
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other BRCA2 missense pathogenic variants analyzed in this study (Table 2). Among 31 female 

relatives who tested positive for the p.[Trp2626Cys] variant in the 34 pedigrees there were only 

three cases of breast cancer and one ovarian cancer. Moreover, among 22 unaffected women 

over age 60 who tested for the variant, 13 were found to be positive for the p.[Trp.2626Cys] 

variant, also indicating that this variant has reduced penetrance.  

 

 

Sensitivity Analyses for Imputed Age 

 

Reanalysis of the data assuming all individuals with missing year of birth were born in the period 

1960-1969 (thus eliminating cohort differences in incidence rates for these individuals) resulted 

in only a minimal effect on the estimates since the vast majority of the missing ages were in 

individuals who were not tested or closely related to a tested individual, and thus did not 

contribute heavily to the analysis. Individuals with missing current age/age at death were 

excluded in these analyses as well. Results of these analyses are shown in Supplementary 

Table 2. For example, for the BRCA1 protein truncating set of pedigrees, the HRs for BC<50 

years, BC≥50 years and OC were 16.4, 12.1, and 26.3, respectively without the missing age 

imputation and 17.0, 12.8 and 27.1 (Table 2) using imputed age data.  

 

Sensitivity Analyses population incidence rates 

In these analyses we assumed age- and cohort-specific cancer incidence rates for the UK. In 

order to see how our results and conclusions could be affected by possible differences in rates 

we re-analyzed the larger subsets of pedigrees assuming both rates that were 20% higher and 

20% lower than these (across all ages and birth cohorts). Given that the vast majority of the 

pedigrees submitted came from Western European clinical centers, this should account for 

incidence rate differences among the various populations included here. The parameter 
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estimates for the BRCA1 BRCT domain variants, RING domain variants and protein truncating 

variants from the GC-HBOC resource were on average 5% higher when incidence rates were 

assumed to be 20% lower and estimates were 4% lower when rates were set to be 20% higher. 

The largest differences were seen for the ln(HR) estimates for ovarian cancer which were 11% 

higher for the set of BRCA1 RING domain variants when incidence rates were assumed to be 

20% lower. Based on these analyses, differences in rates from our assumed UK rates are an 

unlikely explanation for the findings.  

 

DISCUSSION 

 

Here we report a large international collaborative study examining the risks of breast and 

ovarian cancer for women harboring a pathogenic missense variants in the BRCA1 and BRCA2 

genes. We benefited from a large national study of hereditary breast and ovarian cancer in 

Germany (GC-HBOC) that contributed approximately half of the missense pathogenic variant 

families and a series of families that segregated protein truncating variants in BRCA1 and 

BRCA2 in order to form comparison groups for the missense variants in each gene. The results 

shown in Tables 2 and 3 clearly indicate that missense pathogenic variants in both functionally 

important domains (RING and BRCT) in BRCA1 are associated with lower risks of breast 

cancer than protein truncating variants. Although data are more limited, it appears that ovarian 

cancer risks are comparable (though on average perhaps slightly lower) for BRCA1 to those 

found in published risk estimates for protein truncating variants1-3, and also comparable to those 

estimated from the protein truncating variant pedigrees from GC-HBOC. Although associated 

with lower breast cancer risks, missense pathogenic variants in BRCA1 had similar hormone 

receptor status profiles as their protein truncating counterpart; importantly the families studied 

here were largely tested before TN status was a stand-alone criterion for BRCA testing, 

suggesting a lack of ascertainment bias based on pathology. Most BRCA2 pathogenic missense 
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variants appeared to be associated with lower risks compared to the BRCA2 protein truncating 

families in the over 50 age group (Table 2); however these differences were not statistically 

significant and were of smaller magnitude than the parallel comparisons for BRCA1 variants.  

 

Clinical considerations 

 

Our results provide evidence of the convergence of moderate- to high-risk classes that no 

longer seem to be distinct but rather describe a risk continuum. Indeed we have previously 

shown that the hypomorphic BRCA1 variant p[Arg1699Gln] is associated with reduced levels of 

breast cancer risk compared to the average BRCA1 truncating variant15,16. That raises the 

question of what clinical measures to offer for different levels of risk. The estimated cumulative 

risks to age 70 of 70% for BRCA1 protein truncating variants compared to 39% for the 

combined group of missense pathogenic variants in the BRCT repeat domains (primarily 

p.[Ala1708Glu] and p.[Arg1699Trp] are significantly different and may very well affect a 

woman’s choice of prevention/screening options, in particular bilateral prophylactic mastectomy. 

Further, these risks will depend on family history, their polygenic risk score (PRS)33, and lifestyle 

factors34. We believe that these new risk estimates for BRCA1 missense variants should be 

incorporated into comprehensive risk prediction tools such as BOADICEA35. Although, on 

average slightly lower, the ovarian cancer risks associated with both BRCA1 and BRCA2 

missense pathogenic variants did not seem to differ markedly from that for the protein truncating 

variants (with the possible exception of pathogenic variants in the BRCT domain of BRCA1. For 

cancer-free women over age 50, many of the BRCA1 pathogenic missense variants are 

associated with relative breast cancer risks closer to those estimated for pathogenic variants in 

genes such as ATM, CHEK2, and other moderate risk genes, indicating that surveillance might 

be an optimal approach. However, given the high ovarian cancer risks of 36% by age 70 for 

RING domain missense pathogenic variants, we recommend that women heterozygous for such 
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these variants should be counseled the same with respect to ovarian cancer as women with 

BRCA1 protein truncating variants in terms of recommendations for RRSO. Clinically, these 

data strengthen the importance of communicating not only the cumulative lifetime risks but also 

risks within a manageable timespan, e.g., 10-year risks.  

 

For the BRCA1 p.[Cys64Arg] variants we propose counseling heterozygotes similarly to those 

proposed for the BRCA1 p.[Arg1699Gln] hypomorphic variant15. The p.[Cys64Arg] variant has 

been classified as pathogenic by the majority of clinical laboratories so it will be important to 

collect more genetic data in order to clarify the status of this variant and its associated cancer 

risks.  

We also noted particularly low breast cancer risk estimates for BRCA2 p.[Trp2626Cys]. The 

functional effects of this variant have been examined and although it was classified as 

functionally deleterious, it was near the boundary between deleterious and intermediate 

function36. This variant is denoted in ClinVar as pathogenic by nine clinical laboratories, and as 

likely pathogenic by three others, with a single lab reporting it in ClinVar as a Variant of 

Uncertain Significance. This variant has also been evaluated in a number of other recent 

studies. Based on family histories of 12 individuals heterozygous for p.[Trp2626Cys] in a large 

clinical testing set, we estimated odds of 16:1 against pathogenicity11 and in the large 

OncoArray37 breast cancer case-control  series this variant was identified in 16/75350 cases 

and 5/52793 controls (OR=2.2 95% CI 0.8 – 7.8; p=0.1) which is consistent with the estimate 

reported here (K. Michailidou, personal communication). Taken together the available evidence 

indicates that caution should be exercised in counseling individuals harboring this variant as a 

pathogenic BRCA2 variant until further genetic and functional studies can be performed.  

 

Limitations and Caveats 
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The primary limitation inherent in our study is that families were submitted from a wide variety of 

countries and clinical centers that could vary widely with respect to ascertainment criteria, 

cascade testing, and prospective follow-up. Although in our analysis, we adjust for the 

phenotypes of all pedigree members and relied only on the genotype status of non-proband 

family members, it is possible that different practices in different centers could affect the risk 

estimates. However, the consistency of our results together with the direct comparison of 

p.[Cys61Gly] with protein truncating variant pedigrees from the GC-HBOC resource make it 

highly unlikely that systematic biases could explain our findings.  

 

A second limitation of this study is the lack of complete data on prophylactic surgery, and 

potentially differing rates of uptake across countries. In order to ensure that the observed 

differences in risk were not due to the censoring of women at BPM in some of the data sets and 

not others, we repeated analyses ignoring the BPM information. In particular we were 

concerned about the effect in the BRCA1 and BRCA2 reference sets as they were used as 

comparison to the missense pathogenic variants. The mean difference between age at BPM 

and current age/age at death was only 2.9 years (95% CI 1.9 – 3.9) indicating that differential 

information with regard to BPM would not alter our conclusions.  

 

Conclusions 

 

Our analyses of ~1250 informative pedigrees have demonstrated that BRCA1 missense 

pathogenic variants are associated with smaller increased risks of breast cancer in women over 

age 50 when compared to variants predicted to result in complete loss of function. The risk 

reduction is less pronounced for BRCA2 in such women. We have also shown that specific 

variants are associated with particularly low risks compared to other BRCA pathogenic variants: 

BRCA1 p.[Cys64Arg] and BRCA2 p.[Trp2626Cys] for breast cancer and possibly BRCA1 
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p.[Ala1708Glu] for ovarian cancer. Interestingly, the histopathology of breast cancers from 

patients carrying pathogenic missense variants in BRCA1 showed similar rates of ER 

negative/triple negative status as the cancers in protein truncating patients. Future studies 

should focus on the functional basis for the reduction in relative risks for older women who 

harbor a pathogenic missense variant in BRCA1, and to a lesser extent, BRCA2.  

 

Supplemental Data  

There are two supplementary tables are associated with this article. Supplementary Table 1 

(Excel) provides detailed information on the 40 variants analyzed in this study. Supplementary 

Table 2 displays the HR estimates excluding individuals with missing age data and assumes 

individuals with missing year of birth information were born between 1960-1969.  
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Table 1. Description of variants and families included in the risk estimation analyses. Index cases are excluded from 

tabulations.  

 

Variant/Group  Informative 

Families 

Breast Cancer Ovarian Cancer 

Heterozy

gous 

Wild-Type Unknown Heterzyg

ous 

Wild-Type Unknown 

BRCA1        

GC-HBOC BRCA1 PTC 324 85 7 495 22 2 125 

RING Domain        

c.181T>G,p.[Cys61Gly] 316 114 14 490 20 0 87 

c.190T>C; p.[Cys64Arg] 55 14 10 116 4 0 33 

Other RING Domain1 34 13 3 55 7 0 23 

All RING Domain 405 141 27 662 31 0 143 

   GC-HBOC c.181T>G, 

p.[Cys61Gly] 

277 81 9 422 9 0 73 

BRCT Domain        

c.5095C>T, p.[Arg1699Trp] 43 11 2 45 13 0 36 
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c.5123C>A, p.[Ala1708Glu] 56 17 0 84 3 1 19 

c.5212G>A,, p.[Gly1738Arg] 36 25 2 39 12 0 9 

Other BRCT Domain2 42 21 6 59 10 0 14 

 All BRCT Domain 177 74 10 227 38 1 78 

All BRCA1 Missense 582 215 37 889 69 1 221 

BRCA2         

GCHBOC BRCA2 PTC 214 48 9 376 5 0 38 

DNA Binding Domain        

c.7878G>C, p.[Trp2626Cys] 34 3 0 44 0 1 9 

c.8167G>C, p.[Asp2723His] 33 18 3 66 2 0 12 

c.9154C>T, p.[Arg3052Trp] 20 9 2 39 0 0 8 

Other B2 DBD3 66 19 6 121 6 1 18 

 All DBD Missense 153 49 11 270 8 2 47 
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1 c.53T>C, p.[Met18Thr]; c.65T>C, p.[Leu22Ser]; c.110C>A, p.[Thr37Lys]; c.115T>C, p.[Cys39Arg]; c.116G>A, p.[Cys39Tyr]; 

c.130T>A, p.[Cys44Ser]; c.131G>T, p.[Cys44Phe]; c.190T>G, p.[Cys64Gly]; c.191G>A, p.[Cys64Tyr] 

 

2 c.5053A>G, p.[Thr1685Ala]; c.5054C>T, p.[Thr1685Ile]; c.5089T>C, p.[Cys1697Arg]; c.5117G>A, p.[Gly1706Glu); c.5143A>C, 

p.[Ser1715Arg]; c.5213G>A, p.[Gly1738Glu]; c.5216A>T, p.[Asp1739Val]; c.5291T>C, p.[Leu1764Pro]; c.5297T>G, p.[Ile1766Ser]; 

c.5309G>T, p.[Gly1770Val]; c.5324T>A, p.[Met1775Lys]; c.5324T>G, (p.Met1775Arg]; c.5363G>T, p.[Gly1788Val]; c.5513T>A, 

p.[Val1838Glu] 

 

3   c.7879A>T, p.[Ile2627Phe]; c.7940T>C, p.[Leu2647Pro]; c.7958T>C, p.[Leu2653Pro]; c.7988A>T p.[Glu2663Val]; c.8165C>G, 

p.[Thr2722Arg]; c.8168G>A, p.[Asp2723Gly]; c.8243G>A, p.[Gly2748Asp]; c.9004G>A, p.[Glu3002Lys]; c.9227G>A, p.[Gly3076Glu]
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Table 2. Hazard Ratio (HR) estimates by variant/group of variants.   

 

Variant/Variant Group  Breast Cancer 

Dx<50 

Breast Cancer 

Dx≥50 

Ovarian Cancer 

HR (95% CI) 𝐇𝐑 (𝟗𝟓% 𝐂𝐈) HR (95% CI) 

BRCA1    

GC-HBOC BRCA1 PTC 17.0 (9.4, 30.5) 12.8 (5.7, 28.7) 27.1 (8.6, 85.2) 

RING Domain    

p.[Cys61Gly] 14.6 (8.8, 24.3) 7.6 (3.6, 16.4) 41.2 (19.0, 89.3) 

p.[Cys64Arg] 3.7 (1.4, 9.5)* 4.1 (0.9, 18.3) 99.9 (37.8, 264) 

Other RING Domain 12.0 (3.2., 37.4) 2.9 (0.5, 17.0) 23.9 (4.6, 119) 

 All RING Domain 11.5 (7.2, 18.3) 5.8 (3.0, 11.3) 41.0 (20.9, 80.4) 

 GC-HBOC p.[Cys61Gly] 15.3 (8.3, 28.2) 3.7 (1.5, 9.4)* 27.1 (7.2, 102.8) 

 BRCT Domain    

p.[Arg1699Trp] 10.4 (2.7,39.4) 2.0 (0.2, 21.8) 31.5 (5.1, 195) 

p.[Ala1708Glu] 12.1 (4.3, 34.0) 4.9 (1.3, 18.3) 5.2 (0.8, 33.8) 

p.[Gly1738Arg] 22.8 (9.2, 56.9) 3.6 (1.4, 8.9) 14.7 (3.8, 57.8) 

Other BRCT Domain 15.0 (6.0, 37.5) 2.1 (0.7, 6.2)** 18.8 (6.3, 56.2) 

 All BRCT Domain 14.8 (8.7, 25.1) 2.8 (1.4, 5.6)** 15.2 (7.6, 30.4) 

All BRCA1 Missense 13.1 (9.2, 18.9) 3.9 (2.4, 6.2)** 21.7 (12.4, 38.0) 

BRCA2    

GC-HBOC BRCA2 PTC 10.4 (5.9, 19.8) 7.0 (3.3, 14.7) 13.1 (3.7, 45.6) 

DNA Binding Domain     

p.[Trp2626Cys] 5.0 (0.3 92.0) 1.7 (0.4, 6.9) 2.1 (0.1, 32.8) 
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p.[Asp2723His] 8.5 (2.5, 28.7) 5.2 (1.5, 18.6) 15.0 (2.1, 109) 

p.[Arg3052Trp] 8.1 (0.9, 73.3) 3.5 (0.4, 30.0) 4.1 (0.3, 115) 

Other DBD 9.5 (3.8, 23.7) 5.3 (2.1, 13.2) 5.6 (1.4, 21.8) 

 All DBD 8.3 (2.2, 30.8) 3.9 (2.0, 7.2) 5.5 (2.0, 14.8) 

 

* p<0.05; ** p<0.01 for test of parameter vs. corresponding parameter for LOF variants.   
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Table 3. Theoretical Cumulative Risks for selected groups of variants based on HR estimates and UK 

incidence rates (1960-1969).  

 

Variant Group Breast Cancer 

 

Ovarian Cancer 

 Risk to Age 50 (95% CI) Risk to Age 70 (95% CI) Risk to Age 70 (95% CI) 

GC-HBOC BRCA1 PTC 0.33 (0.20,0.51) 0.70 (0.51,0.89) 0.28 (0.09,0.61) 

All RING Domain 0.21 (0.14,0.31) 0.46 (0.33,0.61) 0.36 (0.20,0.58) 

All BRCT Domain 0.30 (0.18, 0.44) 0.39 (0.27,0.54) 0.16 (0.08,0.28) 

   All BRCA1 Missense 0.24 (0.17, 0.32) 0.40 (0.32, 0.49) 0.21 (0.12, 0.33) 

GC-HBOC BRCA2 PTC 0.22 (0.12,0.37) 0.51 (0.34,0.69) 0.15 (0.04,0.39) 

All DBD 0.18 (0.09,0.31) 0.36 (0.24,0.51) 0.065 (0.02,0.15) 
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Table 4. ER status in tumors of BRCA1 pathogenic variant heterozygotes.. 

 

Variant/Group Number of 

Tumors 

Number ER 

Positive 

(%) 

Number ER 

Negative 

(%) 

GCHBOC BRCA1 PTC 210 59 (28) 151 (72) 

    

p.[Cys61Gly] 216 55 (25) 161 (75) 

p.[Cys64Arg] 21 4 (19)  17 (81) 

Other RING Domain1  11 2 (18) 9 (82) 

p.[Arg1699Trp] 26 8 (31) 18 (69) 

p.[Ala1708Glu] 29 14 (48) 15 (52) 

p.[Gly1738Arg] 33 9 (27) 24 (73) 

Other BRCT Domain 23 6(26) 17 (74) 

All BRCA1 Missense 359 98 (27) 261 (73) 
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Purpose: Germline genetic testing for BRCA1 and BRCA2 variants has been part of clinical 

practice for over two decades. However, no studies have compared the cancer risks associated 

with missense pathogenic variants (PVs)Vs relative to those for protein-truncating (PTC) 

variants.  

Methods: We collected 582 informative pedigrees segregating one of 28 missense PVs in 

BRCA1 and 153 pedigrees segregating one of 12 missense PVs in BRCA2. We analyzed 324 

pedigrees with PTC variants in BRCA1 and 214 with PTC variants in BRCA2. Cancer risks were 

estimated using modified segregation analysis.  

Results: Estimated BC risks were markedly lower for women over age 50 carrying BRCA1 

missense PVs compared to BRCA1 PTCs (HR 3.9 [2.4 – 6.2] vs. 12.8 [5.7 – 28.7] for PTC 

variants; p=0.01), particularly for missense PVs in the BRCT domain (HR-=2.8 [1.4, 5.6]; 

p=0.005  In BRCA2 the HR for women over age 50 was 3.9 [2.0 – 7.2] for women heterozygous 

for missense PVs compared to 7.0 [3.3 – 14.7] for those harboring PTC variants. BRCA1 

p.[Cys64Arg] and BRCA2 p.[Trp2626Cys], were associated with particularly low risks of BC 

compared to other PVs.  

Conclusion: These results have important implications for counseling of at-risk women who 

harbor missense PVs in the BRCA1/2 genes.  

 

 

INTRODUCTION 

 

Germline genetic testing for BRCA1 (OMIM 113705) and BRCA2 (OMIM 600185) variants has 

long been part of clinical practice. Initially restricted to families that met strict criteria for such 

testing, the advent of panel tests by a number of clinical diagnostic testing services that has led 

to the use of these tests in a much broader group of individuals. Once a pathogenic germ-line 
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 7 

variant (PV) has been identified women are counseled about their risks of breast, ovarian, and 

other cancers and appropriate screening or surgical prevention strategies are discussed. In 

most situations these cancer risk estimates are based on studies of large collections of families1 

or relatives of breast cancer cases largely unselected for family history2; typically these analyses 

have pooled all pathogenic variants, irrespective of variant type, under the assumption that all 

such variants are associated with the same risks. The vast majority of the pathogenic BRCA 

variants included in these studies were variants predicted to result in a transcript encoding a 

protein termination codon that is subject to nonsense-mediated decay or encoding truncated 

inactive protein (for simplicity, these will be referred to hereafter as protein truncating 

variantsPTC). The most recent estimates for BRCA1/2 risks associated with PVpathogenic 

variants come from the large prospective study of BRCA PVpathogenic variant heterozygotes 

conducted by the IBCCS/PROF-SC/kConFab group3. Cumulative risks of breast cancer to age 

70 were 66% (95% CI 61 – 72) for BRCA1 heterozygotes and 69% (55 – 68) for BRCA2 

heterozygotes; corresponding risks of ovarian cancer were 41% (33 – 50)  and 15% (10 – 23). 

There is also accumulating evidence from genotype/phenotype studies that even PTCprotein 

truncating variants may not all be associated with the same risks, depending on their position 

within the gene3-6.  

 

Analysis of missense variants poses a particular problem because most such variants are 

expected, a priori, to be of little clinical significance. Through the work of the ENIGMA 

(Evidence-Based Network Investigating Germline Mutant Alleles) consortium7 and others, ~60 

missense variants have now been classified/reclassified as pathogenic by multifactorial 

methods8 using such lines of evidence as co-segregation9, family history of index cases in 

clinical testing series10-11, and tumor histopathology12 to classify variants of uncertain 

significance (VUS)13).  
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To date, all predicted missense substitution variants that have been classified on the basis of 

genetic data as pathogenic (excluding those that act by disruption of normal splicing) reside in 

one of three domains of these proteins: the RING domain of BRCA1 (nucleotides 4 – 294); the 

BRCA1-C-Terminal (BRCT) repeats in BRCA1 (nt 4987- 5577) and the DNA Binding domain 

(DBD) of BRCA2 (nt 7669 – 9558). However it is not clear if pathogenic missense changes in 

these important domains are associated with the same levels of risk of breast and ovarian 

cancer as the protein-truncating/null variants that have been the subject of most studies 

designed to estimate these risks. Indeed, the BRCA1 variant c.5096G>A;p.[Arg1699Gln] was 

shown to be associated with lower risks of breast cancer (~20% by age 70)14,15 and had reduced 

function in a transcriptional activation assay in the 293T (78% of wild-type activity compared to 45% 

for the p.[Arg1699Trp] variant included in this study)14. Similarly, functional and case-control 

analyses have identified the BRCA2 p.[Tyr3035Ser] variant as a hypomorphic allele associated 

with only a 2.5-fold increased risk of breast cancer (95% CI 1.05 – 6.05)16. 

 

In order to comprehensively examine the risks associated with established (e.g. those classified 

as such in ClinVar17, BRCA Challenge18, ENIGMA7) missense PVspathogenic variants  in 

BRCA1 and BRCA2, a large series of pedigrees segregating missense pathogenic variants PVs 

were collected through the ENIGMA and CIMBA (Consortium of Investigators of Modifiers of 

BRCA1/2)19 consortia and compared through detailed statistical and genetic analyses  with a set 

of pedigrees segregating PTCprotein truncating variants. In addition the histopathological 

profiles of breast tumors of patients carrying BRCA1 PVpathogenic variants and PTCprotein 

truncating variants were compared.  

Here we demonstrate that pathogenic missense variants, especially in BRCA1, are associated 

with a reduced risk of breast cancer compared to that for PTC protein truncating  variants, 

particularly at older ages. 
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 9 

 

 MATERIAL & METHODS 

 

Through the ENIGMA7 Consortium we put out a broad call for pedigree and tumor pathology 

information from families with a BRCA1 or BRCA2 missense variant that, at the time of 

initiation of the study, had evidence in favor of pathogenicity; this initial list comprised 58 such 

variants. We also obtained qualifying families from the CIMBA8 consortium where complete 

pedigree information was available. Criteria for submission of families for this study were:  

 

1) Index individual (proband) with a pathogenic or likely pathogenic missense variant in 

BRCA1 or BRCA2, as determined by ENIGMA through multifactorial analysis13, or 

ClinVar17 (at least two certified (at least *) submitters denoting it Pathogenic/Likely 

Pathogenic with none calling it Benign or Likely Benign).  

 

2) Informative for segregation analysis, i.e., at least one non-proband individual tested for 

the variant;  

 

As a comparison group, we also received a matching set of 538 pedigrees segregating 

informative PTCprotein truncating variants pedigrees from the large German Consortium for 

Hereditary Breast and Ovarian Cancer (GC-HBOC). These pedigrees were matched by specific 

clinical center and date of ascertainment/testing to the GC-HBOC missense variant pedigrees.  

 

Variant Selection 

 

Pedigrees were contributed in which the index case had one of 58 selected missense variants. 

Of these, 18 variants were excluded from the analysis as they were determined at the time of 
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 10 

analysis to not meet the specified criteria, either because they were found to be acting primarily 

through disruption of normal splicing and/or other evidence that cast doubt on their classification 

as pathogenic missense variants. The remaining 40 variants consisted of 11 variants in the 

BRCA1 RING domain, 17 in the BRCA1 BRCT domain and 12 in the BRCA2 DBD. 

Supplementary Table 1 provides detailed genetic and functional information about the 40 

included variants. One BRCA1 missense variant (p.[Cys64Gly]) and two BRCA2 missense 

variants (p.[Glu2663Val] and p.[Asp2723Gly]) show experimental and bioinformatics evidence of 

pathogenicity through both protein effects and potential splicing effects20,21. Because these 

variants showed strong deleterious effects in functional assays22-24 and only partial splicing 

defects25,26 they were included in our analyses.  

 

Family Data 

 

A total of 1146 missense PVpathogenic variant pedigrees and 543 PTCprotein truncating 

variant pedigrees from 45 contributors representing 17 countries from around the world were 

submitted for this study. The requested information included pedigree data, age at 

testing/death/current age, age at diagnosis of breast cancer, age at diagnosis of ovarian cancer, 

as well as any available information on breast tumor grade, ER, PR, and HER2 status, and 

prophylactic surgeries. Loss of function variant pedigrees (326 BRCA1 and 217 BRCA2) and 

527 of the missense variant pedigrees (including 279 c.181T>G;p.[Cys61Gly]) were contributed 

by the GC-HBOC network.  In addition, we also had relatively large contributions of two founder 

variants (BRCA1:c.190T>C;p.[Cys64Arg])27 with 51 informative families submitted from Italy and 

(BRCA1:c.5212G>A;p.[Gly1738Arg])28 with 21 families submitted from Greece. Of the 1689 total 

submitted families, 391 were excluded from all analyses because they proved to not be 

informative (308 families) for the planned analyses, did not have one of the 40 final selected 

variants (93), or had unclear pedigree structures or multiple variants (14).  
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After the exclusions described above, the data used for the analyses here included 582 

informative pedigrees with pathogenic missense variants in BRCA1, 153 with pathogenic 

missense variants in BRCA2, 324 pedigrees with PTCprotein truncating variants in BRCA1 and 

214 with PTCprotein truncating variants in BRCA2. Summary information of the characteristics 

of the set of families included in the study for each of the included variants is shown in Table 1. 

 

Imputation of Missing Ages and Censoring 

To avoid any biases due to differential information by submitting center (and hence BRCA 

variant), we imputed missing ages at last follow-up/death and years of birth using the program 

PedPro29 that uses the ages/years of birth of close relatives to assign an age or year of birth to 

individuals missing such information. Those with imputed ages ≥90 years were imputed to be 

age 65 since these were likely in older generations without reliable data, and those imputed to 

be 80-89 were censored at age 80. To be conservative, we assumed that 324 cases with 

missing ages at diagnosis of breast or ovarian cancer were assumed to be diagnosed at age at 

their last follow-up/age at death (including imputed ages). For women with breast cancer and 

ovarian cancer we considered them as having both cancers if the breast cancer occurred first; 

women with breast cancer following ovarian cancer were treated as only having ovarian cancer 

and censored at the age of ovarian cancer diagnosis. Age at bilateral prophylactic mastectomy 

(BPM) was available in the GC-HBOC data set, in several smaller centers, and in the 36 

families contributed from the CIMBA consortium, but not available in the remainder of the 

dataset. Women without breast or ovarian cancer were censored at their age at last observation 

or, if deceased, at age at death. When such information was provided, women known to have 

had a prophylactic mastectomy were censored at age of surgery. Because only a very small 

subset of the contributed families provided data on risk reducing salpingo-oophorectomy 

(RRSO) we chose not to censor women at this age; this may lead to an underestimation of 
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ovarian cancer risk but this effect would be expected to be the same for the PTCprotein 

truncating variant pedigrees as well as the missense PVpathogenic variant set, particularly for 

the p.[Cys61Gly] variant which has been known to be pathogenic for over 20 years.  

 

Estimation of Risk 

 

Breast and ovarian cancer risks were estimated by maximum likelihood analysis using modified 

segregation analysis with the MENDEL package of programs30 as implemented for breast, 

ovarian and other cancers in the recent analyses of families with PVpathogenic variants in 

PALB2.31 In the present analyses we estimated risks for breast and ovarian cancer jointly, 

censoring each affected individual at their age at first breast or ovarian cancer. For each 

dataset, we estimated the hazard ratio (HR) associated with development of breast cancer in 

the following two age groups: <50 and ≥50 years. Due to the more limited data for ovarian 

cancer in this dataset, we assumed a constant HR across age. Thus, in each analysis three 

parameters were estimated simultaneously. For both breast and ovarian cancer analyses the 

baseline population incidence rates were assumed to be those for the UK organized in eight 10-

year birth cohorts  (Cancer Incidence in Five Continents Reports32 ) to account for the increasing 

temporal trends in these cancers over time. In order to adjust for the ascertainment process of 

the families, the likelihood of observing the pedigree phenotypes and variant genotypes was 

calculated conditional on the pedigree phenotypes and the genotype of the index case; all 

information for risk estimation thus comes from the distribution of genotypes (i.e., genotype 

status) among the phenotypes of the family members of the proband. From the resulting 

parameter estimates of BC and OC, relative risk, age-specific cumulative risk estimates were 

calculated from the cumulative incidence Λ(t): F(t) = 1 - exp(-Λ(t)), assuming UK rates in the 

women born between 1970 and 1979; the corresponding confidence intervals were calculated 

using a parametric bootstrap. Heterogeneity of breast or ovarian cancer risk between variants in 
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the same domain was tested by a likelihood ratio test (LRT) of model likelihoods. Comparisons 

of parameter estimates between missense variants (or groups of variants) and the 

corresponding estimate for the PTCprotein truncating variant pedigrees was done by 

constructing a Z-test based on the parameter estimates and their respective standard errors.  

 

RESULTS 

 

BRCA1 and BRCA2 Risk estimates  

 

Table 2 presents the results of the modified segregation analyses in which we estimate the risks 

of breast and ovarian cancer relative to UK population incidence rates. Based on the estimated 

Hazard Ratios (HR), the biggest difference in risk between pathogenic missense and 

PTCprotein truncating variants was in the risk of breast cancer among women over age 50. For 

example, for BRCA1 RING domain variants the HR for women 50 and older was roughly half 

the corresponding estimate for the BRCA1 PTCprotein truncating variants. Of note also, the 

estimated HR for c.181T>G, [p.Cys61Gly] in women 50+ for the subset of 217 informative 

pedigrees with this variant from the GC-HBOC clinical network was significantly different from 

the corresponding HR for BRCA1 PTCprotein truncating variant pedigrees ascertained from the 

same GC-HBOC clinical centers (p=0.049). The three groups of BRCA1 RING domain variants 

as shown in Table 2 did not reveal statistically significant heterogeneity in the estimated HRs 

(2=10.0, 6 df; p=0.12) by likelihood ratio test (LRT)). For BRCA1 BRCT domain missense 

variants the HR for women 50 and older was significantly reduced compared to PTCprotein 

truncating variant heterozygotes (2.0 vs. 12.8; p=0.005). There was no evidence of significant 

heterogeneity between variants within the BRCT domain and there was no significant difference 
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between the overall estimated models for the RING and BRCT domains (2 = 5.48; 3 df; 

p=0.14). 

No significant difference was observed in the HR of all BRCA2 missense PVpathogenic variants 

in the DBD compared to the estimated cancer risks for PTCprotein truncating variants2,3. 

However, there was some evidence of heterogeneity associated with the BRCA2 variants in the 

DBD with HRs for women over age 50 varying from 1.7 (0.4, 6.9) for 

c.7878G>C;p.[Trp2626Cys], to 5.9 (2.2, 16.3)  for the well-established missense PVpathogenic 

variant p.[Asp2723His], and 7.0 (3.3, 14.7) for the BRCA2 PTCprotein truncating variants.  

When we examined the risks to women over age 60 (data not shown), we observed even lower 

risks for breast cancer compared to PTCprotein truncating, although reduction in sample size 

increased the standard errors, resulting in wider confidence Intervals. For example, for the 

RING and BRCT domain PVpathogenic variant heterozygotes the HRs were 2.8 (1.1, 7.3) and 

2.0 (0.6, 6.6), respectively, versus 16.5 (4.3, 63.2) in the BRCA1 PTCprotein truncating 

pedigrees in our study. For BRCA2 pathogenic DBD missense variants, the HR for women over 

age 60 was 2.0 (0.6, 6.3) vs. 5.3 (1.6, 17.9) in the BRCA2 PTCprotein truncating pedigrees.  

 

In general the estimated HRs for ovarian cancer were quite similar in the various pathogenic 

missense variant analyses although risks were somewhat reduced for the BRCA1 BRCT 

variants but this was not statistically significant. Estimated cumulative risks of BC to age 50 and 

age 70 and of OC to age 70 for the primary sets of variants are shown in Table 3. Globally, risks 

to age 50 did not vary substantially between missense PVpathogenic variants and their 

PTCprotein truncating variant counterparts However the estimated risks to age 70 were more 

variable, due to the HRs for ages greater than 50 being in general lower for the missense 

variants.  

 

Estrogen Status of Breast Tumors with BRCA1 Variants 
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ER status was available for 361 breast tumors from women harboring a BRCA1 pathogenic 

missense variant. These included 250 from missense variants in the RING domain (220 of 

which were from p.[Cys61Gly] heterozygotes) and 111 in the BRCT domain, to compare to 210 

tumors from BRCA1 PTCprotein truncating heterozygotes (Table 4). There was no significant 

difference in the frequency of ER negative tumors among breast cancers from BRCA1 missense 

PVpathogenic variant women compared to the tumors from women heterozygous for a 

PTCprotein truncating variant. Individually, only p.[Ala1708Glu] had a nominally significantly 

lower frequency of ER negative tumors (52% vs. 72%; p=0.027) compared to tumors from 

women with PTCprotein truncating variants, although this was not significant when corrected for 

the number of comparisons made.  

 

BC risk associated with specific variants 

We found that the breast (but not ovarian) cancer risks associated with two specific missense 

PVpathogenic variants were lower than that for other BRCA1 missense PVpathogenic variants. 

The HR for women under age 50 associated with the p.[Cys64Arg] missense PVpathogenic 

variants was 3.7 (95% CI 1.4,9.5) and that for women ≥50 was 4.1 (0.9, 18.3). In particular, the 

HR for younger women was substantially lower than that for other RING and BRCT variants. We 

tested this variant against the estimated risk for the p.[Cys61Gly] variant assuming a constant 

HR and found it to be significantly different (Z-test; p=0.015). These lower estimated risks are 

consistent with the observation of 10 BC cases in these families who tested negative for the 

variant, mean age at diagnosis of 48.6) compared with 14 non-proband cases that tested 

positive (mean age at diagnosis of 43.9). Morevover, among 13 women unaffected with breast 

or ovarian cancer over the age of 60 tested for the variant, almost half (6/13) were found to be 

positive, also indicating a lower penetrance. Thus the evidence suggests that this BRCA1 

missense PVpathogenic variant has substantially reduced breast cancer risk (but not 
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necessarily ovarian cancer) compared to other PVpathogenic variants while still higher than the 

population incidence rates. The risks associated with the BRCA2 p.[Trp2626Cys] missense PV 

variant for breast and ovarian cancer is significantly reduced compared to both BRCA2 

PTCprotein truncating variants or other BRCA2 missense PVpathogenic variants analyzed in 

this study (Table 2). Among 31 female relatives who tested positive for the p.[Trp2626Cys] 

variant in the 34 pedigrees there were only three cases of breast cancer and one ovarian 

cancer. Moreover, among 22 unaffected women over age 60 who tested for the variant, 13 were 

found to be positive for the p.[Trp.2626Cys] variant, also indicating that this variant has reduced 

penetrance.  

 

 

Sensitivity Analyses for Imputed Age 

 

Reanalysis of the data assuming all individuals with missing year of birth were born in the period 

1960-1969 (thus eliminating cohort differences in incidence rates for these individuals) resulted 

in only a minimal effect on the estimates since the vast majority of the missing ages were in 

individuals who were not tested or closely related to a tested individual, and thus did not 

contribute heavily to the analysis. Individuals with missing current age/age at death were 

excluded in these analyses as well. Results of these analyses are shown in Supplementary 

Table 2. For example, for the BRCA1 PTCprotein truncating set of pedigrees, the HRs for 

BC<50 years, BC≥50 years and OC were 16.4, 12.1, and 26.3, respectively without the missing 

age imputation and 17.0, 12.8 and 27.1 (Table 2) using imputed age data.  

 

Sensitivity Analyses population incidence rates 

In these analyses we assumed age- and cohort-specific cancer incidence rates for the UK. In 

order to see how our results and conclusions could be affected by possible differences in rates 
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we re-analyzed the larger subsets of pedigrees assuming both rates that were 20% higher and 

20% lower than these (across all ages and birth cohorts). Given that the vast majority of the 

pedigrees submitted came from Western European clinical centers, this should account for 

incidence rate differences among the various populations included here. The parameter 

estimates for the BRCA1 BRCT domain variants, RING domain variants and PTCprotein 

truncating variants from the GC-HBOC resource were on average 5% higher when incidence 

rates were assumed to be 20% lower and estimates were 4% lower when rates were set to be 

20% higher. The largest differences were seen for the ln(HR) estimates for ovarian cancer 

which were 11% higher for the set of BRCA1 RING domain variants when incidence rates were 

assumed to be 20% lower. Based on these analyses, differences in rates from our assumed UK 

rates are an unlikely explanation for the findings.  

 

DISCUSSION 

 

Here we report a large international collaborative study examining the risks of breast and 

ovarian cancer for women harboring a pathogenic missense variants in the BRCA1 and BRCA2 

genes. We benefited from a large national study of hereditary breast and ovarian cancer in 

Germany (GC-HBOC) that contributed approximately half of the missense PVpathogenic variant 

families and a series of families that segregated PTCprotein truncating variants in BRCA1 and 

BRCA2 in order to form comparison groups for the missense variants in each gene. The results 

shown in Tables 2 and 3 clearly indicate that missense PVpathogenic variants in both 

functionally important domains (RING and BRCT) in BRCA1 are associated with lower risks of 

breast cancer than PTCprotein truncating variants. Although data are more limited, it appears 

that ovarian cancer risks are comparable (though on average perhaps slightly lower) for BRCA1 

to those found in published risk estimates for PTCprotein truncating variants1-3, and also 

comparable to those estimated from the PTCprotein truncating set variant of pedigrees from 
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GC-HBOC. Although associated with lower breast cancer risks, missense PVpathogenic 

variants in BRCA1 had similar hormone receptor status profiles as their PTCprotein truncating 

counterpart; importantly the families studied here were largely tested before TN status was a 

stand-alone criterion for BRCA testing, suggesting a lack of ascertainment bias based on 

pathology. Most BRCA2 pathogenic missense variants appeared to be associated with lower 

risks compared to the BRCA2 PTCprotein truncating families in the over 50 age group (Table 2); 

however these differences were not statistically significant and were of smaller magnitude than 

the parallel comparisons for BRCA1 variants.  

 

Clinical considerations 

 

Our results provide evidence of the convergence of moderate- to high-risk classes that no 

longer seem to be distinct but rather describe a risk continuum. Indeed we have previously 

shown that the hypomorphic BRCA1 variant p[Arg1699Gln] is associated with reduced levels of 

breast cancer risk compared to the average BRCA1 truncating variant15,16. That raises the 

question of what clinical measures to offer for different levels of risk. The estimated cumulative 

risks to age 70 of 70% for BRCA1 PTCprotein truncating variants compared to 39% for the 

combined group of missense PVpathogenic variants in the BRCT repeat domains (primarily 

p.[Ala1708Glu] and p.[Arg1699Trp] are significantly different and may very well affect a 

woman’s choice of prevention/screening options, in particular bilateral prophylactic mastectomy. 

Further, these risks will depend on family history, their polygenic risk score (PRS)33, and lifestyle 

factors34. We believe that these new risk estimates for BRCA1 missense variants should be 

incorporated into comprehensive risk prediction tools such as BOADICEA35. Although, on 

average slightly lower, the ovarian cancer risks associated with both BRCA1 and BRCA2 

missense PVpathogenic variants did not seem to differ markedly from that for the PTCprotein 

truncating variants (with the possible exception of PVpathogenic variants in the BRCT domain of 
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BRCA1. For cancer-free women over age 50, many of the BRCA1 pathogenic missense 

variants are associated with relative breast cancer risks closer to those estimated for pathogenic 

variants in genes such as ATM, CHEK2, and other moderate risk genes, indicating that 

surveillance might be an optimal approach. However, given the high ovarian cancer risks of 

36% by age 70 for RING domain missense PVpathogenic variants, we recommend that women 

heterozygous for such these variants should be counseled the same with respect to ovarian 

cancer as women with BRCA1 PTCprotein truncating variants in terms of recommendations for 

RRSO. Clinically, these data strengthen the importance of communicating not only the 

cumulative lifetime risks but also risks within a manageable timespan, e.g., 10-year risks.  

 

For the BRCA1 p.[Cys64Arg] variants we propose counseling heterozygotes similarly to those 

proposed for the BRCA1 p.[Arg1699Gln] hypomorphic variant15. The p.[Cys64Arg] variant has 

been classified as pathogenic by the majority of clinical laboratories so it will be important to 

collect more genetic data in order to clarify the status of this variant and its associated cancer 

risks.  

We also noted particularly low breast cancer risk estimates for BRCA2 p.[Trp2626Cys]. The 

functional effects of this variant have been examined and although it was classified as 

functionally deleterious, it was near the boundary between deleterious and intermediate 

function36. This variant is denoted in ClinVar as pathogenic by nine clinical laboratories, and as 

likely pathogenic by three others, with a single lab reporting it in ClinVar as a  Variant of 

Uncertain SignificanceVUS. This variant has also been evaluated in a number of other recent 

studies. Based on family histories of 12 individuals heterozygous for p.[Trp2626Cys] in a large 

clinical testing set, we estimated odds of 16:1 against pathogenicity11 and in the large 

OncoArray37 breast cancer case-control  series this variant was identified in 16/75350 cases 

and 5/52793 controls (OR=2.2 95% CI 0.8 – 7.8; p=0.1) which is consistent with the estimate 

reported here (K. Michailidou, personal communication). Taken together the available evidence 
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indicates that caution should be exercised in counseling individuals harboring this variant as a 

pathogenic BRCA2 variant until further genetic and functional studies can be performed.  

 

Limitations and Caveats 

The primary limitation inherent in our study is that families were submitted from a wide variety of 

countries and clinical centers that could vary widely with respect to ascertainment criteria, 

cascade testing, and prospective follow-up. Although in our analysis, we adjust for the 

phenotypes of all pedigree members and relied only on the genotype status of non-proband 

family members, it is possible that different practices in different centers could affect the risk 

estimates. However, the consistency of our results together with the direct comparison of 

p.[Cys61Gly] with PTCprotein truncating variant pedigrees from the GC-HBOC resource make it 

highly unlikely that systematic biases could explain our findings.  

 

A second limitation of this study is the lack of complete data on prophylactic surgery, and 

potentially differing rates of uptake across countries. In order to ensure that the observed 

differences in risk were not due to the censoring of women at BPM in some of the data sets and 

not others, we repeated analyses ignoring the BPM information. In particular we were 

concerned about the effect in the BRCA1 and BRCA2 reference sets as they were used as 

comparison to the missense PVpathogenic variants. The mean difference between age at BPM 

and current age/age at death was only 2.9 years (95% CI 1.9 – 3.9) indicating that differential 

information with regard to BPM would not alter our conclusions.  

 

Conclusions 

 

Our analyses of ~1250 informative pedigrees have demonstrated that BRCA1 missense 

PVpathogenic variants are associated with smaller increased risks of breast cancer in women 
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over age 50 when compared to variants predicted to result in complete loss of function. The risk 

reduction is less pronounced for BRCA2 in such women. We have also shown that specific 

variants are associated with particularly low risks compared to other BRCA PVpathogenic 

variants: BRCA1 p.[Cys64Arg] and BRCA2 p.[Trp2626Cys] for breast cancer and possibly 

BRCA1 p.[Ala1708Glu] for ovarian cancer. Interestingly, the histopathology of breast cancers 

from patients carrying pathogenic missense variants in BRCA1 showed similar rates of ER 

negative/triple negative status as the cancers in PTCprotein truncating patients. Future studies 

should focus on the functional basis for the reduction in relative risks for older women who 

harbor a pathogenic missense variant in BRCA1, and to a lesser extent, BRCA2.  

 

Supplemental Data  

There are two supplementary tables are associated with this article. Supplementary Table 1 

(Excel) provides detailed information on the 40 variants analyzed in this study. Supplementary 

Table 2 displays the HR estimates excluding individuals with missing age data and assumes 

individuals with missing year of birth information were born between 1960-1969.  

 

Acknowledgements  

 

The work of A.B.S. and M.T.P. was supported by the Australian National Health and Medical 

Research funding (ID1177524). 

 

EI Palmero was supported by Barretos Cancer Hospital, FINEP - CT-INFRA (02/2010) and a 

National Council of Technological and Scientific Development (CNPq) scholarship. We wish to 

thank members of the Center of Molecular Diagnosis, Oncogenetics Department and Molecular 

Oncology Research Center of Barretos Cancer Hospital for their contributions to the study. 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 22 

M.d.l.H was supported by grants from the Spanish Ministry of Science and Innovation, Plan 

Nacional de I+D+I 2013-2016, ISCIII (PI15/00059 and PI20/00110) co-funded by FEDER from 

Regional Development European Funds (European Union). 

 

A.Vega is supported by the Spanish Health Research Foundation, Instituto de Salud Carlos III 

(ISCIII) through Research Activity Intensification Program (contract grant 

numbers: INT15/00070, INT16/00154, INT17/00133, INT20/00071), and through Centro de 

Investigación Biomédica en Red de Enfermedades Raras CIBERER (ACCI 2016: 

ER17P1AC7112/2018); Autonomous Government of Galicia (Consolidation and structuring 

program: IN607B), and by the Fundación Mutua Madrileña (call 2018). 

 

We thank all participants, clinicians, family doctors, researchers, and technicians for their 

contributions and commitment to the DKFZ study and the collaborating groups in Lahore, 

Pakistan (Muhammad U. Rashid, Noor Muhammad, Sidra Gull, Seerat Bajwa, Faiz Ali Khan, 

Humaira Naeemi, Saima Faisal, Asif Loya, Mohammed Aasim Yusuf) and Bogota, Colombia 

(Diana Torres, Ignacio Briceno, Fabian Gil). 

 

I. Andrulis, M.B Terry, E. John. This work was supported by grant UM1 CA164920 from the US 

National Cancer Institute. The content of this manuscript does not necessarily reflect the views 

or policies of the National Cancer Institute or any of the collaborating centers in the Breast 

Cancer Family Registry (BCFR), nor does mention of trade names, commercial products, or 

organizations imply endorsement by the US Government or the BCFR. 

 

P. Radice is supported by funds from the Italian Association for Cancer Research (AIRC; IG no. 

22093).    

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 23 

The work of P. Peterlongo. was supported by the Italian Association for Cancer Research 

(AIRC) funding (IG-16732). 

 

B. Pasini has been supported by the DSM-UniTO Excellence Project n. D15D18000410001. 

 

The contribution of F.J.C. was supported by NIH grants R35 CA253187, R01 CA225662, R01 

CA116167, a specialized program of research excellence in breast cancer (P50 CA116201) and 

the Breast Cancer Research Foundation.  

 

S. Domchek is supported by the Breast Cancer Research Foundation.  

 

The work of A.C.A., G.L. and X.Y is supported by Cancer Research UK grants C12292/A20861 

and PPRPGM-Nov20\100002.  

 

S. Caputo  thanks the clinicians and biologists (Supplementary table 2) involved in the French 

Unicancer Genetic Group for their cooperation. We thank the many families who participated in 

the study. This work was funded by grants from the French National Cancer Institute INCa BCB 

(2013-1-BCB-01-531 ICH-1) and from the French Ligue contre le cancer 92.  

 

A.E. Toland wishes to thank Hayley Cassingham, Leigha Senter, and Kevin Sweet were 

instrumental in consenting of study participants and data collection and funding from The Ohio 

State University Comprehensive Cancer Center. 

 

Data and Code Availability 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 24 

Data requests for files used in the analysis should be made to D. Goldgar although European 

GDPR regulations may not permit pedigree data to be transferred outside the EU.  

 

Declaration of Interests 

 

F.J.C. has received consulting fees from Astrazeneca.  

A.S. has received consulting fees from Pfizer and Astra Zeneca. 
 
 

The remaining authors declare no competing interests.  

 

Ethics 

This study was covered under Amendment to Project P1051 (PI Prof. Amanda Spurdle) 

approved by the Human Research Ethics Committee at QIMR Berghofer, Brisbane Australia, 

Oct 7 2020. All patients gave consent to have their data used for research purposes and all 

studies received local Ethics Committee approvals. Data from all centers were de-identified prior 

to analysis at the coordinating center.  

 

Web Resources 

 

Brca Exchange: https://brcaexchange.org/ Accessed 2/15/2021 

Clinvar: http://www.ncbi.nlm.nih.gov/clinvar Accessed 7/15/2020. 

Pedpro:   Available at: www.bjfenglab.org. Accessed 9/21/2018. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://brcaexchange.org/
http://www.ncbi.nlm.nih.gov/clinvar
http://www.bjfenglab.org/


 25 

HCI Priors database: http://priors.hci.utah.edu/PRIORS/BRCA/viewer.php?gene=BRCA1 

accessed 2/15/2021 

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://priors.hci.utah.edu/PRIORS/BRCA/viewer.php?gene=BRCA1


 26 

Author Contributions 

Conceptualization: D.G., A.S., F.C., R.S., B.W.  

Data Curation:  A.T., P.P, P.R., T.C., L.L., E.P., A.K., H.T., P.J., B.W., C.E., M.T, T.H., E.J., 
M.B.T., M.T., I.A., S.C., C.L., H.N., J.G., M.M., M.S., A.S., A.Z., A.G., U.H., S.D., S.N., S.M., 
B.P., M.C., J.K., G.C-T., J.H., P.M., R.J., L.K., D.Y., S.B., L.V., A.V., T.S., D.E., C.VA., G.L., 
A.T., L.F. 

Formal Analysis: H.L., D.G.   

Funding Acquisition F.C., A.S.,  

Methodology: D.G., A.C., X.Y., M.P., H.L. 

Writing – original draft: D.G.  

Writing – review & editing:  All Authors 

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 27 

 

 

 

References 

1. Easton D.F., Ford D, Bishop D.T. (1995). Breast and ovarian cancer incidence in 

BRCA1-mutation carriers. Breast Cancer Linkage Consortium. Am.J Hum.Genet. 

56(1):265-271. 

2. Antoniou A.C., Pharoah P.D., Narod S., Risch H.A., Eyfjord J.E., Hopper J.L., Loman N., 

Olsson H., Johannsson O., Borg A. et al. (2003).  Average risks of breast and ovarian 

cancer associated with BRCA1 or BRCA2 mutations detected in case series unselected 

for family history: a combined analysis of 22 studies. Am.J Hum.Genet. 72(5):1117-

1130. 

3. Kuchenbaecker K.B., Hopper J.L., Barnes D.R., Phillips K.A., Mooij T.M., Roos-Blom 

M.J., Jervis S., van Leeuwen F.E., Milne R.L., Andrieu N., et al. (2017). Risks of Breast, 

Ovarian, and Contralateral Breast Cancer for BRCA1 and BRCA2 Mutation Carriers. 

JAMA, 317(23), 2402-2416. 

4. Thompson D., Easton D., Breast Cancer Linkage Consortium. (2002) Variation in 

BRCA1 cancer risks by mutation position. Cancer epidemiology, biomarkers & 

prevention 11(4):329-336. 

5. Gayther, S.A., Warren, W., Mazoyer, S., Russell, P.A., Harrington, P.A., Chiano, M., 

Seal, S., Hamoudi, R., van Rensburg, E.J., Dunning, A.M., et al. (1995). Germline 

mutations of the BRCA1 gene in breast and ovarian cancer families provide evidence for 

a genotype-phenotype correlation. Nat Genet, 11; 428-33. 

6. Rebbeck T.R., Mitra N., Wan F., Sinilnikova O.M., Healey S., McGuffog L., Mazoyer S., 

Chenevix-Trench G., Easton D.F., Antoniou A.C., et al. (2015). Association of type and 

location of BRCA1 and BRCA2 mutations with risk of breast and ovarian cancer. JAMA 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 28 

313(13):1347-61. doi:10.1001/jama.2014.5985. Erratum in: JAMA 314(6):628. PubMed 

PMID: 25849179; PubMed Central PMCID: PMC4537700. 

7. Spurdle A.B., Healey S., Devereau A., Hogervorst F.B., Monteiro A.N., Nathanson K.L., 

Radice P., Stoppa-Lyonnet D., Tavtigian S., Wappenschmidt B., et al. (2012). ENIGMA--

evidence-based network for the interpretation of germline mutant alleles: an international 

initiative to evaluate risk and clinical significance associated with sequence variation in 

BRCA1 and BRCA2 genes. Hum Mutat. 33(1):2-7. doi: 10.1002/humu.21628. PubMed 

PMID: 21990146; PubMed Central PMCID: PMC3240687. 

8. Goldgar D.E., Easton D.F., Deffenbaugh A.M., Monteiro A.N., Tavtigian S.V., Couch FJ 

(2004). Integrated evaluation of DNA sequence variants of unknown clinical significance: 

application to BRCA1 and BRCA2. Am J Hum Genet, 75(4), 535-44. 

9. Thompson D., Easton D.F., Goldgar D.E. (2003). A full-likelihood method for the 

evaluation of causality of sequence variants from family data. Am J Hum Genet 

73(3):652-5. PubMed PMID: 12900794; PubMed Central PMCID: PMC1180690. 

10. Easton D.F., Deffenbaugh A.M., Pruss D., Frye C., Wenstrup R.J., Allen-Brady K., 

Tavtigian S.V., Monteiro A.N., Iversen E.S., Couch F.J., et al.  (2007). A systematic 

genetic assessment of 1,433 sequence variants of unknown clinical significance in the 

BRCA1 and BRCA2 breast cancer-predisposition genes. Am J Hum Genet. 81(5):873-

83. PubMed PMID: 17924331; PubMed Central PMCID: PMC2265654 

11. Li H., LaDuca H., Pesaran T., Chao E.C., Dolinsky J.S., Parsons M., Spurdle A.B., 

Polley E.C., Shimelis H., Hart S.N. et al. (2020) Classification of variants of uncertain 

significance in BRCA1 and BRCA2 using personal and family history of cancer from 

individuals in a large hereditary cancer multigene panel testing cohort. Genet Med. 

22(4):701-708.doi: 10.1038/s41436-019-0729-1; PubMed PMID: 31853058. 

12. Spurdle A.B., Couch F.J., Parsons M.T., McGuffog L., Barrowdale D., Bolla M.K., Wang 

Q., Healey S., Schmutzler R., Wappenschmidt B., et al. (2014). Refined 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 29 

histopathological predictors of BRCA1 and BRCA2 mutation status: a large-scale 

analysis of breast cancer characteristics from the BCAC, CIMBA, and ENIGMA 

consortia. Breast Cancer Res. 16(6):3419 PubMed PMID: 25857409; PubMed Central 

PMCID: PMC4352262. 

13. Parsons M.T., Tudini E., Li H., Hahnen E., Wappenschmidt B., Feliubadaló L., Aalfs 

CM., Agata S., Aittomäki K., Alducci E., et al. (2019). Large scale multifactorial likelihood 

quantitative analysis of BRCA1 and BRCA2 variants: An ENIGMA resource to support 

clinical variant classification. Hum Mutat. 40(9):1557-1578. doi: 10.1002/humu.23818. 

PubMed PMID: 31131967; PubMedCentral PMCID: PMC6772163. 

14. Spurdle A.B., Whiley P.J., Thompson B., Feng B., Healey S., Brown M.A., Pettigrew C.; 

kConFab, Van Asperen C.J., Ausems M.G., Kattentidt-Mouravieva A.A., et al. (2012). 

BRCA1 R1699Q variant displaying ambiguous functional abrogation confers 

intermediate breast and ovarian cancer risk. J Med Genet. 49(8):525-32. PubMed PMID: 

22889855; PubMed Central PMCID: PMC3810416. 

15. Moghadasi S., Meeks H.D., Vreeswijk M.P., Janssen L.A., Borg Å,. Ehrencrona H., 

Paulsson-Karlsson Y., Wappenschmidt B., Engel C., Gehrig A,. et al. (2018). The 

BRCA1 c. 5096G>A p.Arg1699Gln (R1699Q) intermediate risk variant: breast and 

ovarian cancer risk estimation and recommendations for clinical management from the 

ENIGMA consortium. J Med Genet. 55(1):15-20. doi: 10.1136/jmedgenet-2017-104560. 

Epub 2017 May 10. PubMed PMID: 28490613. 

16. Shimelis H., Mesman R.L.S., Von Nicolai C., Ehlen A., Guidugli L., Martin C., Calléja 

F.M.G.R., Meeks H., Hallberg E., Hinton J., et al.  (2017) BRCA2 Hypomorphic 

Missense Variants Confer Moderate Risks of Breast Cancer. Cancer Res 77(11):2789-

2799. doi: 10.1158/0008-5472.CAN-16-2568. Epub 2017 Mar 10. PubMed PMID: 

28283652; PubMed Central PMCID: PMC5508554 

17. www.ncbi.nlm.nih.gov/clinvar Accessed 7/15/2018. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://www.ncbi.nlm.nih.gov/clinvar


 30 

18. Cline M.S., Liao R.G., Parsons M.T., Paten B., Alquaddoomi F., Antoniou A.C., Baxter 

S., Brody L., Cook-Deegan R., Coffin A., et al. (2018) BRCA Challenge: BRCA 

Exchange as a global resource for variants in BRCA1 and BRCA2. PLoS Genet. 

14(12):e1007752. PubMed PMID: 30586411; PubMed Central PMCID: PMC6324924. 

19. Chenevix-Trench G., Milne R.L., Antoniou A.C., Couch F.J., Easton D.F., Goldgar D.E,, 

CIMBA (2007) An international initiative to identify genetic modifiers of cancer risk in 

BRCA1 and BRCA2 mutation carriers: the Consortium of Investigators of Modifiers of 

BRCA1 and BRCA2 (CIMBA). Breast Cancer Res;9(2):104. PubMed PMID: 17466083; 

PubMed Central PMCID: PMC1868919. 

20. Tavtigian S.V., Byrnes G.B., Goldgar D.E., Thomas A. (2008). Classification of 

rare missense substitutions, using risk surfaces, with genetic- and molecular-

epidemiology applications. Hum Mutat 29(11):1342-54. 

21. Vallee M.P., Di Sera T.L., Nix D.A., Paquette A.M., Parsons M.T., Bell R., 

Hoffman A., Hogervorst F.B., Goldgar D.E., Spurdle A.B. et al. (2016). Adding In 

Silico Assessment of Potential Splice Aberration to the Integrated Evaluation of 

BRCA Gene Unclassified Variants. Hum Mutat 37(7):627-39. 

22. Richardson M.E., Hu C., Lee K.Y., LaDuca H., Fulk K., Durda K.M., Deckman A.M., 

Goldgar D.E., Monteiro A.N.A., Gnanaolivu R, et al. (2021). Strong functional data for 

pathogenicity or neutrality classify BRCA2 DNA-binding-domain variants of uncertain 

significance. Am J Hum Genet. 2021 Mar 4;108(3):458-468. doi: 

10.1016/j.ajhg.2021.02.005. Epub 2021 Feb 19. PMID: 33609447 

23. Woods N.T., Baskin R., Golubeva V., Jhuraney A., De-Gregoriis G., Vaclova T., Goldgar 

D.E., Couch F.J., Carvalho M.A., Iversen E.S., Monteiro A.N. (2016) Functional assays 

provide a robust tool for the clinical annotation of genetic variants of uncertain 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 31 

significance. NPJ Genom Med. 2016;1:16001-. doi: 10.1038/npjgenmed.2016.1. Epub 

2016 Mar 2.PMID: 28781887  

24. Findlay G.M., Daza R.M., Martin B., Zhang M.D., Leith A.P., Gasperini M., Janizek J.D., 

Huang X., Starita L. M., Shendure J. (2018). Accurate classification of BRCA1 variants 

with saturation genome editing. Nature 562(7726): 217-222. 

25. Walker L.C., Whiley P.J., Couch F.J., Farrugia D.J., Healey S., Eccles D.M., Lin F., 

Butler S.A., Goff S.A., Thompson B.A., et al. (2010). Detection of splicing aberrations 

caused by BRCA1 and BRCA2 sequence variants encoding missense substitutions: 

implications for prediction of pathogenicity.  Hum Mutat. Jun;31(6):E1484-505. 

PMID: 20513136 

26. Fraile-Bethencourt E., Valenzuela-Palomo A., Díez-Gómez B., Caloca M.J., Gómez-

Barrero S., Velasco E.A.. (2019) Minigene Splicing Assays Identify 12 Spliceogenic 

Variants of BRCA2 Exons 14 and 15. Front Genet.;10:503. PMID: 31191615  

27. Caleca L, Putignano A.L., Colombo M, Congregati C., Sarkar M, Magliery T.J., 

Ripamonti C.B., Foglia C., Peissel B., Zaffaroni D., Manoukian S., Tondini C., Barile M, 

Pensotti V., Bernard L, Papi L, Radice P. (2014) Characterization of an Italian founder 

mutation in the RING-finger domain of BRCA1. PLoS One. 2014 Feb 

6;9(2):e86924. PMID: 24516540. 

28. Anagnostopoulos T., Pertesi M., Konstantopoulou I., Armaou S., Kamakari S., Nasioulas 

G., Athanasiou A., Dobrovic A., Young MA., Goldgar D., et al. (2008) G1738R is a 

BRCA1 founder mutation in Greek breast/ovarian cancer  patients: evaluation of its 

pathogenicity and inferences on its genealogical history. Breast Cancer Res Treat. 

110(2):377-85 PubMed PMID: 17902052. 

29. PedPro.  Available at: www.bjfenglab.org. Accessed 21 September, 2018. 

30. Lange K., Weeks D., Boehnke M. (1988) Programs for Pedigree Analysis: MENDEL, 

FISHER, and dGENE. Genet Epidemiol. 5(6):471-472. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://www.bjfenglab.org/


 32 

31. Yang X., Leslie G., Doroszuk A., Schneider S., Allen J., Decker B., Dunning A.M., 

Redman J., Scarth J., Plaskocinska I., et al. (2020). Cancer Risks Associated With 

Germline PALB2 Pathogenic Variants: An International Study of 524 Families. J Clin 

Oncol. 38(7):674-685. PubMed PMID: 31841383; PubMed Central PMCID: 

PMC7049229. 

32. Forman D., Bray F., Brewster D.H., Gombe-Mbalawa C., Kohler B., Piñeros M., 

Steliarova- Foucher E., Swaminathan R., Ferlay J., editors. Cancer Incidence in Five 

Continents, Vol. X. IARC Scientific Publication No. 164. Lyon: International Agency for 

Research on Cancer; 2014. http://www.iarc.fr/en/publications/pdfs-online/epi/sp164/. 

Accessed July 22, 2019. 

33. Barnes D.R., Rookus M.A., McGuffog L., Leslie G., Mooij T.M., Dennis J., Mavaddat N., 

Adlard J., Ahmed M., Aittomäki K. et al. Polygenic risk scores and breast and epithelial 

ovarian cancer risks for carriers of BRCA1 and BRCA2 pathogenic variants (2020). 

Genet Med. (10):1653-1666. PMID: 32665703; PMCID: PMC7521995. 

34. Terry M.B., Liao Y., Kast K., Antoniou A.C., McDonald J.A., Mooij T.M., Engel C., 

Nogues C., Buecher B., Mari V., Moretta-Serra J., et al. The Influence of Number and 

Timing of Pregnancies on Breast Cancer Risk for Women With BRCA1or BRCA2 

Mutations (2019). JNCI Cancer Spectr. 2(4) PMID: 30873510; PMCID: PMC6405439. 

35. Antoniou A.C., Cunningham A.P., Peto J., Evans D.G., Lalloo F., Narod S.A., Risch 

H.A., Eyfjord J.E., Hopper J.L., Southey M.C. et al. (2008). The BOADICEA model of 

genetic susceptibility to breast and ovarian cancers: updates and extensions. Br J 

Cancer 98(8):1457-66. 

36. Guidugli L., Carreira A., Caputo S.M., Ehlen A., Galli A., Monteiro A.N., Neuhausen S.L., 

Hansen T.V., Couch F.J., Vreeswijk M.P. (2014). Functional assays for analysis of 

variants of uncertain significance in BRCA2. Hum Mutat 35(2):151-64.  

37. Amos C.I., Dennis J., Wang Z., Byun J., Schumacher F.R., Gayther S.A., Casey G., 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 33 

Hunter D.J., Sellers T.A., Gruber S.B., et al. (2017). The OncoArray Consortium: A 

Network for Understanding the Genetic Architecture of Common Cancers. Cancer 

Epidemiol Biomarkers Prev, 26(1), 126-135. 

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 34 

Table 1. Description of variants and families included in the risk estimation analyses. Index cases are excluded from 

tabulations.  

 

Variant/Group  Informative 

Families 

Breast Cancer Ovarian Cancer 

Heterozy

gous 

Wild-Type Unknown Heterzyg

ous 

Wild-Type Unknown 

BRCA1        

GC-HBOC BRCA1 PTC 324 85 7 495 22 2 125 

RING Domain        

c.181T>G,p.[Cys61Gly] 316 114 14 490 20 0 87 

c.190T>C; p.[Cys64Arg] 55 14 10 116 4 0 33 

Other RING Domain1 34 13 3 55 7 0 23 

All RING Domain 405 141 27 662 31 0 143 

   GC-HBOC c.181T>G, 

p.[Cys61Gly] 

277 81 9 422 9 0 73 

BRCT Domain        

c.5095C>T, p.[Arg1699Trp] 43 11 2 45 13 0 36 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 35 

c.5123C>A, p.[Ala1708Glu] 56 17 0 84 3 1 19 

c.5212G>A,, p.[Gly1738Arg] 36 25 2 39 12 0 9 

Other BRCT Domain2 42 21 6 59 10 0 14 

 All BRCT Domain 177 74 10 227 38 1 78 

All BRCA1 Missense 582 215 37 889 69 1 221 

BRCA2         

GCHBOC BRCA2 PTC 214 48 9 376 5 0 38 

DNA Binding Domain        

c.7878G>C, p.[Trp2626Cys] 34 3 0 44 0 1 9 

c.8167G>C, p.[Asp2723His] 33 18 3 66 2 0 12 

c.9154C>T, p.[Arg3052Trp] 20 9 2 39 0 0 8 

Other B2 DBD3 66 19 6 121 6 1 18 

 All DBD Missense 153 49 11 270 8 2 47 
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1 c.53T>C, p.[Met18Thr]; c.65T>C, p.[Leu22Ser]; c.110C>A, p.[Thr37Lys]; c.115T>C, p.[Cys39Arg]; c.116G>A, p.[Cys39Tyr]; 

c.130T>A, p.[Cys44Ser]; c.131G>T, p.[Cys44Phe]; c.190T>G, p.[Cys64Gly]; c.191G>A, p.[Cys64Tyr] 

 

2 c.5053A>G, p.[Thr1685Ala]; c.5054C>T, p.[Thr1685Ile]; c.5089T>C, p.[Cys1697Arg]; c.5117G>A, p.[Gly1706Glu); c.5143A>C, 

p.[Ser1715Arg]; c.5213G>A, p.[Gly1738Glu]; c.5216A>T, p.[Asp1739Val]; c.5291T>C, p.[Leu1764Pro]; c.5297T>G, p.[Ile1766Ser]; 

c.5309G>T, p.[Gly1770Val]; c.5324T>A, p.[Met1775Lys]; c.5324T>G, (p.Met1775Arg]; c.5363G>T, p.[Gly1788Val]; c.5513T>A, 

p.[Val1838Glu] 

 

3   c.7879A>T, p.[Ile2627Phe]; c.7940T>C, p.[Leu2647Pro]; c.7958T>C, p.[Leu2653Pro]; c.7988A>T p.[Glu2663Val]; c.8165C>G, 

p.[Thr2722Arg]; c.8168G>A, p.[Asp2723Gly]; c.8243G>A, p.[Gly2748Asp]; c.9004G>A, p.[Glu3002Lys]; c.9227G>A, p.[Gly3076Glu]
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Table 2. Hazard Ratio (HR) estimates by variant/group of variants.   

 

Variant/Variant Group  Breast Cancer 

Dx<50 

Breast Cancer 

Dx≥50 

Ovarian Cancer 

HR (95% CI) 𝐇𝐑 (𝟗𝟓% 𝐂𝐈) HR (95% CI) 

BRCA1    

GC-HBOC BRCA1 PTC 17.0 (9.4, 30.5) 12.8 (5.7, 28.7) 27.1 (8.6, 85.2) 

RING Domain    

p.[Cys61Gly] 14.6 (8.8, 24.3) 7.6 (3.6, 16.4) 41.2 (19.0, 89.3) 

p.[Cys64Arg] 3.7 (1.4, 9.5)* 4.1 (0.9, 18.3) 99.9 (37.8, 264) 

Other RING Domain 12.0 (3.2., 37.4) 2.9 (0.5, 17.0) 23.9 (4.6, 119) 

 All RING Domain 11.5 (7.2, 18.3) 5.8 (3.0, 11.3) 41.0 (20.9, 80.4) 

 GC-HBOC p.[Cys61Gly] 15.3 (8.3, 28.2) 3.7 (1.5, 9.4)* 27.1 (7.2, 102.8) 

 BRCT Domain    

p.[Arg1699Trp] 10.4 (2.7,39.4) 2.0 (0.2, 21.8) 31.5 (5.1, 195) 

p.[Ala1708Glu] 12.1 (4.3, 34.0) 4.9 (1.3, 18.3) 5.2 (0.8, 33.8) 

p.[Gly1738Arg] 22.8 (9.2, 56.9) 3.6 (1.4, 8.9) 14.7 (3.8, 57.8) 

Other BRCT Domain 15.0 (6.0, 37.5) 2.1 (0.7, 6.2)** 18.8 (6.3, 56.2) 

 All BRCT Domain 14.8 (8.7, 25.1) 2.8 (1.4, 5.6)** 15.2 (7.6, 30.4) 

All BRCA1 Missense 13.1 (9.2, 18.9) 3.9 (2.4, 6.2)** 21.7 (12.4, 38.0) 

BRCA2    

GC-HBOC BRCA2 PTC 10.4 (5.9, 19.8) 7.0 (3.3, 14.7) 13.1 (3.7, 45.6) 

DNA Binding Domain     

p.[Trp2626Cys] 5.0 (0.3 92.0) 1.7 (0.4, 6.9) 2.1 (0.1, 32.8) 
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p.[Asp2723His] 8.5 (2.5, 28.7) 5.2 (1.5, 18.6) 15.0 (2.1, 109) 

p.[Arg3052Trp] 8.1 (0.9, 73.3) 3.5 (0.4, 30.0) 4.1 (0.3, 115) 

Other DBD 9.5 (3.8, 23.7) 5.3 (2.1, 13.2) 5.6 (1.4, 21.8) 

 All DBD 8.3 (2.2, 30.8) 3.9 (2.0, 7.2) 5.5 (2.0, 14.8) 

 

* p<0.05; ** p<0.01 for test of parameter vs. corresponding parameter for LOF variants.   
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Table 3. Theoretical Cumulative Risks for selected groups of variants based on HR estimates and UK 

incidence rates (1960-1969).  

 

Variant Group Breast Cancer 

 

Ovarian Cancer 

 Risk to Age 50 (95% CI) Risk to Age 70 (95% CI) Risk to Age 70 (95% CI) 

GC-HBOC BRCA1 PTC 0.33 (0.20,0.51) 0.70 (0.51,0.89) 0.28 (0.09,0.61) 

All RING Domain 0.21 (0.14,0.31) 0.46 (0.33,0.61) 0.36 (0.20,0.58) 

All BRCT Domain 0.30 (0.18, 0.44) 0.39 (0.27,0.54) 0.16 (0.08,0.28) 

   All BRCA1 Missense 0.24 (0.17, 0.32) 0.40 (0.32, 0.49) 0.21 (0.12, 0.33) 

GC-HBOC BRCA2 PTC 0.22 (0.12,0.37) 0.51 (0.34,0.69) 0.15 (0.04,0.39) 

All DBD 0.18 (0.09,0.31) 0.36 (0.24,0.51) 0.065 (0.02,0.15) 
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Table 4. ER status in tumors of BRCA1 PVpathogenic variant heterozygotes.. 

 

Variant/Group Number of 

Tumors 

Number ER 

Positive 

(%) 

Number ER 

Negative 

(%) 

GCHBOC BRCA1 PTC 210 59 (28) 151 (72) 

    

p.[Cys61Gly] 216 55 (25) 161 (75) 

p.[Cys64Arg] 21 4 (19)  17 (81) 

Other RING Domain1  11 2 (18) 9 (82) 

p.[Arg1699Trp] 26 8 (31) 18 (69) 

p.[Ala1708Glu] 29 14 (48) 15 (52) 

p.[Gly1738Arg] 33 9 (27) 24 (73) 

Other BRCT Domain 23 6(26) 17 (74) 

All BRCA1 Missense 359 98 (27) 261 (73) 
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Supplementary Table 2. Hazard Ratio (HR) estimates by variant/group of variants assuming birth 

cohort rates from 1960-1969 for individuals missing year of birth.  

 

Variant/Variant Group  Breast Cancer 

Dx<50 

Breast Cancer 

Dx≥50 

Ovarian Cancer 

HR (95% CI) 𝐇𝐑 (𝟗𝟓% 𝐂𝐈) HR (95% CI) 

BRCA1    

GC-HBOC BRCA1 PTC 16.4 (9.2, 29.4) 12.1 (5.3, 27.4) 26.3 (9.1, 75.8) 

RING Domain    

 GC-HBOC p.[Cys61Gly] 15.3 (8.6, 27.3) 3.6 (1.4, 9.2) 27.1 (7.7, 96.0) 

 All p.[Cys61Gly] 15.2 (9.2, 25.1) 8.1 (3.8, 17.3) 42.5 (18.9, 95.7) 

p.[Cys64Arg] 3.2 (1.3, 7.9)* 2.1 (0.5, 8.6) 11.9 (1.3, 111) 

Other RING Domain 7.9 (2.6, 24.0) 4.8 (1.1, 22.1) 23.7 (5.9, 95.8) 

 All RING Domain 10.9 (6.8, 17.5) 5.4 (2.7, 10.8) 36.2 (16.5, 79.8) 

 GC-HBOC p.[Cys61Gly] 15.3 (8.6, 27.3) 3.6 (1.4, 9.2) 27.1 (7.7, 96.0) 

 BRCT Domain    

p.[Arg1699Trp] 10.7 (2.6,43.5) 2.3 (0.2, 28.9) 29.5 (5.9, 147) 

p.[Ala1708Glu] 14.9 (5.0, 44.7) 6.5 (1.8, 23.7) 4.5 (0.8, 25.6) 

p.[Gly1738Arg] 26.5 (11.9, 59.1) 4.1 (1.2, 13.6) 16.0 (3.6, 71.1) 

Other BRCT Domain 17.1 (6.4, 45.5) 2.2 (0.7, 6.7)* 17.0 (5.0, 57.8) 

 All BRCT Domain 17.3 (10.1, 29.6) 3.2 (1.6, 6.5)* 16.3 (7.7, 34.6) 

BRCA2    

GC-HBOC BRCA2 PTC 9.9 (5.2, 18.8) 7.4 (3.5, 15.6) 13.5 (3.9, 46.1) 

DNA Binding Domain     

p.[Trp2626Cys] 3.4 (0.1 89.4) 1.8 (0.4, 8.0) 2.3 (0.2, 35.7) 
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p.[Asp2723His] 8.8 (2.4, 32.4) 3.2 (0.7, 14.6) 17.1 (2.0, 150) 

p.[Arg3052Trp] 7.3 (0.8, 68.3) 3.8 (0.4, 37.5) 3.2 (0.2, 62.0) 

Other DBD 17.2 (5.8, 51.1) 8.6 (2.9, 25.5) 9.6 (2.0, 46.5) 

All Binding Domain 9.9 (4.9, 20.4) 3.9 (2.3, 19.9) 6.7 (2.0, 46.5) 

 

 

 

 



Supplementary Statistical Methods 

Statistical Methods 

 Ascertainment adjustment 

 We adjusted for ascertainment for each family separately by employing an assumption-

free approach1-3. We divided the data for each family into two parts depending on 

whether the data could be relevant to the ascertainment (F1) or not (F2). The conditional 

likelihood L=Pr(F1, F2)/Pr(F1) was then maximized, where Pr(F1, F2) is the probability 

of the observed data in the entire pedigree and Pr(F1) is the probability of the observed 

data in the component relevant to the ascertainment. F1 and F2 may include both 

phenotypes and genotypes. For families ascertained through multiple affected family 

members, F1 included the genotype of the proband and phenotypes of all the family 

members that led to the ascertainment, which in our case were all pedigree members. 

F2 consist of all pedigree phenotype and genotype data. Non-informative families, in 

which no additional information beyond the data relevant to the ascertainment was 

available (i.e. those with no additional individuals tested for the variant other than the 

proband), were excluded from the analysis. 

 

 

Genetic models fitted 

 The primary objective was to estimate the cancer-specific hazard ratios risks (HR) for 

BRCA1 and BRCA2 pathogenic missense variant heterozygoyes  relative to the 

population incidences (for breast and ovarian), and compare these to the parallel 

estimates obtained for protein-truncating variant heterozygotes. Pedigree likelihoods 

were constructed and maximized using the pedigree analysis software Mendel version 

Supplementary  Methods



3.34. In these analyses the models were parameterized in terms of the HR defined as: 

HR (t, k) = 𝑖 BRCA+(𝑡, 𝑘) / 𝑖𝑝𝑜𝑝(𝑡, 𝑘) where ipop(t, k) denotes the population incidence at age t 

for cohort k and iBRCA+(t, k) denotes the cancer incidence for the BRCA pathogenic 

variant heterozygotes at age t born in cohort k. The cancer incidence for individual i at 

age t was assumed to be birth cohort specific, and to depend on the underlying genetic 

effects though a model of the form 𝜆𝑖 (𝑡, 𝑘) = 𝜆0 (𝑡, 𝑘) exp ((𝑡, 𝑘)𝐺𝑖 ), where 𝜆0 (𝑡, k) is the 

baseline incidence at age t for cohort k, (𝑡, 𝑘) represents the log-HR associated with the 

BRCA pathogenic variant at age t for cohort k, Gi is an indictor variable taking values 1 

for BRCA pathogenic variant heterozygotes and 0 for individuals wild-type for the 

variant. In all models the BRCA pathogenic variant frequency was assumed to be 0.05% 

(0.0005). However, since all the analyses involved conditioning on the genotype of the 

proband in each family in order to adjust for ascertainment, the exact value of the 

assumed variant frequency has little impact on the estimated HR5. Each female was 

assumed to be at risk of developing breast or ovarian cancer. The probability of 

developing each individual cancer was assumed to be independent of the probability of 

developing any of the other cancers, conditional on the underlying genotype. Follow-up 

after the first cancer diagnosis was not considered within each of these groups the HR 

was assumed to be constant within the interval. For breast cancer in the main analysis, 

we estimated the HR in two age groups: under age 50 and ages 50-80. For ovarian 

cancer due to limited computational/statistical power we assumed a constant relative risk 

to age 80. We fitted the above models using calendar- and cohort-specific population 

cancer for the UK. The reported incidences are reported in five-year age intervals. To 

avoid large variations in the incidences between adjacent age intervals, we smoothed 

the incidences using the locally weighted regression LOWESS approach.6 and derived 

eight cohort-specific incidences by assuming each individual was born at the midpoint of 



each assumed cohort period (1915 for the first cohort and 1985 for the last cohort). The 

overall cancer incidences over all assumed genetic effects in the models were 

constrained to agree with the population age-specific incidences7.  

Nested models were compared using the likelihood ratio test (LRT), and individual 

parameters were compared using a simple Z-test based on the estimates and their 

standard errors. All statistical tests were two sided.  
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