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Background: In recent years, whole exome sequencing (WES), which allows detection of 

85% of disease-causing variants, has been used to compare tumor and normal DNA to allow 

the identification of variants specific to the tumor. Genetic changes in cancer are increasingly 

used for diagnosis and may guide treatment decisions. In this paper, we explore whether there 

is evidence that WES improves outcomes for patients with cancer.

Methods: Published evidence was evaluated using a methodology that combines the analyti-

cal validity, clinical validity, clinical utility and ethical, legal, and social implications (ACCE) 

model for genetic test evaluations with internationally accepted health technology assessment 

 methodology. Conclusions were based on peer-reviewed published studies of .10 patients, with 

$3 studies for a given phenotype.

Results: WES has been conducted most extensively (seven studies to date) in breast cancer 

patients, with fewer studies of other types of cancers (eg, leukemia, prostate cancer, and ovar-

ian cancer). Studies evaluating somatic alterations showed high intratumor and intertumor 

 heterogeneity. In addition, both novel and previously implicated variants were identified. How-

ever, only three studies with .10 individuals have shown potential for clinical utility of WES; 

whereby, variants identified through WES may determine response to drug treatment.

Conclusion: Despite evidence for clinical validity of WES in cancers, clinical utility is very 

limited and needs to be further evaluated in large clinical studies.

Keywords: next-generation sequencing, exons, evidence-based, ACCE model, health technol-

ogy assessment

Introduction
Cancers are caused by the accumulation of genetic alterations that may lead to the 

dysfunction of regulation of cell growth, resulting in the development of tumors.1 

According to the American Cancer Society, it is estimated that .1.6 million individuals 

were diagnosed with cancer in the US in 2013 alone, with .580,000 resulting deaths. 

In the US, the most common new cases of cancers included breast cancer, prostate 

cancer, lung cancer, and colon cancer.2

In the past decade, there have been significant developments in next-generation 

technologies to sequence DNA rapidly.3,4 Massively parallel sequencing not only gen-

erates data from the entire genome in a short period of time, but it also contributes to 

cost reduction. Whole exome sequencing (WES) involves sequencing of all coding 

regions (exons) in the genome. Compared with whole genome sequencing (WGS), 

WES facilitates handling of data and also generates higher-quality data, since it can 

be performed at greater sequencing depth. The optimal  sequencing depth depends on a 
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number of factors, including, but not limited to: the region(s) 

being sequenced; the sample source; and the algorithm used 

to assemble and analyze the results. While exons represent 

just 1% of the genome, they account for approximately 85% 

of disease-causing variants, specifically for Mendelian traits;5 

however, the percentage for complex traits is not known.6

In recent years, WES has been used to compare tumor 

DNA and normal DNA to identify variants specific to the 

tumor. WES of tumor DNA requires greater sequence depth 

than normal DNA to identify variants that are present in 

tumor cells only. These analyses may provide information 

about genes with driver variants (those with an effect on 

cancer development) versus passenger variants (those with-

out an effect on cancer development).7 Through identifica-

tion of potentially deleterious variants, WES may provide 

information about potential new avenues for diagnosis and 

treatment.

While clinical exome sequencing is being offered by 

a number of laboratories, WES specifically for cancer is 

currently offered by two Clinical Laboratory Improvement 

Amendments-certified laboratories in the US. The Baylor 

College of Medicine Medical Genetics Laboratories offers 

the Cancer Exome Sequencing test,8 and Personal Genome 

Diagnostics Inc., (Baltimore, MD, USA) offers the Cancer 

Complete™ test.9 Using proprietary methods, Personal 

Genome Diagnostics Inc. also conducts quality assessment 

and evaluation of genes and pathways of interest, identified 

through WES.9

This systematic review evaluates the available published 

evidence about the use of WES for cancer indications, with 

emphasis on analytical validity, clinical validity, and clini-

cal utility.

Methods
Search strategy
Evidence evaluated for this report was obtained primarily 

from a search of the peer-reviewed literature in PubMed 

and Embase performed on June 3, 2013. Search terms 

included “exome” AND “sequencing” AND “cancer” AND 

 (“diagnosis” OR “clinical” OR “utility” OR “validity”). 

Limits used were English language, human, and published 

since January 1, 1996. Additional relevant citations were also 

selected from the bibliographies of retrieved references.

evidence evaluation
The evidence analysis used for this review is based on the 

ACCE model (http://www.cdc.gov/genomics/gtesting/ACCE/

index.htm) that was developed by the Centers for  Disease 

Control and Prevention.10,11 The ACCE model takes its name 

from an abbreviation of its main components: analytical 

validity; clinical validity; clinical utility; and ethical, legal, 

and social implications. The model is widely used to allow the 

performance of rapid evaluations of genetic tests.12

For this paper, the analytical validity is defined as the 

ability of WES technology to measure accurately and reliably 

the sequences of interest. Clinical validity is defined as the 

ability of WES to detect or predict the associated disorder 

or phenotype, while clinical utility focuses on what needs 

to be considered when evaluating the risks and benefits of 

introducing a genetic test into routine practice, and it is 

based on studies designed to investigate whether there are 

improvements in health outcomes as a result of using the 

genetic test in clinical practice. In this review, we focus on 

these components of the ACCE model, with less emphasis 

on the ethical, legal, and social implications.

Results/evidence overview
Analytical validity
Commercial laboratories offering WES mainly use the 

 Agilent SureSelect All Exome (Agilent Technologies, 

Santa Clara, CA, USA) or NimbleGen Sequence Capture 

(SeqCap) Human Exome (Hoffmann-La Roche Ltd, Basel, 

Switzerland) platforms for exome capture. The analytical 

validity of these methods has been assessed by four stud-

ies comparing various platforms to detect variants through 

WES. Three studies utilized data from healthy individuals 

and one study evaluated data from cancer patients; however, 

none of the information provided was specific to cancer. In 

the analyses, various parameters were evaluated, including 

the following:

•	 Enrichment efficiency – proportion of base pair reads 

falling in the target region to the total base pair reads in 

any region of the genome.

•	 Genotype sensitivity – probability to accurately determine 

the genotypes in the target regions.

•	 Genotype concordance – accuracy of overlap of genotype 

calls between the current analysis and previously identi-

fied genotype information.

•	 Coverage – overlap with existing publicly available 

databases with protein-coding variant information, as 

well as detection percentage depending on the depth of 

sequencing.

Table 1 presents comparisons between the different 

exome enrichment platforms, some that are currently being 

used by commercial laboratories in the US. Two studies 

were conducted in individuals of Asian descent,13,14 and two 
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studies were of white individuals.15,16 For all studies, a high 

genotype concordance (.98%) was estimated.13–16 However, 

overall coverage rates varied between studies and platforms, 

ranging from .80% in two studies15,16 to 59% (for Agilent 

SureSelect [Agilent Technologies]) in one study.13 In addition, 

where available, enrichment efficiency also varied among 

studies, ranging from 56.4%–89.6% for the Agilent Sure-

Select (Agilent Technologies) platform.13,15,16 This variation 

may be explained by the different depths of coverage used 

by each study.

Clinical validity
The use of WES has been reported for a number of different 

cancers, with a majority of studies being either case reports or 

having sample sizes , ten individuals, which is too small to 

draw meaningful conclusions. This section describes clinical 

validity data obtained from at least three studies of the same 

or similar cancer type, with each of the studies including . 

ten individuals.

Breast cancer
Seven studies with . ten individuals evaluated the clinical 

validity of WES in breast cancer (summarized in Table 2). The 

overall proportion of missense variants in unrelated individu-

als was similar in different studies, ranging from 61.2%–65-

.4%.17–21 In addition, studies identified varying proportions 

of variants and candidate genes depending on the subtype; 

for example, the tumor protein p53 (TP53) gene had a high 

proportion of variants in luminal B individuals (P=0.04), 

while the mitogen-activated protein kinase kinase kinase 1 

(MAP3K1) gene had a high proportion of variants in lumi-

nal A individuals (P=0.02).19 In all studies, both previously 

identified genes – as well as those not previously detected in 

breast cancer studies – were identified with a larger number 

of variants than expected by chance.17,19–23

Two studies were specifically conducted in families that 

were negative for the breast cancer 1, early-onset (BRCA1) 

gene and the breast cancer 2, early-onset (BRCA2) gene.22,23 

One study identified the Bloom syndrome, RecQ helicase-

like (BLM) and Fanconi anemia, complementation group C 

(FANCC) genes with higher frequency of variants that may 

have an effect on breast cancer development;23 whereas, the 

second study identified eleven candidate genes.22

Leukemia and lymphoma
Table 3 presents results of WES in two types of leukemia – 

two studies for chronic lymphocytic leukemia (CLL)24,25 and 

one study for acute myeloid leukemia (AML).26 While all 
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three studies identified a large proportion of genes with 

variants with potential deleterious effects, these genes did not 

overlap between AML and CLL.24–26 In the CLL studies, the 

splicing factor 3b, subunit 1 (SF3B1) gene was identified as 

having a higher rate of protein-altering variants. Specifically, 

CLL patients with variants in this gene showed a shorter time 

to disease progression (P=0.0001) and lower 10-year survival 

rate (P=0.002).24

In addition to the previously mentioned leukemia stud-

ies, two WES studies have also been conducted in a related 

cancer, diffuse large B-cell lymphoma (DLBCL), which 

affects lymph nodes.27,28

•	 A DLBCL WES study was conducted by Lohr et al27 

(2012) using 55 frozen tumor samples and matched nor-

mal DNA from 55 US patients. Exomes were captured 

using a solution hybrid selection method followed by 

sequencing using the Illumina HiSeq platform (Illumina 

Inc., San Diego, CA, USA). Of the 55 tumors, six had 

very low variant rates and were, therefore, excluded from 

further analysis. In the remaining 49 samples, 6,233 

total somatic variants were detected (missense, 4,093 

[65.6%]; nonsense, 326 [5.2%]; silent, 1,549 [24.9%]; 

splice site, 123 [2.0%]; deletion, 98 [1.6%]; and inser-

tion, 39 [0.6%]). A mean nonsynonymous variant rate 

was estimated at 3.2 per Mb (range, 0.6–7.8). Based on 

the WES results, 58 genes were identified as having a 

higher number of variants than expected (defined as a 

false discovery rate Q value ,0.1; whereby, the analyses 

were corrected for multiple comparisons. In this study, 

the Q value indicated that ,10% of significant tests 

were expected to result in a false-positive).27

•	 In a second study, as part of the Hematologic Malig-

nancies Research Consortium, Zhang et al28 (2013) 

analyzed a total of 73 frozen biopsies from US patients 

with DLBCL. These were divided into a discovery set 

(34 tumors and 34 matched unaffected bone marrow 

samples) and a validation set (the remaining 39 tumors). 

In addition, exomes from 21 DLBCL cell lines were 

sequenced. Exome enrichment was performed using the 

Agilent SureSelect All Exome kit (Agilent Technologies), 

and the Illumina HiSeq platform (Illumina Inc.) was used 

for sequencing. Following a first step of filtering, a total 

of 5,884 somatic variants were detected in the discovery 

set. Somatic variant frequencies were: 53.8%, missense; 

1.1%, nonsense; 2.4%, frameshift; and 42.7%, silent. 

Upon further filtering, which included the removal of 

silent variants, 2,589 (discovery set) and 4,928 variants 

(discovery and validation sets combined) were identified. 

Validation of variant detection was performed using three 

methods, resulting in 99% concordance in all cases. 

The follow-up of the WES results identified 322 strong 

candidate genes with recurrent variants in the DLBCL 

patients.28

endometrial and ovarian cancer
Table 4 presents findings of four WES studies in endometrial 

and ovarian cancers, with the largest study performed by the 

Cancer Genome Atlas Research Network using 316 tumor 

samples. Three of the four studies showed the presence of 

different types of variants, including the missense, nonsense, 

splice site, deletions, and insertions.29–31

The number of variants per tumor varied greatly (some 

tumors with ,100 variants and others having .3,000  variants), 

showing the high degree of genetic heterogeneity both within 

and among tumors.31,32 In addition, the WES analyses resulted 

in the identification of nine to 15 genes per study, with more 

variants (including potentially deleterious variants in some 

studies) than would be expected by chance.29–32

Lung-related cancers
WES studies in lung cancers have been conducted for 

non-small-cell lung carcinoma (two studies)33,34 and lung 

adenocarcinoma (one study).35 These studies are described 

in Table 5. All the studies presented in this table used the 

Agilent SureSelect platform for exome enrichment, followed 

by the use of Illumina platforms (either Genome Analyzer II 

or HiSeq [Illumina Inc.]) for sequencing. The two non-small 

cell-lung carcinoma studies showed differences in the variant 

type, based on the subtype of the cancer;33,34 for example, 

the ratio of nonsynonymous to synonymous variants was 

nominally statistically significantly higher in adenocarcinoma 

patients compared with squamous cell carcinoma patients 

(3.6 versus 2.8; P=0.05).33 Follow-up of potential candidate 

genes identified .15 genes in all studies,33–35 with some genes 

having a highly significant proportion of variants (P range; 

2×10-14–7×10-4).33

weS in other types of cancer
WES studies have been conducted in other types of cancers, 

including colon and colorectal cancer,36,37 prostate cancer,38,39 

and head and neck squamous cell carcinoma.40,41 Since the 

methodology and criteria used to evaluate the results are 

similar to those described previously (ie, include assessment 

of the genotype landscape and, in some cases, identification 

of potential candidate genes to be further evaluated), these 

studies are not described in this review.
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Clinical utility
Three studies evaluating treatment outcomes based on the 

results obtained through WES have suggested potential for 

clinical utility.19,42,43

•	 In one of the breast cancer studies described in Table 2, 

Ellis et al19 (2012) evaluated the correlation between 

variants in specific genes (identified through WES and 

WGS) and response to aromatase inhibitors in patients 

with estrogen receptor-positive breast cancer. The protein 

Ki-67 is a marker of tumor proliferation, and high levels 

of this protein are associated with a poor prognosis even 

after aromatase inhibitor treatment. Genetic variants were 

analyzed at baseline and postsurgery in relation to Ki-67 

levels. One gene, GATA-binding protein 3 (GATA3), 

showed no correlation at baseline, but showed enrichment 

of variants in samples showing a decline in Ki-67 levels 

(P=0.01) postsurgery. These results suggest that the pres-

ence of GATA3 variants may be a predictive marker to 

identify individuals who will respond to treatment with 

aromatase inhibitors.19

•	 A second study by Sohn et al42 (2012) evaluated WES 

data from 174 patients with ovarian cancer who were 

part of the Cancer Genome Atlas study described in the 

“Clinical validity” section. In patients with high-grade 

serous ovarian cancer, the standard treatment is surgery 

followed by platinum-based chemotherapy. However, 

platinum resistance is observed in approximately 30% 

patients. Details of the study are:42

○	 All patients had platinum response data and WES 

results available. From the WES results, individuals 

were classified into two groups, based on the number 

of variants detected: hypervariant (.61.9 variants 

per patient); or hypovariant (,61.9 per patient). In 

addition, platinum status after receiving prior plati-

num treatment was determined: platinum-sensitive 

(no platinum treatment for $6 months with no 

disease progression or recurrence); or platinum-

resistant (,6 months to disease progression or 

recurrence).

○	 Of the 174 patients, 122 (70.1%) and 52 (29.9%) 

were classified as platinum-sensitive and platinum-

resistant, respectively. The number of variants was 

statistically significantly different between the two 

groups (mean number of variants of 67.2±38.9 and 

49.4±25.2 for the sensitive and resistant groups, 

respectively; P,0.001). In addition, a multivariate 

logistic regression analysis identified somatic hyper-

variant as an independent risk factor for determining 

platinum response (odds ratio =3.616; 95% CI, 

1.595–8.200; P=0.002).

○	 Hypervariant status was also statistically significantly 

associated with longer overall survival (P,0.001) and 

progression-free survival (P=0.001).

•	 Finally, a third study evaluated WES in patients with 

acute lymphoblastic leukemia (ALL). ALL patients who 

experience remission following aggressive chemotherapy, 

but then relapse, are generally treated with chemotherapy 

again. However, 40% of these patients do not benefit from 

this subsequent chemotherapy treatment. Tzoneva et al43 

(2013) performed WES in five pediatric patients who had 

prior chemotherapy, remission, and relapsed ALL. Details 

of the study are:43

○	 Variants were detected using the Agilent SureSelect 

kit (Agilent Technologies) for exome capture, and Illu-

mina HiSeq 2000 (Illumina Inc.) for sequencing.

○	 The WES analysis identif ied variants in the 

5′-nucleotidase, cytosolic II (NT5C2) gene. Follow-up 

analysis of this gene in 133 individuals with relapsed 

ALL identified 23 additional variants in this gene. Nine 

individuals with available DNA at time of diagnosis 

showed the absence of NT5C2 variants at diagnosis, 

but these were acquired during relapse. In addition, 

individuals with NT5C2 showed association with 

relapse even when receiving treatment (P=0.002), and 

early relapse compared to late relapse (P,0.05).

○	 The presence of NT5C2 variants in relapsed patients 

suggests that this may be a potential marker to iden-

tify individuals at increased risk for relapse, despite 

chemotherapy treatment.

Discussion and conclusion
An increasing number of WES studies have been performed 

in cancer patients in recent years, comparing tumor tissue 

to normal tissues. WES allows simultaneous detection of 

variants in protein-coding regions across the genome with a 

single assay instead of performing a large number of single 

tests to identify potential genetic contributors to the cancer 

being analyzed. WES also allows exploration of the hetero-

geneous nature of cancers. In this review, we evaluated the 

analytical validity, clinical validity, and clinical utility of 

WES for cancer indications.

Analytical validity evidence was provided by four stud-

ies – three studies in healthy individuals and one in cancer 

patients.13–16 A number of limitations are noted. Two studies 

used data from only one individual, which limits statisti-

cal power.13,15 In addition, only one study analyzed data 
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collected from cancer patients; however, cancer status was 

not specifically accounted for in the analyses.14 The tissue 

types evaluated in cancer may be limited with respect to 

the quantity, preparation (for example, fresh frozen), and 

heterogeneity of clinically significant variants. In addition, 

the very wide spectrum of variants present in cancers may 

increase the complexity of data analysis required. Therefore, 

more studies that specifically address the analytical issues of 

WES in cancer specimens need to be conducted.

Furthermore, the exome comprises only about 1% of 

the genome and variants in noncoding regions, and other 

DNA alterations (including genomic rearrangements and 

copy number variations) will not be detected. Therefore, 

there is a possibility of missing clinically important variants. 

In addition, WES does not provide functional information 

about variants; consequently, results need to be followed up 

to determine the biological function of identified variants. 

Finally, WES relies on bioinformatic algorithms to infer 

variant information and the selection of genes for further 

analysis. Given that such algorithms are still being developed, 

current methods may be limited with respect to the optimal 

variant (and gene) selection.

Clinical validity studies have been mostly limited to 

assessment of genetic landscape information; whereby, 

details about the types of variants (including missense, 

nonsense, silent, insertions, and deletions) are provided. 

Follow-up of the WES results to identify genes with potential 

roles in cancer development have rarely been conducted, 

with no further assessment in most cases. Additional studies 

using adequate sample sizes and with follow-up of identi-

fied variants to assess their functional roles are therefore 

needed. Such analyses may lead to a better understanding 

of diagnostic and prognostic factors, and potential treatment 

avenues for cancer patients.

While no study provided direct evidence of clinical 

utility, three studies suggest the potential for clinical 

utility. Follow-up analyses showed enrichment of GATA3 

variants (identified by WES) in samples showing a decline 

in Ki-67 levels, which is a marker for response to aro-

matase inhibitor treatment. This association suggests that 

presence of GATA3 variants may be a predictive marker 

to identify individuals who will respond to treatment 

with aromatase inhibitors.19 A second study showed that 

somatic hypervariation detected through WES not only 

was a predictive factor for determining platinum-based 

chemotherapy response in ovarian cancer treatment, but it 

was also statistically significantly associated with longer 

overall survival and progression-free survival.42 Lastly, a 

WES study identified NT5C2 variants that were associated 

with ALL relapse even when patients were receiving treat-

ment, suggesting that NT5C2 may be a potential marker 

to identify individuals who may experience ALL relapse 

despite chemotherapy treatment.43 While these three stud-

ies suggest potential for clinical utility for WES in cancer, 

there are no studies that specifically demonstrate improve-

ments in patient outcomes.

To assess the potential impact of studies published 

after June 2013, an updated search of the literature was 

conducted in March 2014. Although additional studies have 

been published since June 2013, these represented further 

genetic landscape evaluation with no additional evidence 

for clinical utility.

WES results may have ethical implications. One ethical 

issue that may arise with WES studies is the identification 

of an incidental finding with clinical significance, ie, a vari-

ant with a known disease-causing effect, but for a different 

condition than that being studied. This information may 

affect not only a patient, but it may have implications for 

the patient’s family members. The methods of providing 

such information to patients are not entirely clear, although 

some recommendations have recently been made by the 

American College of Medical Genetics and Genomics.44 In 

addition, given the limited number of follow-up studies (and 

small sample sizes) addressing treatment outcomes, there 

are potential safety concerns if a treatment decision is based 

solely on WES results.

In conclusion, while there is evidence for clinical valid-

ity, mainly for breast cancer, clinical utility evidence for 

WES is lacking for all types of cancer. Therefore, WES 

has not yet been proven to improve outcomes for patients 

with cancer.
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