
  UTILIZATION OF MUTATION CO-OCCURRENCE (MCO) ANALYSIS AS 
EVIDENCE FOR BENIGN AND LIKELY BENIGN VARIANT CLASSIFICATION

Bradford Coffee, PhD1; Dmitry Pruss, PhD;2 Brian Morris, BS2; Elisha Hughes, PhD2; Richard Wenstrup, MD1; Benjamin B. Roa, PhD1; Karla R. Bowles, PhD1

 1) Myriad Genetic Laboratories, Inc., Salt Lake City, UT      2) Myriad Genetics, Inc., Salt Lake City, UT

BACKGROUND
 � Previous studies have shown that the co-occurrence of a novel variant in the same 

gene as a pathogenic/likely pathogenic variant in patients with a dominant disorder 
can  be used as evidence that the novel variant is benign (Tavtigian SV, et al. J Med 
Genet. 2006, 43: 295-305).

 � For genes where loss of function from both alleles is either embryonic lethal or 
results in a clearly identifiable phenotype, the observation of a variant in trans with a 
pathogenic variant in a single, unaffected individual is clear evidence that the novel 
variant is benign (for more information, see Fernandes Poster #149). 

 � Co-occurrence can be used as evidence for a variant being benign without 
knowledge of its phase relative to the pathogenic variant (i.e. in cis or in trans). 
However, not all co-occurrences are statistically significant, especially in cases  
where the co-occurring pathogenic mutation has a high prevalence within the  
tested population. 

 � We developed the mutation co-occurrence (MCO) algorithm to evaluate the 
statistical significance of variant co-occurrences with pathogenic mutations in the 
same gene or in a gene that causes the same syndrome in order to accurately 
reclassify variants as benign.

METHODS
MCO DEVELOPMENT

 � Each co-occurrence has a value of 1 and the MCO score for a variant is the sum of  the 
number of unique co-occurrences with pathogenic/likely pathogenic variants in the 
same gene or in a gene that causes the same syndrome. 

 � MCO variant classification is based on a comparison of the variant-specific MCO score 
with that of 100,000 composite positive and negative control variants, which were 
constructed from probands known to carry a pathogenic mutation within the same 
gene as the variant (positive controls) or probands in whom no pathogenic or uncertain 
variants (VUS) were identified (negative controls). Controls are matched to variant-
specific probands based on ancestry and time of testing.

 � A variant is classified as benign if its MCO score is greater than:

 — The 99.95th percentile of the empirical cumulative distribution function (ECDF) of 
MCO scores of composite positive control variants AND the 5th percentile of the 
ECDF of MCO scores of composite negative control variants.

MCO TESTING

 � The use of MCO to classify variants as benign/likely benign was assessed using >8,000 
variants previously classified by our laboratory using independent methods and 
>60,000 simulated variants (Table 1). 

 � Variants were in the APC (familial adenomatous polyposis), BRCA1 and BRCA2 
(hereditary breast and ovarian cancer syndrome), and MLH1, MSH2 and MSH6 genes 
(Lynch syndrome), which had sufficient available data. 

RESULTS
 � The MCO algorithm was developed through analysis of empirical data from >400,000 

clinically tested probands. 

 � For each of the 6 genes, the negative predictive value of MCO for both the true variants 
and the simulated variants was greater than 99.9% (Table 1). 

 � Analysis of representative variants (Figure 1) illustrates the clinical utility of MCO analysis.  
These variants had insufficient data, in the absence of MCO analysis, to determine that 
they were clinically benign/likely benign. The addition of MCO analysis made possible 
their reclassification.
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CONCLUSIONS
 � MCO analysis is a powerful statistical algorithm that can be used for the reclassification 

of VUS to benign or likely benign variant categories based on co-occurrence with a 
pathogenic mutation in the same gene or in a gene that causes the same syndrome.

 � Rigorous testing of MCO demonstrates that it is highly accurate with NPV >99.9% for all 
genes tested.

 � The use of MCO to reclassify variants provides clinicians and patients with more 
definitive variant interpretations, allowing for better patient management.

Table 1. Testing of MCO using Clinical and Simulated Variants.
 Negative predictive values (NPV) are adjusted for mutation prevalence.  

Gene Classification

Clinical Variants Simulated Variants
Number of 

variants tested  
x 100 trials

MCO call 
benign NPV

Number of 
variants tested

MCO call 
benign NPV

APC
Pathogenic 92,500 0 

100%
55,000 37

100%
Benign 44,400 3,274 15,000 14,356

BRCA1
Pathogenic 179,500 32 

99.96%
55,000 23

99.99%
Benign 160,000 12,811 15,000 12,607

BRCA2
Pathogenic 240,000 1

100%
50,000 250

99.96%
Benign 257,000 16,664 15,000 13,064

MLH1
Pathogenic 59,600 0 

100%
55,000 13

99.99%
Benign 26,600 2,206 15,000 12,548

MSH2
Pathogenic 57,100 0 

100%
55,000 78

99.97%
Benign 35,500 3,116 15,000 14,670

MSH6
Pathogenic 37,400 0 

100%
55,000 6

100%
Benign 57,800 4,212 15,000 14.037

Figure 1. Examples of MCO Classifications of Rare Variants.
The MCO score for each variant (blue line) is shown relative to the ECDF of MCO scores of composite 
positive (red curve) and negative (green curve) control variants. The positive 99.95th (red) and negative 5th 
(green) percentile lines are indicated.

•Co-occurred with 9 
pathogenic variants

•Present in 9/118,118 
alleles in the ExAc
database 

BRCA1 c.199G>T (p.Asp67Tyr): Benign

•Co-occurred with 4 
pathogenic variants

•Present in 3/120,836  
alleles in the ExAc
database 

BRCA2 c.6125A>G (p.Gln2042Arg):  Benign

•Co-occurred with 3 
pathogenic variants

•Present in 5/121,394 
alleles in the ExAc
database

APC c.317G>A (p.Arg106His): Likely Benign

•Co-occurred with 2 
pathogenic variants

•Present in 3/121,388 
alleles in the ExAc
database 

MLH1 c.1876T>C (p.Phe626Leu): Likely Benign
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