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PURPOSE Hereditary cancer genetic testing can inform personalized medical management for individuals at
increased cancer risk. However, many variants in cancer predisposition genes are individually rare, and tra-
ditional tools may be insufficient to evaluate pathogenicity. This analysis presents data on variant classification
and reclassification over a 20-year period.

PATIENTS AND METHODS This is a retrospective analysis of > 1.9 million individuals who received hereditary
cancer genetic testing from a single clinical laboratory (March 1997 to December 2017). Variant classification
included review of evidence from traditional tools (eg, population frequency databases, literature) and
laboratory-developed tools (eg, novel statistical methods, in-house RNA analysis) by a multidisciplinary expert
committee. Variants may have been reclassified more than once and with more than one line of evidence.

RESULTS In this time period, 62,842 unique variants were observed across 25 cancer predisposition genes, and
2,976 variants were reclassified. Overall, 82.1% of reclassification events were downgrades (eg, variant of
uncertain significance [VUS] to benign), and 17.9% were upgrades (eg, VUS to pathogenic). Among reclassified
variants, 82.8% were initially classified as VUS, and 47.5% were identified in < 20 individuals (allele frequency
< 0.001%). Laboratory-developed tools were used in 72.3% of variant reclassification events, which affected >
600,000 individuals. More than 1.3 million patients were identified as carrying a variant that was reclassified
within this 20-year time period.

CONCLUSION The variant classification program used by the laboratory evaluated here enabled the reclassi-
fication of variants that were individually rare. Laboratory-developed tools were a key component of this program
and were used in the majority of reclassifications. This demonstrates the importance of using robust and novel
tools to reclassify rare variants to appropriately inform personalized medical management.

JCO Precis Oncol 4:944-954. © 2020 by American Society of Clinical Oncology
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INTRODUCTION

As our knowledge of hereditary cancer risk has
evolved, multigene panel testing of cancer pre-
disposition genes has become an important compo-
nent of patient care. The National Comprehensive
Cancer Network provides gene-specific recommen-
dations for changes in medical management on the
basis of the identification of pathogenic variants.! To
this end, accurate and definitive variant classification
is a critical component of clinical genetic testing. The
American College of Medical Genetics and Genomics
(ACMG) and the Association for Molecular Pathology
(AMP) provide guidelines for clinical variant classification?;
however, there is often insufficient evidence to support
a definitive classification of pathogenic or benign when
a variant is first detected. In addition, ACMG/AMP
guidelines are intentionally broad to support variant
classification for any genetic condition. As a result,

clinical testing laboratories may vary in their in-
terpretation of ACMG/AMP guidelines for hereditary
cancer genetic testing and, ultimately, in their variant
classifications.>®

With the increased use of multigene panels, the
number of variants of uncertain significance (VUSs)
detected has also increased.”® In addition to a larger
number of genes, many cancer predisposition genes
have been more recently incorporated into clinical
testing, and there is less evidence available to support
variant classification. This growing number of VUSs
presents a challenge for classification/reclassification
because most VUSs are individually rare. Although
ACMG/AMP guidelines for variant classification in-
clude a variety of methods, many of these tools are of
limited value for rare variants. Some variants can be
classified after a single observation on the basis of
ACMG/AMP guidelines when there is a clear and
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Evolution of Cancer Gene Variant Reclassification

CONTEXT

Key Objective

With the increasing use of hereditary cancer genetic testing and introduction of multigene panels, robust and accurate
methods for variant re/classification of cancer predisposition genes are of utmost importance. We reviewed a variant re/
classification program developed by a single laboratory over 20 years, with data from nearly 2 million patients.

Knowledge Generated

A total of 2,976 unique variants were reclassified during this time period, the majority of which were initially classified as
a variant of uncertain significance and were individually rare (allele frequency < 0.01%). Laboratory-developed methods
were the most common lines of evidence used in variant reclassification, with Pheno analysis (a clinical history weighting
algorithm) being used in approximately 40% of cases.

Relevance

Many tools traditionally used for variant re/classification are not informative for rare variants; however, rare variants collectively
affect millions of patients. As such, it is critical that classification programs evolve to address knowledge gaps and provide
informative test results for patients at increased cancer risk.

severe biologic implication; however, most rare variants
suffer from a lack of classification tools and methodologies.
For example, there is often a lack of data in the literature,
limited data in population databases, and the inability to
apply traditional statistical methods.

Although VUSs are individually rare, a large proportion of
tested patients are identified as carrying a VUS. Therefore,
to ensure appropriate patient care, it is crucial for clinical
testing laboratories to improve VUS reclassification. This
includes the development of new tools to address the
reclassification of rare variants as well as efficient systems
that allow for real-time evaluation of newly released data.
Here, we describe a reclassification program for hereditary
cancer genetic testing developed over a 20-year period by
a single laboratory.

PATIENTS AND METHODS
Clinical Cohort and Genetic Testing

A retrospective analysis was performed for > 1.9 million in-
dividuals who received genetic testing (Myriad Genetics
Laboratories, Salt Lake City, UT) from March 1997 through
December 2017. In 1997, the test offering for hereditary
breast and ovarian cancer (HBOC) syndrome became
available (BRCAI and BRCAZ2). This was followed by testing
for Lynch syndrome (MLH1, MSH2, MSH6, and PMS2) and
melanoma-pancreatic cancer syndrome (CDKNZA) in 2002
and for familial adenomatous polyposis (FAP)/attenuated
FAP/MUTYH-associated polyposis (APC and MUTYH) in
2003. In 2013, a hereditary cancer multigene panel was
introduced, which was analytically validated and described in
detail previously.® The panel included 25 genes: APC, ATM,
BARDI, BMPR1A, BRCA1, BRCA2, BRIP1, CDHI1, CDK4,
CDKNZA (p16INK4a and p14ARF), CHEKZ, EPCAM, MLH]1,
MSH2, MSH6, MUTYH, NBN, PALB2, PMS2, PTEN,
RAD51C, RAD51D, SMAD4, STK11, and TP53. In 2017,
POLDI, POLE, and GREMI were added to the panel. In-
dividuals who had single-site or founder mutation testing were
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excluded from this analysis.!®!? Testing was performed on
DNA extracted from blood or saliva samples, as described
previously.® Clinical information was obtained from provider-
completed test requisition forms, and patient data were de-
identified.

Reclassification Program

The reclassification program used by this testing laboratory
included a multidisciplinary committee of laboratory di-
rectors, genetic counselors, PhD-level scientists, and sup-
porting variant specialists. The committee met daily to
consider the classification of new variants and once a week
for variants that required an in-depth discussion. Variant
classification and reclassification followed a stringent, well-
documented protocol as previously described.’®> On the
basis of ACMG/AMP guidelines, variants were classified into
five categories of increasing clinical severity: Benign (B),
Likely Benign (LB), VUS, Likely Pathogenic (LP), and
Pathogenic (P).2*1% Automated processes proactively
monitored and gathered all available evidence to expedite
reclassification. Variant re-evaluation and reclassification
were based on new evidence that coincided with comput-
erized review queues founded on the variant type and new
information received. Evidence was derived from continu-
ously evaluated external and internal sources. External
sources included published literature and population da-
tabase frequencies, while internal sources consisted of
laboratory-developed statistical methods. Multiple classifi-
cation tools could have been used to evaluate the patho-
genicity of a variant at the time of original classification and/or
reclassification (Fig 1). If a variant was reclassified, an
amended report was sent to health care providers for all
patients who were carriers of the variant. Genetic counselors
at the testing laboratory contacted health care providers to
inform them when a variant was upgraded from VUS to LP/P.

Pheno analysis. Pheno analysis is a validated cancer
history weighting algorithm that measured the severity of
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FIG 1. Reclassification process used by the testing laboratory. The number of patients identified as carrying a variant that was later reclassified using
evidence from a given reclassification tool is provided for each reclassification tool. Variants may be classified using multiple lines of evidence. MCO,
mutation co-occurrence; PT/HA, phase testing/homozygosity analysis.

personal and family cancer history associated with a spe-
cific variant and then assigned a variant-associated sta-
tistical score.'®!” Pheno scores were compared with
pathogenic and benign control variants to determine po-
tential pathogenicity for the variant of interest (positive
predictive value > 99.5%, negative predictive value >
99.5% for relevant genes).

Phase testing/homozygosity analysis. Phase testing/ho-
mozygosity analysis (PT/HA) was only applied to genes
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associated with autosomal dominant cancer risks that may
also be associated with embryonic lethality or severe
clinical phenotypes in individuals carrying pathogenic
variants in the affected gene on different parental chro-
mosomes as a result of either homozygosity or compound
heterozygosity. Common single nucleotide polymorphisms
(SNPs) observed in the patient population were used to
develop gene-specific haplotypes, which were automati-
cally assigned to determine the variants’ phase (ie, in cis or
in trans), whenever possible. If a VUS and pathogenic
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variant were determined to be in trans, the variant was
eligible for downgrade.

Mutation co-occurrence. Mutation co-occurrence (MCO)
analysis was based on an assumption of a low likelihood
that an individual will carry two autosomal dominant
pathogenic variants that cause an increased risk for the
same or a similar cancers.*® MCO analysis measured the
statistical significance of a variant co-occurring multiple
times with one or more pathogenic variants in the same
patient (in the same gene or in a different gene for the same
syndrome). Control individuals were matched to patients on
the basis of ethnicity and time of testing. MCO was used in
downgrading variants, which was driven by a threshold and
negative predictive value of > 99.5%.

RNA splicing analysis and protein structural analysis.
Assessment of in silico RNA splicing predictions was used
to initially evaluate the potential effects of a variant on
RNA splicing.'® Published reports of biochemical splicing
analysis, which used high-quality data and appropriate
controls, were considered for variant classification. In some
cases where evidence was unavailable or of insufficient
quality or detail to be conclusive, quantitative RNA splicing
analyses were performed in house, using informative SNPs,
to assess potential RNA splicing effects resulting from the
variant of interest.?° Expert protein structural analysis was
also used to assess the impact of variants predicted to affect
protein structure at the amino acid level. Pathogenicity
assignment was determined by evidence of a fully pene-
trant splice defect or no splicing.

Literature review. Daily comprehensive reviews of the
variant literature were performed for each gene tested by
the laboratory, facilitated by an automated search algo-
rithm. References and associated variants were stored in
a curated, searchable repository. All publications relevant
to variant classification were thoroughly assessed and
discussed by the laboratory’s classification committee
during the reclassification process. This included in vitro
studies, protein functional studies, and segregation ana-
lyses. Literature with appropriate controls and significant
findings was applied to reclassification in conjunction with
additional supporting evidence.

Population frequency. Population frequencies were estab-
lished by identifying how often a variant is observed in the
general population. However, population frequencies can
be difficult to use when assessing rare variants specifically.
An in-house analysis of population databases, such as EXAC
and gnomAD, was performed to establish gene-specific
allele frequency (AF) thresholds, which were validated
against previously classified variants.?!

Other tools. Family testing was offered, when appropriate.
However, segregation analysis was of limited use in the
overall testing population because of restricted access to
extended families. In addition, published pedigrees and
personal communications with providers were considered,
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when available, as evidence for upgrading variants. Other
methods used in variant reclassification included reclas-
sification on the basis of similar variants, species alignments,
and earlier versions of statistical tools (Pheno and MCO).
Classification criteria were stringent, well-documented
rules that were based on ACMG/AMP guidelines, which
were enhanced and refined by the reclassification com-
mittee’s expertise and experience for clinical laboratory
use.

Statistical Analysis

The proportion of variants that were initially identified and
later reclassified in the analysis time period was determined
for all tested genes. Because GREM1I, POLE, and POLD1
were added to the panel test near the end of the evaluated
time period, no variants had been reclassified at the time of
this analysis. As such, they were excluded from analysis,
and data are presented for the remaining 25 tested genes.
Variant type (eg, frameshift, in-frame indel, missense,
nonsense) and variant-specific AFs (the number of in-
stances of a unique variant in the patient cohort) were also
calculated. Initial classification occurred at the first iden-
tification of each unique variant. A reclassification event
was defined as any subsequent change in classification. A
variant may have undergone more than one reclassification
event (eg, VUS to LP and LP to P). The type(s) of evidence
used was evaluated for each reclassification event. This
included an evaluation of each individual tool as well as the
subtotal for laboratory-developed tools (Pheno, PT/HA,
MCO, RNA analysis). All analyses were performed using R
version 3.4.1 software.??

RESULTS
Identified and Reclassified Variants

In this 20-year time period, > 1.9 million individuals had
genetic testing from a single testing laboratory. A total of
62,842 unique variants were observed across 25 genes.
Overall, 19.0% (11,930 of 62,842) of variants were initially
classified as LP/P, 24.3% (15,250 of 62,842) as LB/B, and
56.7% (35,662 of 62,842) as VUS (Table 1). Missense
mutations were the most common type of variant detected,
representing 48.7% (30,628 of 62,842) of unique variants
(Table 1).

Of the total unique variants detected, 4.7% (2,976 of
62,842) were reclassified in a total of 3,538 reclassification
events. This reflects the fact that some variants were
reclassified more than once. Among reclassified variants,
82.8% (2,463 of 2,976) were initially classified as VUS
(Table 1). The majority of reclassified variants that were
initially classified as benign or pathogenic were reclassified
within the same clinical category (eg, LP to P or LB to B),
with only 0.2% (26 of 15,250) and 0.7% (85 of 11,930)
of benign and pathogenic variants, respectively, being
reclassified to VUS. Overall, 82.1% (2,906 of 3,538) of
reclassification events were downgrades (eg, VUS to LB/B).
This corresponds with 4.2% (2,675 of 62,842) unique,
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TABLE 1. Distribution of Initial Variant Classification at the Time of Identification,
Variant Type, Allele Frequency, and Gene Group for All Unique, Detected Variants

and All Reclassified Variants

Unique Detected

Unique Reclassified

Variable Variants, No. (%) Variants, No. (%)
Total 62,842 2,976
Initial classification
P/LP 11,930 (19.0) 353 (11.9)
VUS 35,662 (56.7) 2,463 (82.8)
B/LB 15,250 (24.3) 160 (5.4)
Variant type
Missense 30,628 (48.7) 1,840 (61.8)
Splicing 8,189 (13.0) 919 (30.9)
Other sequence variation 22,714 (36.1) 173 (5.8)
Large rearrangement 1,311 (2.1) 44 (1.5)
Allele frequency?®
< 0.001% 53,157 (84.6) 1,413 (47.5)
> 0.001%-0.01% 5,850 (9.3) 1,037 (34.8)
> 0.01%-0.1% 876 (1.4) 350 (11.8)
>0.1% 2,959 (4.7) 176 (5.9)
Gene group
HBOC® 19,687 (31.3) 1,581 (53.1)
Lynch syndrome® 11,483 (18.3) 614 (20.6)
Other 31,672 (50.4) 781 (26.2)

Abbreviations: B/LB, benign/likely benign; HBOC, hereditary breast and ovarian
cancer; P/LP, pathogenic/likely pathogenic; VUS, variant of uncertain significance.
Allele frequency in testing population.
®Genes included are BRCAI and BRCA2.
°Genes included are MLHI1, MSH2, MSH6, PMS2, and EPCAM.

detected variants being downgraded in this time period.
The remaining 17.9% (632 of 3,538) of reclassification
events were upgrades (eg, VUS to LP/P), which corre-
sponds with 0.5% (298 of 62,842) unique variants being
upgraded in this time period.

The most common type of reclassified variant was missense
(61.8%; 1,840 of 2,976), which represents an enrichment
from the proportion of missense variants identified during
testing. Similarly, variants that had the potential to result in
abnormal splicing (30.9%; 919 of 2,976) were enriched
among the reclassified variants compared with the identified
variants (Table 1).

The majority (84.6%; 53,157 of 62,842) of sequence
variants identified during testing were rare (AF < 0.001%;
Table 1). In the subset of variants that were reclassified in
this time period, 47.5% (1,413 of 2,976) were identified in
< 20 individuals in this cohort (AF < 0.001%). Further-
more, 21.7% (646 of 2,976) of reclassified variants were
found in < 5individuals (AF <0.0002%). The proportion of
reclassified variants that were in genes other than BRCA1
and BRCAZ increased over time (Fig 2A). This is not un-
expected because of the inclusion of additional genes by
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the testing laboratory (Fig 2B) and reflects the successful
application of the variant classification program to a grow-
ing number of genes. In particular, the incorporation of
panel testing in 2013 is accompanied by an increase in
reclassifications in genes outside the common hereditary
cancer syndromes (HBOC and Lynch).

Tools Used for Variant Reclassification

Figure 3 shows the frequency with which individual tools
provided evidence that contributed to variant reclassifi-
cation. The most common tools used in reclassification of
unique variants were Pheno analysis (40.5% of reclas-
sification events) and PT/HA (22.8% of reclassification
events). In all, laboratory-developed tools were used
in 72.3% of variant reclassification events. Multiple
reclassification tools were generally used across all tested
genes (Appendix Table Al). For example, BRCA2
€.6821G>T (p.Gly2274Val) is a missense variant that
was initially classified as a VUS in 1999 and has been
observed in a total of 63 patients. In 2008, the variant was
reclassified to B on the basis of MCO and PT/HA (variant
was identified in trans with a pathogenic variant). MLH1
€.245C>T (p.Thr82lle) was initially classified as VUS in
2003 and has been observed in 25 patients. The variant
was reclassified as LP in 2011 on the basis of structural
evidence combined with literature and segregation
analysis. In 2015, this variant was reclassified from LP to
P on the basis of evidence from Pheno analysis. CDH1
c.1774G>A (p.Ala592Thr) has been observed in 853
patients and was initially classified as a VUS in 2013. It
was reclassified as LB in less than a year on the basis of
validated population frequency data from ExAC.2! In
2015, the variant was reclassified to B on the basis of
evidence from PT/HA.

Overall, 1.31 million patients were found to have
a reclassified variant (Appendix Table A2). In the majority
(88.9%; 1.16 million of 1.31 million), the variant was
reclassified before the patient was tested such that the
patient’s initial test report included the new classification.
When the distribution of tools used in reclassification was
assessed, > 600,000 tested individuals carried a variant
that was reclassified using a laboratory-developed tool
(Appendix Table A2). Although the proportion of unique
variants that were reclassified using population frequency
was relatively low, this tool affected the most (437,165)
patients (Appendix Table A2). This is consistent with
population frequency being applicable to more common
variants.

Evolution of Testing and Reclassification Program

The variant reclassification program has been revised over
the past 15 years as available hereditary cancer tests have
changed (Fig 2B). The increased proportion of variants
reclassified was a direct result of increased test volume and
the introduction of new statistical analysis tools, such as
Pheno and MCO. In addition, existing tools were improved
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FIG 2. Timeline for the development of genetic tests and classification methods. (A) Reclassified variants by year, shown as a proportion of
reclassified variants by gene group. (B) Timeline of changes in genetic test offering and advances in the reclassification program. (C) Reclassified
variants by year, shown as a proportion of all variants identified in each year. ACMG, American College of Medical Genetics and Genomics; FAP/
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conjunction with structural analysis, additional statistical analysis, and classification/reclassification protocol
refinements. MCO, mutation co-occurrence; PT/HA, phase testing/homozygosity analysis.

and revised as more data became available. As a result, the
overall percentage of variants that were reclassified each
year has increased steadily from 2003 to 2016 (Fig 2C).
The dip in reclassifications in 2013 corresponds with the
introduction of panel testing. This reflects the increased
VUS rate associated with adding many new genes to the
test as well as the time needed to acquire sufficient data to
use many of the laboratory-developed reclassification tools.
Overall, a substantial proportion of variants were reclassi-
fied using information from PT/HA or Pheno through an
automated program (Fig 2C).

DISCUSSION

Hereditary cancer genetic testing is a critical component of
patient care because the results are used to inform medical
management.?® The number of rare variants identified with
hereditary cancer genetic testing has grown with the in-
creased use of multigene panels, and improved methods
are needed to provide accurate and definitive classifica-
tions. In the 20-year time period evaluated here, the ma-
jority of reclassified variants were initially classified as VUS,
and nearly half were individually rare, with an AF <
0.001%. This equates to variants being observed in < 20
patients in the testing population of 1.9 million patients.
Historically, little emphasis has been placed on the
reclassification of these rare variants because of the
challenge in obtaining evidence through traditional ap-
proaches, such as segregation analysis or case-control
studies.?* As the number of patients who receive genetic
testing continues to rise, so will the number of rare variants
identified, driving the need for clinical laboratories to de-
velop innovative reclassification programs.

950 © 2020 by American Society of Clinical Oncology

In the 20-year time period evaluated here, > 1.3 million
patients were affected by variant reclassification. Providing
a patient with a definitive classification can aid in medical
management decisions with regard to appropriate risk-
reducing and treatment strategies.?®?® The majority of
reclassified variants were downgraded from VUS to B/LB.
Downgrades can play an important role in patient care by
helping to avoid unnecessary surveillance and surgical
interventions.®”2® |n addition, for some patients, a definitive
classification to B/LB may result in reduced anxiety. Variants
upgraded from VUS to P/LP are of greater clinical conse-
quence because these patients may be candidates for in-
creased screening or prophylactic interventions.»?” While this
represents critical information to support appropriate patient
management, it is important for clinicians to also consider how
often variant reclassification occurs to ensure appropriate
patient counseling. Mersch et al®® demonstrated that it is very
rare for variants that were initially classified as benign or
pathogenic to be reclassified to a different clinical category,
which accounts for only 0.1% of all B/LB variants and 0.3% of
all P/LP variants. In addition, although approximately 10% of
all unique VUSs were upgraded to P/LP, only 3% of all ob-
served VUSs (ie, accounting for the same variant being ob-
served in multiple individuals) were upgraded.?

The goal of the reclassification program used by the lab-
oratory evaluated here was to ensure accurate and in-
formative results for patients by providing a definitive
classification. The data presented here show that the tools
developed by the testing laboratory were the most com-
monly used tools in variant reclassification. As variant
classification continues to evolve, additional technologies
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and approaches may become important. For example,
testing for loss of heterozygosity may become relevant as
tumor testing becomes more common for patients with
cancer. In addition, large in vitro studies may become
increasingly important as panel testing continues to grow.
This may include a system to evaluate the quality of data
from the growing number of CRISPR studies.

In summary, many variants observed in this analysis were
individually rare but collectively affected millions of patients.
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TABLE A2. Patients Identified as Carrying a Variant That Was Reclassified Within
This Time Period According to Reclassification Tool

Reclassification No. at Time of Total No. (before and
Tool Reclassification after reclassification)
Pheno 56,596 171,740
PT/HA 36,314 313,271
MCO 12,753 117,871
RNA 610 2,989
Splice analysis 3,148 36,843
Literature 4,509 46,057
Population frequency 17,664 437,165
Segregation 8,255 145,773
Structural analysis 850 1,511
Other® 4,598 36,200
Total® 145,297 1,309,420

Abbreviations: MCO, mutation co-occurrence; PT/HA, phase testing/
homozygosity analysis.

Includes knowledge of similar variants, species conservation in conjunction with
structural analysis, additional statistical analysis, and classification/reclassification
protocol refinements.

bVariants may be classified using multiple lines of evidence. The total number of
patients affected counts each patient once, although they may have been affected
by multiple reclassification tools.
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