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Abstract Massively parallel (‘‘next generation’’)

sequencing (MPS) is a technology that has revolutionized

genetics. In clinical cancer genetics, MPS affords the

opportunity to concurrently analyze the sequence of an

arbitrary number of genes that may be related to a clinical

presentation, such as breast cancer. This multiplex panel

testing may identify germ line pathogenic variants in genes

that would not have been tested on phenotypic grounds.

While this type of testing may be beneficial in specific

circumstances, broad application introduces challenges that

cannot easily be addressed by conventional pre-test coun-

seling models. Newer approaches are required to preserve

the tradition of shared decision-making that has guided

clinical cancer genetics since its inception.

Keywords Genetic testing � Cancer susceptibility �
Multigene testing � Multiplex testing � Panel testing �
Genetic counseling

Introduction

The standard model of genetic counseling for cancer sus-

ceptibility testing

Genetic testing for cancer predisposition is now a rou-

tine part of oncologic care. Only a small fraction of all

cancer patients develop their disease as the result of an

inherited genetic variant. For these uncommon individuals,

however, the identification of the specific allele associated

with their cancer can have substantial clinical utility.

Clinical utility has various definitions, but in general a test

can be said to have clinical utility if knowing the result of

that test will improve clinical outcomes. There are a

number of domains wherein a test result can have a positive

effect. Most directly, the test may indicate sensitivity to a

specific treatment that improves outcome or reduces tox-

icity compared to an empirically selected therapy. In this

context, the test result is a traditional biomarker. This has

not been the usual role of cancer susceptibility testing, but

this potential role has come to the fore with the demon-

stration of the activity of inhibitors of poly-(ADP-ribose)-

polymerases (PARP) in patients with BRCA mutation-

associated cancers. This has led to the need for germ line

genetic testing as a companion diagnostic to identify the

patients who may benefit from these agents [1]. A more

obvious, and common, use of germ line information in the

treatment of cancer patients is in the prediction of the risk

of second primaries. While this knowledge is most com-

monly thought of as influencing decisions about preventive

surgeries or enhanced surveillance in cancer survivors, test

results may impact primary treatment in newly diagnosed

patients (e.g., the choice of whether to have breast con-

servation or bilateral mastectomy in hereditary breast-

ovarian cancer, or the choice of limited or more extended

colectomy in Lynch Syndrome). Finally, of course, family

members can use test results to inform pre-symptomatic

testing. Unaffected individuals who share the familial

predisposition may enter surveillance programs that are

considerably more intensive than those followed by
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patients at population risk, or may even choose to undergo

preventive surgeries. And family members who do not

share the predisposition are thought to be at or near the

cancer risks of the general population, unless there are

other personal or familial risk factors at play.

It is important to recognize that the evidence supporting

different applications of genetic testing varies widely in

extent and quality. In some cases, such as in the use of a

genetic test as a companion diagnostic for the use of a

particular drug, the evidence is rigorous as for other bio-

markers in standard use. However, for most applications,

the evidence for clinical utility is more limited, and very

few studies have demonstrated an improvement in survival

resulting from interventions guided by a genetic test for

cancer predisposition. For this reason, considerations of

personal utility are important in guiding the decision

whether or not to undergo genetic testing. Personal utility

is a generic descriptor that encompasses the elements of

decision-making which are not directed by considerations

of medical outcomes. These elements are often poorly

understood, even by the person undergoing testing, and the

process of pre-test genetic counseling is critical to clarify

these aspects and facilitating decision-making about whe-

ther or not to accept testing, especially in situations where

clinical utility is limited. When cancer susceptibility testing

first became available, considerations of personal utility

dominated as the understanding of risks was somewhat

unsophisticated, and the effectiveness of interventions was

not clear. As the evidence base has evolved, the relative

importance of clinical and personal utilities as reasons for

undergoing testing has also changed, at least for some

genes. For example, in a young woman with small, newly

diagnosed ‘‘triple-negative’’ breast cancer and a family

history of breast and ovarian cancer, the detection of a

pathogenic BRCA1 sequence variant would have a signif-

icant impact on surgical treatment options, and clinical

considerations dominate the decision whether or not to

undergo genetic testing. For that woman’s unaffected

24-year-old sister, however, considerations of personal

utility are of paramount importance. The genetic counsel-

ing requirements for these two circumstances are pro-

foundly different, but for all genetic testing the principle of

respect for persons mandates context-appropriate pre-test

education and informed consent [2–4].

The Advent of Multigene Panel (‘‘Multiplex’’) Testing

The traditional approach to genetic testing for cancer risk

has been iterative, with the clinician deciding what gene is

most likely to be altered in a family on the basis of the

‘‘phenotype’’ of that family (usually, the personal and

family cancer history). The clinician counsels the proband

about the implications of a mutation in that gene, then, with

consent, performs testing [2–4]. If the test reveals no

causative sequence variant, then the clinician re-evaluates,

decides whether to pursue another gene, and, if indicated,

begins the process again. The advantage of this approach is

that the clinician can constrain testing to those genes that

he or she believes will be of benefit in the particular cir-

cumstance, and the person (and family) being tested is able

to understand and consent to that judgment. A disadvantage

is that the approach can be insensitive as the clinician may

be mistaken in the selection of genes to test, or the family

history may be atypical and not indicative of a particular

gene mutation. This approach can also be slow and

expensive, if multiple iterations are required to reach a

conclusion.

Massively parallel (‘‘next-generation’’) sequencing

(MPS) is a profoundly disruptive technology that facilitates

rapid sequencing of a large number of genes. In clinical

cancer genetics, MPS can be used to concurrently analyze

the sequence of a set of genes chosen to represent the

possible causes of a particular presentation of personal or

family cancer history. The advantages and disadvantages of

this approach are nearly the exact opposites of the tradi-

tional iterative approach. The panel-based approach is

highly sensitive, and early studies demonstrate that this

testing identifies a significant number of sequence variants

that likely would not have been discovered with the tra-

ditional approach (unfortunately including a significant

number of variants of uncertain significance) [5, 6•, 7•, 8•].

Although there are (as yet) no formal cost-effectiveness

analyses, it is possible, even likely, that the cost per

identified variant is less than the traditional iterative

approach. A major disadvantage of the panel approach

relates to the challenges of applying the traditional pre-test

consent model to this new technology [9]. When there are

many genes on a panel, it is impractical to expect the cli-

nician to be able to communicate (or the patient to absorb)

the traditional elements of pre-test consent for each of the

genes being tested. Furthermore, neither the clinician nor

the person being tested has the ability to select the genes

tested in most multiplex panels, which may include a

number of genes that have no clear relation to the pre-

senting ‘‘phenotype’’ of the proband and his or her family.

As a result, panel-based testing represents a distinct shift

away from the historical shared decision-making model of

cancer susceptibility testing toward a more directive

approach with patient assent, which is closer to the con-

ventional model of medical diagnostic testing (e.g.,

ordering a CT scan as part of a diagnostic evaluation),

which does not generally involve an extensive informed

consent process.
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Clinical Utility and Multiplex Panel Testing

As noted earlier, non-directive pre-test counseling becomes

less central as the clinical utility of a genetic test increases.

Indeed, at some point, non-directive counseling becomes

almost inappropriate if the results of a test are of direct

relevance to the selection of treatment. The difficulties of

obtaining specific consent for testing of each of the genes

on a multiplex panel would be less problematic if each of

the individual genes was of clear clinical utility. For

instance, hereditary pheochromocytoma-paraganglioma is

a genetically heterogeneous syndrome that can result from

sequence variants in a number of different genes [10, 11],

but associations between particular phenotypes and specific

genes are incomplete (apart from VHL and MEN2). Iden-

tifying a causative sequence variant in an affected indi-

vidual may be of limited clinical utility for that person, but

greatly increases the informativeness of pre-symptomatic

testing for his or her unaffected family members, as those

who do not share the variant are at the population risk for

this rare disorder. This is a circumstance where panel

testing is a logical approach. Another is simultaneous

analysis of all mismatch repair genes in individuals sus-

pected of having Lynch Syndrome, when tissue is not

available to direct more specific testing through immuno-

histochemical analysis for loss of the encoded proteins. A

third circumstance where panel testing may be appropriate

is if the proband’s personal or family histories suggest the

possible presence of more than one ‘‘high penetrance’’

syndrome. In this situation, concurrent testing for the

potentially responsible genes may be more time and cost-

efficient (although specific informed consent for the genes

analyzed should still be possible).

Multiplex testing, then, may be advantageous if a syn-

drome is genetically heterogeneous but phenotypically

restricted (and if a pathogenic variant in any causative gene

will have the same degree of clinical utility), or if an

individual’s presentation may plausibly result from more

than one syndrome. In both of these situations, it is feasible

to prepare the individual being tested for each possible

result of the testing, and genes are only tested if they are

directly relevant to the individual’s circumstance. Most

individuals presenting for risk assessment do not clearly

fall into either of these categories, however. And most

commercially available multiplex panels are not designed

to address these particular applications of the technology.

As currently designed, most panels contain three cate-

gories of genes. The first group is the so-called high-pen-

etrance genes that could plausibly be related to the personal

or family history of the proband. These genes usually cause

recognizable autosomal dominant syndromes, and are

generally accepted as being of established clinical utility.

Variants in these genes are relatively unlikely to be found,

however, in the absence of a suggestive family history

(although limited family structure or lack of information

about family members’ diagnoses can obscure the syn-

dromic presentation) [12]. Other genes on many panels are

high-penetrance genes that are associated with syndromes

other than those suggested by the patient’s personal or

family history. While sequence variants in these genes are

of clear clinical utility when found in the context of a

suggestive family history, the implications are less clear

when such a history is absent. For example, identifying a

pathogenic BRCA2 sequence variant, while screening a

colon cancer family is similar to identify one while con-

ducting population screening. There is uncertainty about

the penetrance of variants found in this way, although there

is good evidence that there are genetic modifiers of BRCA2

risk, and that penetrance varies with family history [13,

14]. Therefore, interventions (such as preventive mastec-

tomy) that are appropriate to consider in the syndromic

context may not be as clearly indicated in this context.

Another example is the identification of pathogenic or

likely pathogenic CDH1 variants, while evaluating a

woman with early onset infiltrating ductal carcinoma but

without a family history of gastric or lobular breast cancer.

When found in a family with hereditary diffuse gastric

cancer, such variants warrant consideration of preventive

total gastrectomy [15]. However, it is difficult to apply this

recommendation in the absence of a family history without

further evidence. The uncertainty about the appropriate

medical response to the finding of ‘‘out of context’’

sequence variants may contribute to significant anxiety on

the part of the person receiving the result. This may be

particularly significant when applying multiplex testing to

unaffected individuals, presumably because informative

affected family members are unavailable for testing. The

intent of pre-test genetic counseling is to mitigate infor-

mational risk by providing sufficient information to allow

an individual to decide whether he or she is ready to accept

results such as these. Unfortunately, the more general,

directive counseling that often accompanies panel testing

may be less effective in achieving this benefit.

The third category of genes on multiplex panels is the

so-called ‘‘moderate penetrance’’ genes. For most of these,

case–control studies established associations with cancer

risk after laboratory observations suggested the genes as

candidates. In the discovery case–control ascertainments,

the relative cancer risks resulting from inheritance of a

protein-truncating mutation in these genes generally ranged

from 2 to 4. Unlike the ‘‘high penetrance’’ genes, patho-

genic variants in these genes are not commonly recogniz-

able as causing autosomal dominant predispositions, in part

due to the more limited risks, and are therefore not usually

identifiable in the course of a traditional clinical cancer

genetics evaluation. Several of these genes are associated
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with Fanconi’s Anemia in individuals who are homozy-

gotes or compound heterozygotes for pathogenic alleles

(and ATM, of course, causes ataxia telangiectasia when

both alleles are pathogenic), but heterozygotes are pheno-

typically normal except for their increased cancer risks,

which are usually site specific, and particularly linked to

breast cancer.

A number of studies have found an appreciable preva-

lence of mutations in ‘‘moderate penetrance’’ genes in

patients with either breast or ovarian (especially high grade

serous) cancer, unselected for family history [16, 17].

Clinical cancer geneticists have been aware of these asso-

ciations for several years. And yet, before MPS and mul-

tiplex panels, routine cancer risk assessment did not

include seeking sequence variants in these genes. In part,

the lack of testing reflected the technical challenge (and

cost) of individually sequencing a significant number of

genes that are phenotypically indistinguishable and are

each rarely associated with cancer. But there has also been

considerable reservation about the clinical utility of testing

for variants in these genes. The associated relative risks in

less selected cohorts have been insufficient to clearly

warrant interventions beyond those that would be indicated

on the basis of family history alone, although the risks in

the context of a strong family history may be more rele-

vant. For instance, in a recent segregation analysis of

families transmitting pathogenic variants in PALB2, the

average breast cancer risk to age 70 was substantially

greater in the presence of close relatives with early onset

breast cancer than it was in the absence of such a history

(58 vs. 33 %) [18•]. This observation, which has also been

made in the context of specific mutations in CHEK2,

suggests that the impact of pathogenic variants in these

genes may be modulated by other co-inherited factors, such

as other rare or common variants elsewhere in the genome

[19]. If this is the case, it would have important implica-

tions for the interpretation of pre-symptomatic testing, as

individuals who do not carry the pathogenic variant (‘‘true

negative’’) may nonetheless remain at elevated risk due to

inheritance of these as yet undefined modulatory factors.

There are a number of other limitations in the current

evidence base that constrains the clinical utility of testing

for variants in ‘‘moderate penetrance’’ genes. For most, the

age-specific penetrance is unclear, which makes it difficult

to advise individuals regarding the optimal timing of

interventions such as enhanced surveillance or preventive

surgery. For example, while ‘‘lifetime’’ risk estimates for

some genes may exceed conventional thresholds for MRI-

based breast screening, the existing data do not provide

guidance regarding when to begin such screening. For

women with breast cancer, information about contralateral

cancer risk is lacking for most genes. This is a significant

limitation, as delineation of this risk is an important clinical

application of BRCA testing in women with newly diag-

nosed breast cancer. An exception is CHEK2, where ana-

lysis of large numbers of women with the 1100delC variant

demonstrates a significant contralateral risk, albeit not on

par with that experienced by women with BRCA1 or

BRCA2 mutations [20]. Until similar information becomes

available for the other genes, it is difficult to advise newly

diagnosed women regarding whether or not they should

consider contralateral preventive mastectomy if they are

found to carry a pathogenic variant in a ‘‘moderate pene-

trance’’ gene. Similarly, although protein-truncating vari-

ants in RAD51C are linked to an increased risk of ovarian

cancer [21], the age distribution of the risk is unclear and

therefore it is uncertain whether women with such variants

should consider premenopausal salpingo-oophorectomy,

with the attendant impact of premature menopause on

quality-of-life.

Conclusion

In summary, multiplex testing for cancer susceptibility in

certain specific circumstances offers theoretical advantages

over the traditional testing paradigm. Panel-based testing is

likely to be advantageous if the personal or family history

of the individual being tested may result from pathogenic

variation in one or more genes that are known to be rele-

vant to the patient’s presentation, and the clinical utility of

any identified pathogenic variant is clear. These conditions

rarely obtain, however. Panels are increasingly offered

without regard for the specific clinical circumstance. While

pathogenic variants are likely found more often than with

the more traditional approach, the optimal application of

the results to patient care remains unclear. For most

‘‘moderate penetrance’’ genes, the understanding of overall

and age-specific penetrance and the residual risk to ‘‘true

negative’’ patients is inadequate to guide patients making

decisions about major interventions such as preventive

surgery. The impact on important clinical outcomes such as

the development of contralateral breast cancer is similarly

inadequate to advise patients regarding their treatment

choices. Even pathogenic variants in genes of broadly

accepted clinical utility become more difficult to interpret

when identified outside of the context of a family history

suggesting the syndrome usually connected to such vari-

ants. In many ways, then, panel-based MPS introduces

more questions into cancer risk assessment than it provides

answers. And, at the same time, traditional genetic coun-

seling models that have been applied to share decision-

making with patients about tests of uncertain clinical utility

are inadequate to address the complexities of panel-based

testing. Now that multiplex panel testing is available

commercially, it is unrealistic to expect that it will only be
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offered in a research context. Nonetheless, it is important

for those engaged in cancer risk assessment to remain

aware of how much work needs to be done to realize the

promise of the new technology, which allows providers to

seek pathogenic variants in genes that had not been thought

relevant enough to test, and in situations where testing had

formerly not been thought to be appropriate [22–24]. This

technology challenges the counseling paradigm that has

guided cancer risk assessment and susceptibility testing for

the past 20 years, and the optimal replacement model has

not yet been developed. Providers who are engaged with

patients during this transition must remain on guard against

being driven by a technological imperative, and work to

apply the new approach to further the interests of the

families seeking their guidance.
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