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Abstract: The molecular characterization of tumors using next generation sequencing
(NGS) is an emerging diagnostic tool that is quickly becoming an integral part of clinical
decision making. Cancer genomic profiling involves significant challenges including DNA
quality and quantity, tumor heterogeneity, and the need to detect a wide variety of complex
genetic mutations. Most available comprehensive diagnostic tests rely on primer based
amplification or probe based capture methods coupled with NGS to detect hotspot mutation
sites or whole regions implicated in disease. These tumor panels utilize highly customized
bioinformatics pipelines to perform the difficult task of accurately calling cancer relevant
alterations such as single nucleotide variations, small indels or large genomic alterations
from the NGS data. In this review, we will discuss the challenges of solid tumor assay
design/analysis and report a case study that highlights the need to include complementary
technologies (i.e., arrays) and germline analysis in tumor testing to reliably identify copy
number alterations and actionable variants.
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1. Introduction

Traditional methods for tumor characterization are tumor-type specific and include assays such as
immunohistochemistry (IHC), in situ hybridization (ISH), quantitative PCR (qPCR), Sanger sequencing
and gene signature microarrays [1–8]. These types of assays are highly specific and provide limited
information. For example, the Roche Cobas qPCR platform has FDA approved in vitro diagnostic (IVD)
products available for EGFR and BRAF, but the output is limited to either one mutational hotspot (BRAF
V600) or mutations in a handful of exons (EGFR exons 18, 19, 20 and 21) and are only approved
for specific cancer types [9,10]. Likewise, ISH assays provide limited information, as the region of
interrogation is limited to the probe sequence [11,12]. In contrast, whole genome sequencing (WGS) of
tumors using next generation sequencing (NGS) is an unbiased approach that provides extensive genomic
information about a tumor. WGS can provide information both at the single nucleotide level, as well
as detect structural variations such as large rearrangements, gross deletions and duplications [13–16].
Unfortunately, the cost of sequencing is still too high for routine clinical WGS of tumor specimens.
An alternative approach is exome sequencing, but even this method is not cost effective due to the large
amount of data required to detect low-level variants and time needed to analyze thousands of genes [13].
Targeted gene panels are currently the best option for tumor characterization, as they allow multiple
genes to be analyzed and can provide enough depth of coverage to detect minor allele frequencies in
a cost-effective manner [17–20].

Due to the gaining popularity of NGS based tumor testing, guidelines for detecting tumor variants
have recently been established by the State of New York Health Department [21]. Based on these
recommendations, samples should have enough sequence data for a minimum average coverage of 500ˆ

so that minor allele frequencies of 5% can be reliably detected. With current NGS platforms, the data
yield is high enough for multiple samples to be barcoded and sequenced together (i.e., multiplexed).
However, the size of a targeted gene panel (i.e., the number/size of genes targeted) will dictate the level
of multiplexing that can still achieve an average of 500ˆ coverage per sample (i.e., large panels have low
levels of multiplexing and small panels have high levels). In order for NGS diagnostics to be accurate and
cost-effective, a balance must be reached between panel size and the level of multiplexing. In addition,
coverage and its reliability as a quality metric can differ depending on whether amplification-based or
probe-based enrichment is utilized [22].

When designing a complex tumor profiling test for high-throughput diagnostic use there are numerous
considerations that must be taken into account compared to designing a research level assay. Likely, the
most important component in testing in which treatment decisions are being made is turn-around-time.
Oncologists need to start patients on treatment quickly, especially when the cancer is aggressive or
refractory. Therefore, the assay needs to have a simplified wet lab work-flow as well as a variant
reporting structure which makes it possible to deliver results to the clinician in a timely manner
(„14 days). Another important component of diagnostic testing is the costs associated and the potential
for insurance reimbursement. There are a lot of technologies available today such as DNA sequencing,
RNA sequencing, epigenetic profiling, circulating tumor cell enumeration, etc. which together would
provide a nice comprehensive snap-shot of one’s cancer, however routinely it is not economically feasible
to achieve. Likewise, insurance companies are only willing to reimburse a certain amount for testing,
which is not likely to change until more clinically relevant outcomes can be correlated with profiling



Cancers 2015, 7 1315

results. In accordance, labs will ultimately need to navigate the regulatory pathway to FDA and Medicare
approval. Again, this will take time to gather the appropriate data to illustrate the benefit in treatment
outcomes based on comprehensive testing and off-label drug use.

Recently, an NGS cancer panel was approved by Palmetto (a contractor for the Centers for Medicare
and Medicaid Services) for patients with advanced non-small cell lung cancer, however, patients must
have previously tested negative for EGFR mutations, ALK rearrangements and ROS1 rearrangements
through non-NGS methods (MolDX: NSCLC, Comprehensive Genome Profile Testing (L35896)).
While this approval is a positive step forward, the requirement for previous testing is perplexing as the
approval is based on a study by Drilon et al. that supports first-line profiling of lung adenocarcinomas
using NGS gene panels as a more comprehensive and efficient strategy than non-NGS testing [23].
NGS gene panels are being leveraged in some basket trials such as the NCI-IMPACT (Molecular
Profiling-Based Assignment of Cancer Therapy) and NCI-MATCH (Molecular Analysis for Therapy
Choice), where enrollment in a trial is based on a molecular marker (i.e., mutation) rather than tumor
type. These trials will link tumor profiling data to patient outcomes and clinical/phenotypic data. Ideally,
datasets generated from these basket trials should be deposited in databases available to researchers.
There is little doubt over time NGS based cancer diagnostics will be a key component in guiding
personalized drug selection and shift the paradigm in how clinicians treat patients.

2. Amplification-Based Enrichment Methods

There are several commercially available amplification-based cancer panels such as the Ion
Ampliseq™ Comprehensive Cancer Panel from Thermo Fisher/Life Technologies (Carlsbad, CA, USA),
GeneRead Human Comprehensive Cancer Panel from Qiagen (Valencia, CA, USA) and Thunderbolts
Cancer Panel from RainDance Technologies (Billerica, MA, USA). These platforms are based on
the polymerase chain reaction (PCR) and are ideal when analyzing archived tissue that have limited
material. Due to the relatively small size of primer sequences it is generally possible to design primers
that do not amplify pseudogenes and can avoid most GC rich regions. Therefore, primer design
strategies can generally achieve 100% coverage of a region of interest with minimal off-target sequence
(Figure 1A) [22]. However, amplification-based target enrichment is susceptible to allele drop-out, which
can result in false negatives. Allele drop-out occurs when a variant is located in a primer binding site and
prevents primer hybridization, leading to failed amplification and allele bias [24–26]. Typically, allele
drop-out is only detectable when the wild-type allele is affected, resulting in a suspicious homozygous
mutation call (Figure 1B). The risk of allele drop-out can be reduced by a tiling primer design that
results in multiple overlapping amplicons for each target (Figure 1C) [27]. This strategy is sufficient for
germline DNA samples, but may not completely prevent allele drop-out in somatic cancer samples due to
their heterogeneous nature. Primer design for germline samples can be guided by a reference sequence,
so known single nucleotide polymorphisms (SNPs) can be avoided. DNA isolated from a population of
somatic cancer cells will contain multiple acquired genotypes with varying allele frequencies. As these
mutations can be present anywhere in the target region, allele drop-out may still occur if mutations are
located in two adjacent primer binding sites.
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Figure 1. Amplification-Based Strategies for Target Enrichment. (A) Amplification based 

strategies for target enrichment consist of PCR amplification of the desired region using 

primers. (B) If a variant is located in the primer binding region, the primer may fail to bind 

resulting in failed amplification and allele dropout. (C) A tiled amplicon approach may be 

used to avoid allele dropout. In this scenario, multiple amplicons are generated for the same 

target minimizing allele dropout. 

As mentioned previously, amplicon-based enrichment strategies can achieve 100% coverage of a 

region with little off-target sequence as the start and stop coordinates of each amplicon are 

predetermined. A consequence of this selectivity is the true depth of coverage cannot be determined as 

PCR duplicates cannot be distinguished from amplicons generated from the original template. A PCR 

duplicate is a copy of a pre-existing amplicon and does not represent an independent data point [28]. 

PCR duplicates are typically identified and removed based on mapping coordinates [29–31]. However, 

all duplicate sequence reads for a particular target will have the same mapping coordinates as  

non-duplicates in amplicon-based enrichment strategies and thus cannot be removed. Figure 2 shows an 

example of NGS reads generated from an amplification-based method aligned to a reference sequence. 

The NGS reads are represented by horizontal red or blue bars that are stacked on top of each other. The 

level of stacking (i.e., how many reads are stacked on a region) is the depth of coverage. Figure 2 shows 

a depth of coverage of >1000x (i.e., there are more than 1000 reads covering each region), which includes 

PCR duplicates, and the reads are stacked perfectly in a column since each read has the same start and 

stop genomic coordinates.  

Figure 1. Amplification-Based Strategies for Target Enrichment. (A) Amplification based
strategies for target enrichment consist of PCR amplification of the desired region using
primers. (B) If a variant is located in the primer binding region, the primer may fail to bind
resulting in failed amplification and allele dropout. (C) a tiled amplicon approach may be
used to avoid allele dropout. In this scenario, multiple amplicons are generated for the same
target minimizing allele dropout.

As mentioned previously, amplicon-based enrichment strategies can achieve 100% coverage of
a region with little off-target sequence as the start and stop coordinates of each amplicon are
predetermined. A consequence of this selectivity is the true depth of coverage cannot be determined
as PCR duplicates cannot be distinguished from amplicons generated from the original template. A PCR
duplicate is a copy of a pre-existing amplicon and does not represent an independent data point [28]. PCR
duplicates are typically identified and removed based on mapping coordinates [29–31]. However, all
duplicate sequence reads for a particular target will have the same mapping coordinates as non-duplicates
in amplicon-based enrichment strategies and thus cannot be removed. Figure 2 shows an example of
NGS reads generated from an amplification-based method aligned to a reference sequence. The NGS
reads are represented by horizontal red or blue bars that are stacked on top of each other. The level of
stacking (i.e., how many reads are stacked on a region) is the depth of coverage. Figure 2 shows a depth
of coverage of >1000x (i.e., there are more than 1000 reads covering each region), which includes PCR
duplicates, and the reads are stacked perfectly in a column since each read has the same start and stop
genomic coordinates.
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Figure 2. Sequence Read Alignment from an Amplification-based Enrichment Method. 

Individual sequence reads (red or blue horizontal lines) are stacked vertically and aligned to 

a reference sequence * at the base of the stack. The black bars on the bottom show the region 

of alignment and highlight the fact all sequence reads within a stack have the same start and 

stop positions.  

The inability to identify and remove PCR duplicates results in increased false positives, as increased 

PCR duplicates inflate the false positive rate [32]. False positives are errors generated during 

amplification or sequencing and appear in the data as variants [33]. It is not uncommon to observe high 

false positive rates when analyzing germline samples at DNA inputs recommended for amplification-based 

enrichment methods [27,32]. The majority of these false positives can be eliminated by filtering out 

variants with an allele frequency less than 20% (Figure 3). The rate of PCR duplicates increases with 

decreased DNA input amounts [32]. This is relevant for FFPE tumor biopsy specimens as the number of 

PCR duplicates is expected to be higher due to (i) limited specimen material that restricts DNA input 

amounts, and (ii) poor sample quality that limits the amount of DNA that can be amplified [34]. These 

factors can pose a problem for heterogeneous tumor samples where detecting mutations with an allele 

frequency of 5% is desirable. A possible approach to identifying false positives is to run samples in 

duplicate, or split the PCR reaction into multiple tubes, but this increases sample handling and the risk 

of sample mix-up.  

Figure 2. Sequence Read Alignment from an Amplification-based Enrichment Method.
Individual sequence reads (red or blue horizontal lines) are stacked vertically and aligned to
a reference sequence * at the base of the stack. The black bars on the bottom show the region
of alignment and highlight the fact all sequence reads within a stack have the same start and
stop positions.

The inability to identify and remove PCR duplicates results in increased false positives, as
increased PCR duplicates inflate the false positive rate [32]. False positives are errors generated
during amplification or sequencing and appear in the data as variants [33]. It is not uncommon to
observe high false positive rates when analyzing germline samples at DNA inputs recommended for
amplification-based enrichment methods [27,32]. The majority of these false positives can be eliminated
by filtering out variants with an allele frequency less than 20% (Figure 3). The rate of PCR duplicates
increases with decreased DNA input amounts [32]. This is relevant for FFPE tumor biopsy specimens
as the number of PCR duplicates is expected to be higher due to (i) limited specimen material that
restricts DNA input amounts, and (ii) poor sample quality that limits the amount of DNA that can be
amplified [34]. These factors can pose a problem for heterogeneous tumor samples where detecting
mutations with an allele frequency of 5% is desirable. A possible approach to identifying false positives
is to run samples in duplicate, or split the PCR reaction into multiple tubes, but this increases sample
handling and the risk of sample mix-up.



Cancers 2015, 7 1318Cancers 2015, 7 6 

 

 

 

Figure 3. Coverage vs. Read Ratio for Amplification-based Enrichment of Germline 

Samples. The plot shows depth of coverage vs. observed allele ratios in NGS data. The green 

circles are Sanger confirmed variants and red triangles are false positives. Heterozygous 

alleles are not always represented in a 50:50 ratio in NGS data. As the plot shows, most true 

heterozygous calls range from ratios of 20:80 to 50:50 and alleles present below 20% (i.e., 

85:15, 90:10, 95:5, etc.) are typically false positives. Somatic samples may have true variants 

at 5%, so determining the true depth of coverage is critical for minimizing false positives. 

Single molecule tagging (SMT) was developed to identify PCR duplicates [35–38]. Smith et al. 

incorporated SMT technology into an amplification-based target enrichment protocol [32]. They looked 

at allele frequency differences for heterozygous SNPs from the same germline samples with and without 

PCR duplicates and observed a false positive rate of over 25% when duplicates were left in the data set. 

The false positive rate dropped to 5% after duplicate removal. The authors state the presence of PCR 

duplicates and corresponding false positive rate can give the appearance of a significant difference 

between samples when none exists. The SMT technology appears to be a viable option to identify PCR 

duplicates in amplification-based methods of tumor characterization, but may not be available or 

included in commercial panels or platforms.  

3. Probe-Based Enrichment Methods 

Probe-based enrichment methods utilize long oligonucleotides complementary to a region of interest. 

The first published probe-based enrichment methods were based on microarray technology, where the 

probes were anchored to a solid surface [39–41]. Current probe-based platforms such as SureSelect from 

Agilent Technologies (Santa Clara, CA, USA), Lockdown Probes from Integrated DNA Technologies 

(Coralville, IA, USA) and SeqCap EZ from Roche-Nimblegen (Madison, WI, USA) are solution-based 

and use biotinylated oligonucleotide probes up to 120 nucleotides in length that are designed to capture 

Figure 3. Coverage vs. Read Ratio for Amplification-based Enrichment of Germline
Samples. The plot shows depth of coverage vs. observed allele ratios in NGS data. The green
circles are Sanger confirmed variants and red triangles are false positives. Heterozygous
alleles are not always represented in a 50:50 ratio in NGS data. As the plot shows, most true
heterozygous calls range from ratios of 20:80 to 50:50 and alleles present below 20% (i.e.,
85:15, 90:10, 95:5, etc.) are typically false positives. Somatic samples may have true variants
at 5%, so determining the true depth of coverage is critical for minimizing false positives.

Single molecule tagging (SMT) was developed to identify PCR duplicates [35–38]. Smith et al.
incorporated SMT technology into an amplification-based target enrichment protocol [32]. They looked
at allele frequency differences for heterozygous SNPs from the same germline samples with and without
PCR duplicates and observed a false positive rate of over 25% when duplicates were left in the data
set. The false positive rate dropped to 5% after duplicate removal. The authors state the presence of
PCR duplicates and corresponding false positive rate can give the appearance of a significant difference
between samples when none exists. The SMT technology appears to be a viable option to identify
PCR duplicates in amplification-based methods of tumor characterization, but may not be available or
included in commercial panels or platforms.

3. Probe-Based Enrichment Methods

Probe-based enrichment methods utilize long oligonucleotides complementary to a region of interest.
The first published probe-based enrichment methods were based on microarray technology, where the
probes were anchored to a solid surface [39–41]. Current probe-based platforms such as SureSelect from
Agilent Technologies (Santa Clara, CA, USA), Lockdown Probes from Integrated DNA Technologies
(Coralville, IA, USA) and SeqCap EZ from Roche-Nimblegen (Madison, WI, USA) are solution-based
and use biotinylated oligonucleotide probes up to 120 nucleotides in length that are designed to capture
a region of interest (Figure 4A). Since the probes are much longer than typical PCR primers, variants in
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the probe binding site typically do not affect hybridization to the target region and thus allele drop-out
is not an issue (Figure 4B). This is important in tumor samples in which the mutation burden may be
high. However, since probes can tolerate numerous mismatches in the target region, there is higher
chance of enriching homologous regions (i.e., pseudogenes), which can significantly increase off-target
reads. Some genomic regions may be difficult to capture and require higher probe densities or tiled
probes (Figure 4C). Other regions that are GC-rich or low complexity cannot be selectively isolated
using probes [22]. Probe-based enrichment technologies hybridize to target regions contained within
larger fragments of DNA. As a result, regions surrounding (or flanking) the target will be isolated and
sequenced. This has the advantage of capturing neighboring regions of interest where probes cannot
be designed, but will also isolate neighboring regions of no interest (i.e., off target) that can reduce
target region coverage if not minimized. Off-target sequence data can reduce overall coverage in regions
of interest, which can be problematic when trying to detect low-level variants at high confidence in
tumor samples.
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regions that prove difficult to enrich. 

Unlike amplification-based enrichment methods, which can generate a sequence-ready library after 

just two rounds of PCR [27], most probe-based methods require traditional NGS library preparation 

(Figure 5A,B) [22]. Since DNA is randomly sheared for the NGS library prep, sequence reads for a 

particular target will have several different start and stop coordinates. Moreover, both ends of the DNA 

Figure 4. Probe-Based Strategies for Target Enrichment. (A) Probe-based strategies for
target enrichment consist of generating biotinylated oligonucleotide probes (120 nucleotides
in length) that are complementary to regions of interest. The size of the target will determine
the number of probes required to capture the region. (B) Probe-based methods are not
typically prone to allele dropout as the 120 nucleotide oligos can still hybridize in the
presence of several (up to seven) mismatches. (C) Probe densities can be increased for
regions that prove difficult to enrich.

Unlike amplification-based enrichment methods, which can generate a sequence-ready library after
just two rounds of PCR [27], most probe-based methods require traditional NGS library preparation
(Figure 5A,B) [22]. Since DNA is randomly sheared for the NGS library prep, sequence reads for
a particular target will have several different start and stop coordinates. Moreover, both ends of the DNA
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fragment are sequenced, so two independent reads with unique start and stop coordinates may be paired
together generating a unique data point. As a result, PCR duplicates can be identified and removed
from the dataset (Figure 5C), which reduces the false positive rate [32] and allows the true sequencing
coverage depth to be determined.
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Figure 5. Sample Preparation for Probe-Based Target Enrichment. (A) DNA is randomly
sheared, enzymatically repaired, NGS adapters ligated to the ends of fragmented DNA and
PCR enriched. (B) Next, the NGS library is hybridized to biotinylated oligonucleotide
capture probes. The size and nucleotide content of individual molecules of the same targeted
region (i.e., Exon 1 in the figure above) will differ due to random shearing. (C) The
sequencing reads from these molecules will have unique start and stop coordinates when
aligned to a reference, allowing identification and removal of PCR duplicates.

Figure 6 shows an example of NGS reads generated from a probe-based enrichment method for
a somatic DNA sample aligned to a reference sequence after PCR duplicate removal. The unique
NGS reads are stacked on top of each other representing a depth of coverage of „1200ˆ for this
particular sample.
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Figure 6. Sequence Read Alignment from a Probe-based Enrichment Method. Individual
sequence reads (red or blue horizontal lines) stacked vertically and aligned to a reference
sequence * at the base of the stack. The black bar on the bottom shows a continuous region
of alignment with reads stacked in a staggered or step-wise manner. PCR duplicates have
been removed, so reads within a stack will have unique start and stop coordinates.

The PCR duplicates for this somatic sample comprised approximately 50% of the sequence reads
when using 1 µg input FFPE DNA in the enrichment process. Probe-based target enrichment requires
more starting material than amplification-based enrichment, which could pose a problem if limited tumor
biopsy material is available. However, as stated previously, PCR duplicates typically increase with
decreased DNA input and the false positive rate is directly associated with PCR duplicate levels [32].
Importantly, in germline based assays all positives can be Sanger confirmed, so relaxed filtering can be
used to avoid false negatives. In contrast, false positives are more of a concern for somatic samples since
treatment may be based on the presence of a mutation and Sanger sequencing is not sensitive enough to
detect low-level variants. Treatment may also be based on pertinent negative results, so false negatives
are of potential concern.

4. Copy Number Analysis

While the initial application of NGS data was mutation analysis, computational tools have been
developed to determine copy number variants (CNVs) using NGS data [42,43]. These tools are
accurate when analyzing alleles from germline/diploid samples, but are limited when analyzing
heterogeneous somatic samples, as they cannot confidently call low-level amplifications (i.e., below
5ˆ) [18]. Moreover, aneuploidy can be determined using NGS data from WGS [44,45], but cannot be
readily detected using gene panels as the data only represents a fraction of the genome. In contrast,
microarray-based platforms are highly sensitive and can detect single copy amplifications as well as
aneuploidy and polyploidy [46,47]. Ploidy determination can have clinical significance and serve as
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a prognostic factor. In prostate cancer, DNA aneuploidy increases with stage and grade and can serve as
a prognostic indicator for hormone therapy [48,49]. Also, aneuploidy of chromosome 17 is a prognostic
indictor in breast cancer [50–52].

Array-based karyotyping provides a high-resolution genome-wide analysis of chromosome copy
number and has become a standard clinical laboratory test for CNV determination [53–55]. Recently,
Ciriello et al. analyzed data sets from approximately 3300 tumors from 12 tumor types characterized as
part of The Cancer Genome Atlas [56]. They showed a bias in the type of mutations found in specific
tumor types—specific tumors contained primarily either CNVs or SNVs/indels, but not both. Based
on their analysis, breast and ovarian are two types of cancers driven primarily by CNVs. In fact, one
of the best-known targeted therapies is Herceptin, which is prescribed, in part, based on HER-2/neu
(ERBB2) copy number status [57]. Traditional methods for determining HER-2/neu status are IHC
and ISH [58]. However, it is estimated that 20% of cases are either equivocal (due to IHC scores
of 2+ and/or HER2/CEP17 ratios between 1.8 and 2.2) or discordant because IHC and ISH results
contradict each other [59–61]. Hansen et al. [62] and Gunn et al. [60] analyzed breast cancer specimens
to determine HER-2/neu status with a microarray-based approach and compared the results with those
previously determined by IHC/FISH methods. Both groups showed the microarray method to be more
sensitive and point out the discrepancies between the microarray method and FISH are due primarily to
amplification or deletion of the chromosome 17 centromere region, which skews the HER2/CEP17 ratio.
These studies highlight the advantage of using a global approach to determine copy number status as
targeted diagnostics may lead to incomplete or incorrect results.

Microarray-based diagnostics have been in use for several years now and, similar to other DNA-based
diagnostics, DNA quality will impact results. DNA extracted from FFPE specimens is typically
degraded and damaged, and generating high quality microarray data can be challenging for this sample
type [63]. The introduction of molecular inversion probes (MIPs) into the sample preparation process
for array-based CNV and SNP analysis of FFPE specimens has greatly improved the data quality [64].
Unlike other array-based CNV analysis methods, MIP-based protocols only use the specimen DNA
in the initial probe hybridization. As a result, the assay is not as sensitive to DNA quality as other
array-based methods that use labeled specimen DNA to probe the array. Although there is an added cost
associated with microarray analysis, coupling NGS with a microarray provides the most accurate and
reliable genomic profile of a tumor.

5. Germline Status Incorporated into Bioinformatic Analysis

The bioinformatics pipeline utilized to detect tumor variants is likely the most important variable to
consider when developing a somatic based assay as it can drastically affect the sensitivity, specificity
and accuracy of the test. Several bioinformatics software programs exist for the analysis of somatic
DNA [65,66]. Some programs perform tumor-only analysis while others, such as VarScan2 [67] and
MuTect [68], perform paired analysis using NGS data from both tumor and matched normal tissue or
blood. While a recent news story indicated most diagnostic labs perform tumor-only sequencing due
to cost considerations [69], Jones et al. published a comparison of tumor only vs. tumor/germline
paired analysis and found up to one-third of actionable mutations in tumor-only analysis are classified
incorrectly as somatic when they are actually germline [70]. Actionable mutations are genomic
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alterations that may predict sensitivity or resistance to established or emerging therapies and include
mutations that (i) have an FDA approved therapy in the patient’s tumor type; (ii) have an FDA approved
therapy in a different tumor type (off-label); (iii) have a drug targeting the altered gene currently in
a clinical trial; or (iv) provide prognostic information [17,20]. They observed germline mutations that
are classified as actionable and have Cosmic IDs, including ERBB2/I1128V and MSH6/F726L. If these
mutations are incorrectly classified as somatic, inappropriate treatment may be prescribed. Knowing the
germline status of the patient can not only aid in the clinical management of the patient and their family
members but also help correctly classify the variant as pathogenic or benign. For example, inherited
mutations in oncogenes have only been described for a few genes [71]. Therefore, if an oncogene
mutation is detected in the tumor and the germline of the patient, it is likely benign. In addition, the driver
mutation of a tumor can be identified if it is determined that a particular pathogenic tumor suppressor
mutation is germline. Likewise, if a mutation in a tumor suppressor such as BRCA1 or BRCA2 is
only found in the tumor and not the germline the patient and family member cancer susceptibility can
be managed appropriately. Although, the inclusion of incidental germline findings may complicate
patient management for the oncologist [72], the data is evident that tumor-only analysis may lead to
inappropriate treatment with significant effects on patient safety and healthcare costs.

6. Case Study

The sample described here, characterized at Ambry Genetics, details the power of not only
differentiating germline derived mutations from tumor, but also performing microarray CNV analysis.
A stage 4 prostate cancer specimen from a 43 year old individual (FFPE DNA) was sent to Foundation
Medicine for analysis on FoundationOner, a CLIA validated probe-based target enrichment tumor
profiling test [18]. The FoundationOne clinical report lists genomic alterations that may provide
treatment options for the ordering physician. The treatment options may include (i) FDA approved
therapies in the patient’s tumor type; (ii) FDA approved therapies in a different tumor type; or (iii)
potential clinical trials. The report also lists variants of unknown significance. The results of the test
are listed in Table 1. The MITF amplification was the only actionable variant included in the report and
Foundation Medicine listed a potential clinical trial for this CNV. No treatment options were given for
the FOXP1 amplification, IKZF1 loss and TMPRSS2 rearrangement. Moreover, the MITF and FOXP1
amplifications were listed as equivocal, or ambiguous. A total of eight variants of unknown significance
(VUS) were reported, including an ATM V2424G mutation, which is a known pathogenic mutation
implicated in hereditary breast cancer [73–76]. ATM is part of the homologous recombination repair
pathway [77–79], which is currently being targeted in the clinic with PARP inhibitors [80,81].

The specimen was also analyzed using a probe-based enrichment cancer gene panel developed by
Ambry Genetics. The panel, TumorNext™, analyzes 142 genes implicated in somatic and hereditary
cancers. The test is designed to include a matched blood sample that is analyzed in parallel, so the
germline status of mutations can be determined. In addition, CNV analysis was performed using
OncoScanr, a MIP-based microarray platform for CNV analysis from Affymetrix [82].
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Table 1. Results from FoundationOne for a prostate cancer specimen.

Genomic Alterations Identified

MITF
amplification-equivocal

FOXP1
amplification-equivocal

IKZF1 loss
TMPRSS2

rearrangement intron 2

Variants of Unknown Significance

ATM V2424G BCOR K1260R CHD4 K775R EGFR loss

FAT1 N4492K INHBA R229Q PREX2 M1298L RPTOR A862T

The FoundationOne gene panel is significantly larger than TumorNext, so a direct comparison of
results was not possible. ATM, EGFR and MITF are the only genes listed in the Foundation Medicine
report that are common to both NGS panels. TumorNext detected the ATM V2424G mutation and
determined it to be germline (see below for CNV detection). Importantly, since this is a known hereditary
pathogenic mutation and the individual is extremely young for prostate cancer, it is highly likely this is
the driver mutation and not a VUS. As discussed previously, knowing the germline status of mutations
can have an impact on treatment strategies. In fact, there is at least one PARP inhibitor clinical trial
available for patients with advanced cancer and ATM mutations [83]. Also, a PARP inhibitor olaparib
(Lynparza) has been approved to treat advanced ovarian cancer [84], so there is the potential for off-label
use. These potential treatment options were missed by the FoundationOne test. Perhaps Foundation
Medicine would have been alerted to these treatment options if they determined the germline status of
this mutation.

The CNV results from OncoScan include a genome-wide karyotype, log-ratio and B-allele frequency
plots (Figure 7). The karyotype plot shows the prostate tumor specimen is polyploidy, with almost all
chromosomes amplified. The log-ratio plot shows most chromosomes are 4n and the B-allele frequency
plot shows most chromosome regions have a balanced allele distribution (AA, AB and BB), which
gives the overall impression of a diploid state. Most NGS bioinformatic pipelines include differences in
read depth as a mechanism to determine CNV status. In this specimen almost the entire genome was
amplified uniformly to 4n, so there are only a small number of regions where read depth differences can
be distinguished. Thus, using an NGS based approach for CNV analysis in polyploidy samples is flawed.
Practically every gene was amplified in this specimen and the FoundationOne report only lists two (both
classified as equivocal), MITF and FOXP1, which are located in the same region of chromosome 3,
with a copy number of 6n. Also, the FoundationOne report lists a loss of EGFR, which agrees with
the OncoScan result. However, the OncoScan result shows a homozygous loss and the FoundationOne
report does not specify whether it is homozygous or hemizygous. As mentioned previously, the ploidy
state of prostate tumors has clinical significance and serves as a prognostic indicator [48,49].
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7. Conclusions

NGS gene panels offer many advantages over traditional molecular assays currently used for tumor
characterization and have become widely adopted. NGS gene panels allow multiple targets to be
analyzed simultaneously, which may eliminate the need for reflex testing and preserves precious
specimens by limiting the number of tests required for full characterization. As numerous tumor
characterization NGS gene panels begin to enter the market it is important for users to understand the
benefits and limitations of the methods and technologies being utilized. There are many nuances in
designing NGS gene panels for solid tumor analysis and multiple options exist for each component of
the workflow. Numerous factors can impact the accuracy, sensitivity and specificity of tumor sequencing
including the target enrichment technology, sequencing platform and bioinformatics pipeline.

This review discussed the advantages of using a probe-based target enrichment strategy for NGS
gene panels coupled with tumor/matched control paired analysis, which is critical to achieve a complete
understanding of the significance of the detected alterations. The case study presented not only
highlighted the advantages of incorporating germline analysis in somatic NGS gene panel assays, but
also the limitations of using NGS panels to detect CNVs in somatic samples and the advantages of using
arrays for this purpose. As more physicians leverage these tools for tumor characterization and become
familiar with the technologies, best practices will emerge and become standardized.



Cancers 2015, 7 1326

Acknowledgments

Huy Vuong, Wenbo Mu, and Hsiao-Mei Lu for providing references, figures and helpful discussions
concerning bioinformatic analyses.

Author Contributions

P.N.G. wrote the review, and C.L.M.D. And A.M.E. contributed content, reviewed and edited.

Conflicts of Interest

All authors are employees of Ambry Genetics, which offers commercial clinical diagnostic tests for
somatic and hereditary cancers.

References

1. Igbokwe, A.; Lopez-Terrada, D.H. Molecular testing of solid tumors. Arch. Pathol. Lab. Med.
2011, 135, 67–82. [PubMed]

2. McCourt, C.M.; Boyle, D.; James, J.; Salto-Tellez, M. Immunohistochemistry in the era of
personalised medicine. J. Clin. Pathol. 2013, 66, 58–61. [CrossRef] [PubMed]

3. Pauletti, G.; Dandekar, S.; Rong, H.; Ramos, L.; Peng, H.; Seshadri, R.; Slamon, D.J. Assessment
of methods for tissue-based detection of the her-2/neu alteration in human breast cancer: A direct
comparison of fluorescence in situ hybridization and immunohistochemistry. J. Clin. Oncol. 2000,
18, 3651–3664. [PubMed]

4. Lebeau, A.; Deimling, D.; Kaltz, C.; Sendelhofert, A.; Iff, A.; Luthardt, B.; Untch, M.;
Lohrs, U. Her-2/neu analysis in archival tissue samples of human breast cancer: Comparison of
immunohistochemistry and fluorescence in situ hybridization. J. Clin. Oncol. 2001, 19, 354–363.
[PubMed]

5. Angulo, B.; Garcia-Garcia, E.; Martinez, R.; Suarez-Gauthier, A.; Conde, E.; Hidalgo, M.;
Lopez-Rios, F. A commercial real-time pcr kit provides greater sensitivity than direct sequencing
to detect kras mutations: A morphology-based approach in colorectal carcinoma. J. Mol. Diagn.
2010, 12, 292–299. [CrossRef] [PubMed]

6. Gonzalez de Castro, D.; Angulo, B.; Gomez, B.; Mair, D.; Martinez, R.; Suarez-Gauthier, A.;
Shieh, F.; Velez, M.; Brophy, V.H.; Lawrence, H.J.; et al. A comparison of three methods for
detecting kras mutations in formalin-fixed colorectal cancer specimens. Br. J. Cancer 2012, 107,
345–351. [CrossRef] [PubMed]

7. Lopez-Rios, F.; Angulo, B.; Gomez, B.; Mair, D.; Martinez, R.; Conde, E.; Shieh, F.; Vaks, J.;
Langland, R.; Lawrence, H.J.; et al. Comparison of testing methods for the detection of braf v600e
mutations in malignant melanoma: Pre-approval validation study of the companion diagnostic test
for vemurafenib. PLoS ONE 2013, 8, e53733. [CrossRef] [PubMed]

8. Solin, L.J.; Gray, R.; Baehner, F.L.; Butler, S.M.; Hughes, L.L.; Yoshizawa, C.; Cherbavaz, D.B.;
Shak, S.; Page, D.L.; Sledge, G.W., Jr.; et al. A multigene expression assay to predict local
recurrence risk for ductal carcinoma in situ of the breast. J. Natl. Cancer Inst. 2013, 105, 701–710.
[CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/21204713
http://dx.doi.org/10.1136/jclinpath-2012-201140
http://www.ncbi.nlm.nih.gov/pubmed/23002284
http://www.ncbi.nlm.nih.gov/pubmed/11054438
http://www.ncbi.nlm.nih.gov/pubmed/11208826
http://dx.doi.org/10.2353/jmoldx.2010.090139
http://www.ncbi.nlm.nih.gov/pubmed/20203003
http://dx.doi.org/10.1038/bjc.2012.259
http://www.ncbi.nlm.nih.gov/pubmed/22713664
http://dx.doi.org/10.1371/journal.pone.0053733
http://www.ncbi.nlm.nih.gov/pubmed/23326492
http://dx.doi.org/10.1093/jnci/djt067
http://www.ncbi.nlm.nih.gov/pubmed/23641039


Cancers 2015, 7 1327

9. Cobas 4800 braf v600 mutation test. Available online:
http://molecular.roche.com/assays/Pages/cobas4800BRAFV600MutationTest.aspx (accessed
on 15 May 2015).

10. Cobas egfr mutation test. Available online: http://molecular.roche.com/assays/Pages/
cobasEGFRMutationTest.aspx (accessed on 15 May 2015).

11. Lambros, M.B.; Natrajan, R.; Reis-Filho, J.S. Chromogenic and fluorescent in situ hybridization in
breast cancer. Hum. Pathol. 2007, 38, 1105–1122. [CrossRef] [PubMed]

12. Gruver, A.M.; Peerwani, Z.; Tubbs, R.R. Out of the darkness and into the light: Bright field in situ
hybridisation for delineation of erbb2 (her2) status in breast carcinoma. J. Clin. Pathol. 2010, 63,
210–219. [CrossRef] [PubMed]

13. Korbel, J.O.; Urban, A.E.; Affourtit, J.P.; Godwin, B.; Grubert, F.; Simons, J.F.; Kim, P.M.;
Palejev, D.; Carriero, N.J.; Du, L.; et al. Paired-end mapping reveals extensive structural variation
in the human genome. Science 2007, 318, 420–426. [CrossRef] [PubMed]

14. Pleasance, E.D.; Cheetham, R.K.; Stephens, P.J.; McBride, D.J.; Humphray, S.J.; Greenman, C.D.;
Varela, I.; Lin, M.L.; Ordonez, G.R.; Bignell, G.R.; et al. A comprehensive catalogue of somatic
mutations from a human cancer genome. Nature 2010, 463, 191–196. [CrossRef] [PubMed]

15. Chen, K.; Wallis, J.W.; McLellan, M.D.; Larson, D.E.; Kalicki, J.M.; Pohl, C.S.; McGrath, S.D.;
Wendl, M.C.; Zhang, Q.; Locke, D.P.; et al. Breakdancer: An algorithm for high-resolution
mapping of genomic structural variation. Nat. Methods 2009, 6, 677–681. [CrossRef] [PubMed]

16. Chiang, D.Y.; Getz, G.; Jaffe, D.B.; O’Kelly, M.J.; Zhao, X.; Carter, S.L.; Russ, C.; Nusbaum, C.;
Meyerson, M.; Lander, E.S. High-resolution mapping of copy-number alterations with massively
parallel sequencing. Nat. Methods 2009, 6, 99–103. [CrossRef] [PubMed]

17. Wagle, N.; Berger, M.F.; Davis, M.J.; Blumenstiel, B.; Defelice, M.; Pochanard, P.; Ducar, M.;
van Hummelen, P.; Macconaill, L.E.; Hahn, W.C.; et al. High-throughput detection of actionable
genomic alterations in clinical tumor samples by targeted, massively parallel sequencing. Cancer
Discov. 2011, 2, 82–93. [CrossRef] [PubMed]

18. Frampton, G.M.; Fichtenholtz, A.; Otto, G.A.; Wang, K.; Downing, S.R.; He, J.; Schnall-Levin, M.;
White, J.; Sanford, E.M.; An, P.; et al. Development and validation of a clinical cancer genomic
profiling test based on massively parallel DNA sequencing. Nat. Biotechnol. 2013, 31, 1023–1031.
[CrossRef] [PubMed]

19. Cottrell, C.E.; Al-Kateb, H.; Bredemeyer, A.J.; Duncavage, E.J.; Spencer, D.H.; Abel, H.J.;
Lockwood, C.M.; Hagemann, I.S.; O’Guin, S.M.; Burcea, L.C.; et al. Validation of
a next-generation sequencing assay for clinical molecular oncology. J. Mol. Diagn. 2014, 16,
89–105. [CrossRef] [PubMed]

20. Pritchard, C.C.; Salipante, S.J.; Koehler, K.; Smith, C.; Scroggins, S.; Wood, B.; Wu, D.; Lee, M.K.;
Dintzis, S.; Adey, A.; et al. Validation and implementation of targeted capture and sequencing for
the detection of actionable mutation, copy number variation, and gene rearrangement in clinical
cancer specimens. J. Mol. Diagn. 2014, 16, 56–67. [CrossRef] [PubMed]

21. “Next generation” sequencing (ngs) guidelines for somatic genetic variant detection. Available
online: http://www.wadsworth.org/labcert/TestApproval/forms/NextGenSeq_ONCO_Guidelines.pdf
(accessed on 15 May 2015).

http://dx.doi.org/10.1016/j.humpath.2007.04.011
http://www.ncbi.nlm.nih.gov/pubmed/17640550
http://dx.doi.org/10.1136/jcp.2009.062760
http://www.ncbi.nlm.nih.gov/pubmed/20203220
http://dx.doi.org/10.1126/science.1149504
http://www.ncbi.nlm.nih.gov/pubmed/17901297
http://dx.doi.org/10.1038/nature08658
http://www.ncbi.nlm.nih.gov/pubmed/20016485
http://dx.doi.org/10.1038/nmeth.1363
http://www.ncbi.nlm.nih.gov/pubmed/19668202
http://dx.doi.org/10.1038/nmeth.1276
http://www.ncbi.nlm.nih.gov/pubmed/19043412
http://dx.doi.org/10.1158/2159-8290.CD-11-0184
http://www.ncbi.nlm.nih.gov/pubmed/22585170
http://dx.doi.org/10.1038/nbt.2696
http://www.ncbi.nlm.nih.gov/pubmed/24142049
http://dx.doi.org/10.1016/j.jmoldx.2013.10.002
http://www.ncbi.nlm.nih.gov/pubmed/24211365
http://dx.doi.org/10.1016/j.jmoldx.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/24189654


Cancers 2015, 7 1328

22. Mamanova, L.; Coffey, A.J.; Scott, C.E.; Kozarewa, I.; Turner, E.H.; Kumar, A.; Howard, E.;
Shendure, J.; Turner, D.J. Target-enrichment strategies for next-generation sequencing. Nat.
Methods 2010, 7, 111–118. [CrossRef] [PubMed]

23. Drilon, A.; Wang, L.; Arcila, M.E.; Balasubramanian, S.; Greenbowe, J.R.; Ross, J.S.; Stephens, P.;
Lipson, D.; Miller, V.A.; Kris, M.G.; et al. Broad, hybrid capture-based next-generation sequencing
identifies actionable genomic alterations in lung adenocarcinomas otherwise negative for such
alterations by other genomic testing approaches. Clin. Cancer Res. 2015. [CrossRef] [PubMed]

24. Ikegawa, S.; Mabuchi, A.; Ogawa, M.; Ikeda, T. Allele-specific pcr amplification due to sequence
identity between a pcr primer and an amplicon: Is direct sequencing so reliable? Hum. Genet.
2002, 110, 606–608. [CrossRef] [PubMed]

25. Hahn, S.; Garvin, A.M.; Di Naro, E.; Holzgreve, W. Allele drop-out can occur in alleles differing by
a single nucleotide and is not alleviated by preamplification or minor template increments. Genet.
Test 1998, 2, 351–355. [CrossRef] [PubMed]

26. Barnard, R.; Futo, V.; Pecheniuk, N.; Slattery, M.; Walsh, T. Pcr bias toward the wild-type k-ras and
p53 sequences: Implications for pcr detection of mutations and cancer diagnosis. BioTechniques
1998, 25, 684–691. [PubMed]

27. Chong, H.K.; Wang, T.; Lu, H.M.; Seidler, S.; Lu, H.; Keiles, S.; Chao, E.C.; Stuenkel, A.J.; Li, X.;
Elliott, A.M. The validation and clinical implementation of brcaplus: A comprehensive high-risk
breast cancer diagnostic assay. PLoS ONE 2014, 9, e97408. [CrossRef] [PubMed]

28. Kozarewa, I.; Ning, Z.; Quail, M.A.; Sanders, M.J.; Berriman, M.; Turner, D.J. Amplification-free
illumina sequencing-library preparation facilitates improved mapping and assembly of (g+c)-biased
genomes. Nat. Methods 2009, 6, 291–295. [CrossRef] [PubMed]

29. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.;
Durbin, R. The sequence alignment/map format and samtools. Bioinformatics 2009, 25,
2078–2079. [CrossRef] [PubMed]

30. Pireddu, L.; Leo, S.; Zanetti, G. Seal: A distributed short read mapping and duplicate removal tool.
Bioinformatics 2011, 27, 2159–2160. [CrossRef] [PubMed]

31. Picard. Available online: http://broadinstitute.github.io/picard/ (accessed on 15 May 2015).
32. Smith, E.N.; Jepsen, K.; Khosroheidari, M.; Rassenti, L.Z.; D’Antonio, M.; Ghia, E.M.;

Carson, D.A.; Jamieson, C.H.; Kipps, T.J.; Frazer, K.A. Biased estimates of clonal evolution and
subclonal heterogeneity can arise from pcr duplicates in deep sequencing experiments. Genome
Biol. 2014, 15. [CrossRef] [PubMed]

33. Kanagawa, T. Bias and artifacts in multitemplate polymerase chain reactions (pcr). J. Biosci.
Bioeng. 2003, 96, 317–323. [CrossRef]

34. Rait, V.K.; Zhang, Q.; Fabris, D.; Mason, J.T.; O’Leary, T.J. Conversions of formaldehyde-modified
2’-deoxyadenosine 5’-monophosphate in conditions modeling formalin-fixed tissue dehydration. J.
Histochem. Cytochem. 2006, 54, 301–310. [CrossRef] [PubMed]

35. Miner, B.E.; Stoger, R.J.; Burden, A.F.; Laird, C.D.; Hansen, R.S. Molecular barcodes detect
redundancy and contamination in hairpin-bisulfite pcr. Nucleic Acids Res. 2004, 32, e135.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/nmeth.1419
http://www.ncbi.nlm.nih.gov/pubmed/20111037
http://dx.doi.org/10.1158/1078-0432.CCR-14-2683
http://www.ncbi.nlm.nih.gov/pubmed/25567908
http://dx.doi.org/10.1007/s00439-002-0735-1
http://www.ncbi.nlm.nih.gov/pubmed/12107448
http://dx.doi.org/10.1089/gte.1998.2.351
http://www.ncbi.nlm.nih.gov/pubmed/10464616
http://www.ncbi.nlm.nih.gov/pubmed/9793653
http://dx.doi.org/10.1371/journal.pone.0097408
http://www.ncbi.nlm.nih.gov/pubmed/24830819
http://dx.doi.org/10.1038/nmeth.1311
http://www.ncbi.nlm.nih.gov/pubmed/19287394
http://dx.doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
http://dx.doi.org/10.1093/bioinformatics/btr325
http://www.ncbi.nlm.nih.gov/pubmed/21697132
http://dx.doi.org/10.1186/s13059-014-0420-4
http://www.ncbi.nlm.nih.gov/pubmed/25103687
http://dx.doi.org/10.1016/S1389-1723(03)90130-7
http://dx.doi.org/10.1369/jhc.5A6725.2005
http://www.ncbi.nlm.nih.gov/pubmed/16116034
http://dx.doi.org/10.1093/nar/gnh132
http://www.ncbi.nlm.nih.gov/pubmed/15459281


Cancers 2015, 7 1329

36. Casbon, J.A.; Osborne, R.J.; Brenner, S.; Lichtenstein, C.P. A method for counting pcr template
molecules with application to next-generation sequencing. Nucleic Acids Res. 2011, 39, e81.
[CrossRef] [PubMed]

37. Hiatt, J.B.; Pritchard, C.C.; Salipante, S.J.; O’Roak, B.J.; Shendure, J. Single molecule molecular
inversion probes for targeted, high-accuracy detection of low-frequency variation. Genome Res.
2013, 23, 843–854. [CrossRef] [PubMed]

38. Islam, S.; Zeisel, A.; Joost, S.; La Manno, G.; Zajac, P.; Kasper, M.; Lonnerberg, P.; Linnarsson, S.
Quantitative single-cell RNA-seq with unique molecular identifiers. Nat. Methods 2014, 11,
163–166. [CrossRef] [PubMed]

39. Hodges, E.; Xuan, Z.; Balija, V.; Kramer, M.; Molla, M.N.; Smith, S.W.; Middle, C.M.;
Rodesch, M.J.; Albert, T.J.; Hannon, G.J.; et al. Genome-wide in situ exon capture for selective
resequencing. Nat. Genet. 2007, 39, 1522–1527. [CrossRef] [PubMed]

40. Okou, D.T.; Steinberg, K.M.; Middle, C.; Cutler, D.J.; Albert, T.J.; Zwick, M.E. Microarray-based
genomic selection for high-throughput resequencing. Nat. Methods 2007, 4, 907–909. [CrossRef]
[PubMed]

41. Albert, T.J.; Molla, M.N.; Muzny, D.M.; Nazareth, L.; Wheeler, D.; Song, X.; Richmond, T.A.;
Middle, C.M.; Rodesch, M.J.; Packard, C.J.; et al. Direct selection of human genomic loci by
microarray hybridization. Nat. Methods 2007, 4, 903–905. [CrossRef] [PubMed]

42. Liu, B.; Morrison, C.D.; Johnson, C.S.; Trump, D.L.; Qin, M.; Conroy, J.C.; Wang, J.; Liu, S.
Computational methods for detecting copy number variations in cancer genome using next
generation sequencing: Principles and challenges. Oncotarget 2013, 4, 1868–1881. [PubMed]

43. Zhao, M.; Wang, Q.; Wang, Q.; Jia, P.; Zhao, Z. Computational tools for copy number
variation (cnv) detection using next-generation sequencing data: Features and perspectives. BMC
Bioinformatics 2013, 14, S1. [CrossRef] [PubMed]

44. Fiorentino, F.; Biricik, A.; Bono, S.; Spizzichino, L.; Cotroneo, E.; Cottone, G.; Kokocinski, F.;
Michel, C.E. Development and validation of a next-generation sequencing-based protocol for
24-chromosome aneuploidy screening of embryos. Fertil. Steril. 2014, 101, 1375–1382.
[CrossRef] [PubMed]

45. Fiorentino, F.; Bono, S.; Biricik, A.; Nuccitelli, A.; Cotroneo, E.; Cottone, G.; Kokocinski, F.;
Michel, C.E.; Minasi, M.G.; Greco, E. Application of next-generation sequencing technology for
comprehensive aneuploidy screening of blastocysts in clinical preimplantation genetic screening
cycles. Hum. Reprod. 2014, 29, 2802–2813. [CrossRef] [PubMed]

46. Pinkel, D.; Segraves, R.; Sudar, D.; Clark, S.; Poole, I.; Kowbel, D.; Collins, C.; Kuo, W.L.;
Chen, C.; Zhai, Y.; et al. High resolution analysis of DNA copy number variation using comparative
genomic hybridization to microarrays. Nat. Genet. 1998, 20, 207–211. [CrossRef] [PubMed]

47. Pollack, J.R.; Perou, C.M.; Alizadeh, A.A.; Eisen, M.B.; Pergamenschikov, A.; Williams, C.F.;
Jeffrey, S.S.; Botstein, D.; Brown, P.O. Genome-wide analysis of DNA copy-number changes using
cdna microarrays. Nat. Genet. 1999, 23, 41–46. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/nar/gkr217
http://www.ncbi.nlm.nih.gov/pubmed/21490082
http://dx.doi.org/10.1101/gr.147686.112
http://www.ncbi.nlm.nih.gov/pubmed/23382536
http://dx.doi.org/10.1038/nmeth.2772
http://www.ncbi.nlm.nih.gov/pubmed/24363023
http://dx.doi.org/10.1038/ng.2007.42
http://www.ncbi.nlm.nih.gov/pubmed/17982454
http://dx.doi.org/10.1038/nmeth1109
http://www.ncbi.nlm.nih.gov/pubmed/17934469
http://dx.doi.org/10.1038/nmeth1111
http://www.ncbi.nlm.nih.gov/pubmed/17934467
http://www.ncbi.nlm.nih.gov/pubmed/24240121
http://dx.doi.org/10.1186/1471-2105-14-S11-S1
http://www.ncbi.nlm.nih.gov/pubmed/24564169
http://dx.doi.org/10.1016/j.fertnstert.2014.01.051
http://www.ncbi.nlm.nih.gov/pubmed/24613537
http://dx.doi.org/10.1093/humrep/deu277
http://www.ncbi.nlm.nih.gov/pubmed/25336713
http://dx.doi.org/10.1038/2524
http://www.ncbi.nlm.nih.gov/pubmed/9771718
http://dx.doi.org/10.1038/14385
http://www.ncbi.nlm.nih.gov/pubmed/10471496


Cancers 2015, 7 1330

48. Lo, J.; Kerns, B.J.; Amling, C.L.; Robertson, C.N.; Layfield, L.J. Correlation of DNA ploidy
and histologic diagnosis from prostate core-needle biopsies: Is DNA ploidy more sensitive than
histology for the diagnosis of carcinoma in small specimens? J. Surg. Oncol. 1996, 63, 41–45.
[CrossRef]

49. Koivisto, P. Aneuploidy and rapid cell proliferation in recurrent prostate cancers with androgen
receptor gene amplification. Prostate Cancer Prostat. Dis. 1997, 1, 21–25. [CrossRef] [PubMed]

50. Reinholz, M.M.; Bruzek, A.K.; Visscher, D.W.; Lingle, W.L.; Schroeder, M.J.; Perez, E.A.;
Jenkins, R.B. Breast cancer and aneusomy 17: Implications for carcinogenesis and therapeutic
response. Lancet 2009, 10, 267–277. [CrossRef]

51. Krishnamurti, U.; Hammers, J.L.; Atem, F.D.; Storto, P.D.; Silverman, J.F. Poor prognostic
significance of unamplified chromosome 17 polysomy in invasive breast carcinoma. Mod. Pathol.
2009, 22, 1044–1048. [CrossRef] [PubMed]

52. Watters, A.D.; Going, J.J.; Cooke, T.G.; Bartlett, J.M. Chromosome 17 aneusomy is associated
with poor prognostic factors in invasive breast carcinoma. Breast Cancer Res. Treat. 2003, 77,
109–114. [CrossRef] [PubMed]

53. Hagenkord, J.M.; Chang, C.C. The rewards and challenges of array-based karyotyping for clinical
oncology applications. Leukemia 2009, 23, 829–833. [CrossRef] [PubMed]

54. Gunn, S.R.; Mohammed, M.S.; Gorre, M.E.; Cotter, P.D.; Kim, J.; Bahler, D.W.;
Preobrazhensky, S.N.; Higgins, R.A.; Bolla, A.R.; Ismail, S.H.; et al. Whole-genome scanning
by array comparative genomic hybridization as a clinical tool for risk assessment in chronic
lymphocytic leukemia. J. Mol. Diagn. 2008, 10, 442–451. [CrossRef] [PubMed]

55. Lyons-Weiler, M.; Hagenkord, J.; Sciulli, C.; Dhir, R.; Monzon, F.A. Optimization of the affymetrix
genechip mapping 10k 2.0 assay for routine clinical use on formalin-fixed paraffin-embedded
tissues. Diagn. Mol. Pathol. 2008, 17, 3–13. [CrossRef] [PubMed]

56. Ciriello, G.; Miller, M.L.; Aksoy, B.A.; Senbabaoglu, Y.; Schultz, N.; Sander, C. Emerging
landscape of oncogenic signatures across human cancers. Nat. Genet. 2013, 45, 1127–1133.
[CrossRef] [PubMed]

57. Paik, S.; Kim, C.; Wolmark, N. Her2 status and benefit from adjuvant trastuzumab in breast cancer.
N. Engl. J. Med. 2008, 358, 1409–1411. [CrossRef] [PubMed]

58. Wolff, A.C.; Hammond, M.E.; Hicks, D.G.; Dowsett, M.; McShane, L.M.; Allison, K.H.;
Allred, D.C.; Bartlett, J.M.; Bilous, M.; Fitzgibbons, P.; et al. Recommendations for human
epidermal growth factor receptor 2 testing in breast cancer: American society of clinical
oncology/college of american pathologists clinical practice guideline update. J. Clin. Oncol. 2013,
31, 3997–4013. [CrossRef] [PubMed]

59. Dowsett, M.; Hanna, W.M.; Kockx, M.; Penault-Llorca, F.; Ruschoff, J.; Gutjahr, T.; Habben, K.;
van de Vijver, M.J. Standardization of her2 testing: Results of an international proficiency-testing
ring study. Mod. Pathol. 2007, 20, 584–591. [CrossRef] [PubMed]

60. Gunn, S.; Yeh, I.T.; Lytvak, I.; Tirtorahardjo, B.; Dzidic, N.; Zadeh, S.; Kim, J.; McCaskill, C.;
Lim, L.; Gorre, M.; et al. Clinical array-based karyotyping of breast cancer with equivocal her2
status resolves gene copy number and reveals chromosome 17 complexity. BMC Cancer 2010, 10.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/(SICI)1096-9098(199609)63:1&lt;41::AID-JSO7&gt;3.0.CO;2-Q
http://dx.doi.org/10.1038/sj.pcan.4500200
http://www.ncbi.nlm.nih.gov/pubmed/12496929
http://dx.doi.org/10.1016/S1470-2045(09)70063-4
http://dx.doi.org/10.1038/modpathol.2009.61
http://www.ncbi.nlm.nih.gov/pubmed/19396150
http://dx.doi.org/10.1023/A:1021399923825
http://www.ncbi.nlm.nih.gov/pubmed/12602909
http://dx.doi.org/10.1038/leu.2009.24
http://www.ncbi.nlm.nih.gov/pubmed/19436309
http://dx.doi.org/10.2353/jmoldx.2008.080033
http://www.ncbi.nlm.nih.gov/pubmed/18687794
http://dx.doi.org/10.1097/PDM.0b013e31815aca30
http://www.ncbi.nlm.nih.gov/pubmed/18303412
http://dx.doi.org/10.1038/ng.2762
http://www.ncbi.nlm.nih.gov/pubmed/24071851
http://dx.doi.org/10.1056/NEJMc0801440
http://www.ncbi.nlm.nih.gov/pubmed/18367751
http://dx.doi.org/10.1200/JCO.2013.50.9984
http://www.ncbi.nlm.nih.gov/pubmed/24101045
http://dx.doi.org/10.1038/modpathol.3800774
http://www.ncbi.nlm.nih.gov/pubmed/17396141
http://dx.doi.org/10.1186/1471-2407-10-396
http://www.ncbi.nlm.nih.gov/pubmed/20667129


Cancers 2015, 7 1331

61. Sapino, A.; Goia, M.; Recupero, D.; Marchio, C. Current challenges for her2 testing in diagnostic
pathology: State of the art and controversial issues. Front. Oncol. 2013, 3, 129. [CrossRef]
[PubMed]

62. Hansen, T.V.; Vikesaa, J.; Buhl, S.S.; Rossing, H.H.; Timmermans-Wielenga, V.; Nielsen, F.C.
High-density snp arrays improve detection of her2 amplification and polyploidy in breast tumors.
BMC Cancer 2015, 15. [CrossRef] [PubMed]

63. Gunn, S.R. The vanguard has arrived in the clinical laboratory: Array-based karyotyping for
prognostic markers in chronic lymphocytic leukemia. J. Mol. Diagn. 2010, 12, 144–146.
[CrossRef] [PubMed]

64. Wang, Y.; Carlton, V.E.; Karlin-Neumann, G.; Sapolsky, R.; Zhang, L.; Moorhead, M.; Wang, Z.C.;
Richardson, A.L.; Warren, R.; Walther, A.; et al. High quality copy number and genotype data
from ffpe samples using molecular inversion probe (mip) microarrays. BMC Med. Genom. 2009,
2. [CrossRef] [PubMed]

65. Wang, Q.; Jia, P.; Li, F.; Chen, H.; Ji, H.; Hucks, D.; Dahlman, K.B.; Pao, W.; Zhao, Z. Detecting
somatic point mutations in cancer genome sequencing data: A comparison of mutation callers.
Genome Med. 2013, 5. [CrossRef] [PubMed]

66. Stead, L.F.; Sutton, K.M.; Taylor, G.R.; Quirke, P.; Rabbitts, P. Accurately identifying low-allelic
fraction variants in single samples with next-generation sequencing: Applications in tumor
subclone resolution. Hum. Mutat. 2013, 34, 1432–1438. [CrossRef] [PubMed]

67. Koboldt, D.C.; Zhang, Q.; Larson, D.E.; Shen, D.; McLellan, M.D.; Lin, L.; Miller, C.A.;
Mardis, E.R.; Ding, L.; Wilson, R.K. Varscan 2: Somatic mutation and copy number alteration
discovery in cancer by exome sequencing. Genome Res. 2012, 22, 568–576. [CrossRef] [PubMed]

68. Cibulskis, K.; Lawrence, M.S.; Carter, S.L.; Sivachenko, A.; Jaffe, D.; Sougnez, C.; Gabriel, S.;
Meyerson, M.; Lander, E.S.; Getz, G. Sensitive detection of somatic point mutations in impure and
heterogeneous cancer samples. Nat. Biotechnol. 2013, 31, 213–219. [CrossRef] [PubMed]

69. Karow, J. Tumor-only sequencing may misguide therapy but many labs omit matched control.
Available online: https://www.genomeweb.com/cancer/tumor-only-sequencing-may-misguide-
therapy-many-labs-omit-matched-control (accessed on 15 May 2015).

70. Jones, S.; Anagnostou, V.; Lytle, K.; Parpart-Li, S.; Nesselbush, M.; Riley, D.R.; Shukla, M.;
Chesnick, B.; Kadan, M.; Papp, E.; et al. Personalized genomic analyses for cancer mutation
discovery and interpretation. Sci. Transl. Med. 2015, 7, 283ra53. [CrossRef] [PubMed]

71. Hodgson, S. Mechanisms of inherited cancer susceptibility. J. Zhejiang Uni. Sci. B 2008, 9, 1–4.
[CrossRef] [PubMed]

72. Parsons, D.W.; Roy, A.; Plon, S.E.; Roychowdhury, S.; Chinnaiyan, A.M. Clinical tumor
sequencing: An incidental casualty of the american college of medical genetics and genomics
recommendations for reporting of incidental findings. J. Clin. Oncol. 2014, 32, 2203–2205.
[CrossRef] [PubMed]

73. Waddell, N.; Jonnalagadda, J.; Marsh, A.; Grist, S.; Jenkins, M.; Hobson, K.; Taylor, M.;
Lindeman, G.J.; Tavtigian, S.V.; Suthers, G.; et al. Characterization of the breast cancer associated
atm 7271T>G (V2424G) mutation by gene expression profiling. Genes Chromosom. Cancer 2006,
45, 1169–1181. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fonc.2013.00129
http://www.ncbi.nlm.nih.gov/pubmed/23734345
http://dx.doi.org/10.1186/s12885-015-1035-1
http://www.ncbi.nlm.nih.gov/pubmed/25655188
http://dx.doi.org/10.2353/jmoldx.2010.090203
http://www.ncbi.nlm.nih.gov/pubmed/20075205
http://dx.doi.org/10.1186/1755-8794-2-8
http://www.ncbi.nlm.nih.gov/pubmed/19228381
http://dx.doi.org/10.1186/gm495
http://www.ncbi.nlm.nih.gov/pubmed/24112718
http://dx.doi.org/10.1002/humu.22365
http://www.ncbi.nlm.nih.gov/pubmed/23766071
http://dx.doi.org/10.1101/gr.129684.111
http://www.ncbi.nlm.nih.gov/pubmed/22300766
http://dx.doi.org/10.1038/nbt.2514
http://www.ncbi.nlm.nih.gov/pubmed/23396013
http://dx.doi.org/10.1126/scitranslmed.aaa7161
http://www.ncbi.nlm.nih.gov/pubmed/25877891
http://dx.doi.org/10.1631/jzus.B073001
http://www.ncbi.nlm.nih.gov/pubmed/18196605
http://dx.doi.org/10.1200/JCO.2013.54.8917
http://www.ncbi.nlm.nih.gov/pubmed/24958819
http://dx.doi.org/10.1002/gcc.20381
http://www.ncbi.nlm.nih.gov/pubmed/17001622


Cancers 2015, 7 1332

74. Stankovic, T.; Kidd, A.M.; Sutcliffe, A.; McGuire, G.M.; Robinson, P.; Weber, P.; Bedenham, T.;
Bradwell, A.R.; Easton, D.F.; Lennox, G.G.; et al. Atm mutations and phenotypes in
ataxia-telangiectasia families in the british isles: Expression of mutant atm and the risk of leukemia,
lymphoma, and breast cancer. Am. J. Hum. Genet. 1998, 62, 334–345. [CrossRef] [PubMed]

75. Bernstein, J.L.; Teraoka, S.; Southey, M.C.; Jenkins, M.A.; Andrulis, I.L.; Knight, J.A.; John, E.M.;
Lapinski, R.; Wolitzer, A.L.; Whittemore, A.S.; et al. Population-based estimates of breast cancer
risks associated with atm gene variants c.7271t>g and c.1066–6t>g (ivs10–6t>g) from the breast
cancer family registry. Hum. Mutat. 2006, 27, 1122–1128. [CrossRef] [PubMed]

76. Goldgar, D.E.; Healey, S.; Dowty, J.G.; Da Silva, L.; Chen, X.; Spurdle, A.B.; Terry, M.B.;
Daly, M.J.; Buys, S.M.; Southey, M.C.; et al. Rare variants in the atm gene and risk of breast
cancer. Breast Cancer Res. 2011, 13, R73. [CrossRef] [PubMed]

77. Abraham, R.T. Cell cycle checkpoint signaling through the atm and atr kinases. Genes Dev. 2001,
15, 2177–2196. [CrossRef] [PubMed]

78. Lavin, M.F. Ataxia-telangiectasia: From a rare disorder to a paradigm for cell signalling and cancer.
Nat. Rev. Mol. Cell Biol. 2008, 9, 759–769. [CrossRef] [PubMed]

79. Kitagawa, R.; Kastan, M.B. The ATM-dependent DNA damage signaling pathway. Cold Spring
Harb. Symp. Quant. Biol. 2005, 70, 99–109. [CrossRef] [PubMed]

80. Yelamos, J.; Farres, J.; Llacuna, L.; Ampurdanes, C.; Martin-Caballero, J. Parp-1 and parp-2: New
players in tumour development. Am. J. Cancer Res. 2011, 1, 328–346. [PubMed]

81. Tangutoori, S.; Baldwin, P.; Sridhar, S. Parp inhibitors: A new era of targeted therapy. Maturitas
2015, 81, 5–9. [CrossRef] [PubMed]

82. Wang, Y.; Cottman, M.; Schiffman, J.D. Molecular inversion probes: A novel microarray
technology and its application in cancer research. Cancer Genet. 2012, 205, 34–55. [CrossRef]
[PubMed]

83. Piha-Paul, S. Phase II study of BMN 673. Available online: https://clinicaltrials.gov/ ct2/show/
NCT02286687 (accessed on 15 May 2015).

84. FDA approves lynparza to treat advanced ovarian cancer. Available online: http://www.fda.gov/
NewsEvents/Newsroom/PressAnnouncements/ucm427554.htm (accessed on 15 May 2015).

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1086/301706
http://www.ncbi.nlm.nih.gov/pubmed/9463314
http://dx.doi.org/10.1002/humu.20415
http://www.ncbi.nlm.nih.gov/pubmed/16958054
http://dx.doi.org/10.1186/bcr2919
http://www.ncbi.nlm.nih.gov/pubmed/21787400
http://dx.doi.org/10.1101/gad.914401
http://www.ncbi.nlm.nih.gov/pubmed/11544175
http://dx.doi.org/10.1038/nrm2514
http://www.ncbi.nlm.nih.gov/pubmed/18813293
http://dx.doi.org/10.1101/sqb.2005.70.002
http://www.ncbi.nlm.nih.gov/pubmed/16869743
http://www.ncbi.nlm.nih.gov/pubmed/21968702
http://dx.doi.org/10.1016/j.maturitas.2015.01.015
http://www.ncbi.nlm.nih.gov/pubmed/25708226
http://dx.doi.org/10.1016/j.cancergen.2012.06.005
http://www.ncbi.nlm.nih.gov/pubmed/22867995

	1. Introduction
	2. Amplification-Based Enrichment Methods
	3. Probe-Based Enrichment Methods
	4. Copy Number Analysis
	5. Germline Status Incorporated into Bioinformatic Analysis
	6. Case Study
	7. Conclusions

