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A B S T R A C T

Next generation sequencing (NGS) has become an informative tool to guide cancer treatment and conduce a
personalized approach in oncology. The biopsy collected for pathologic analysis is usually stored as formalin-
fixed paraffin-embedded (FFPE) blocks and then availed for molecular diagnostic, resulting in DNA molecules
that are invariably fragmented and chemically modified. In an attempt to improve NGS based diagnostics in
oncology we developed a straightforward DNA integrity assessment assay based on qPCR, defining clear para-
meters to whether NGS sequencing results is accurate or when it should be analyzed with caution.

We performed DNA extraction from 12 tumor samples from diverse tissues and accessed DNA integrity by
straightforward qPCR assays. In order to perform a cancer panel NGS sequencing, DNA library preparation was
performed using RNA capture baits. Reads were aligned to the reference human genome and mutation calls were
further validated by Sanger sequencing. Results obtained by the DNA integrity assays correlated to the efficiency
of the pre-capture library preparation in up to 0.94 (Pearson's test). Moreover, sequencing results showed that
poor integrity DNA leads to high rates of false positive mutation calls, specially C:G > T:A and C:G > A:T.

Poor quality FFPE DNA samples are prone to generating false positive mutation calls. These are especially
perilous in cases in which subclonal populations are expected, such as in advance disease, since it could lead
clinicians to erroneous conclusions and equivocated conduct.

1. Introduction

Next generation sequencing (NGS) has become an informative tool
to guide cancer treatment and conduce a personalized approach in
oncology. By accessing tumor's somatic variations and gene expression
alterations, it is possible to refine the diagnosis and predict the tumor
response to specific drugs.

The biopsy collected for pathologic analysis is usually stored as
formalin-fixed paraffin-embedded (FFPE) blocks. Routinely, this mate-
rial is also availed for molecular diagnostic, however, it is necessary to
ensure that the material has satisfactory quality for the analysis,
otherwise, the laborious and expensive NGS test may result in unreli-
able information.

The use of nucleic acids purified from FFPE samples imply in using
biomolecules that are invariably fragmented and chemically modified,
varying in its intensity according to factors such as fixation delay,
thickness of tissue, formalin quality, duration of the fixation process,

period of time and temperature conditions in which the sample has
been stored (Do and Dobrovic, 2015; Quach et al., 2004; Srinivasan and
Sedmak, 2002; von Ahlfen et al., 2007; Williams et al., 1999). Although
there are DNA and RNA extraction methods optimized to circumvent
the fixation effects, some characteristics may be irreversible and result
in reduced efficiency of enzymatic assay or even introduction of arti-
factual results(Williams et al., 1999).

The best alternative to FFPE samples is fresh frozen (FF) tissues.
This kind of material is ideal for molecular biology studies yielding
higher quality material; nevertheless, it requires special infrastructure
adaptations such as −80 °C freezers or nitrogen tanks. According to
many reports in the literature comparing NGS sequencing of paired FF
and FFPE samples (Hedegaard et al., 2014; Oh et al., 2015; Schweiger
et al., 2009; Spencer et al., 2013; Van Allen et al., 2014) a good cor-
relation has been observed. However, these tests are usually performed
with good quality material since all authors agree FFPE contains DNA of
lower quality, susceptible to false mutation calls.
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In a study with diverse tumor tissues using FFPE samples, pre-
paration of library for sequencing was unsuccessful for 70% (43/61)
owning to bad DNA integrity (Hedegaard et al., 2014). Using low
quality material may result in the obvious unfeasibility of performing
the NGS assay, but another concern is the high rate of false positive
mutation calls, especially in cases which extra modified DNA mass is
necessary to perform the test. As described by previous studies, the false
call rate can be as high as 40%, especially when the alteration is ex-
pected to be subclonal and the nucleotide substitution inquired is
especially prone to artifacts, as the insidious C > T alteration. The
EGFR c.2369C > T (T790 M) substitution, inquired during the treat-
ment with EGFR inhibitors is a good example of substitution that may
be mistaken for a real mutation (Ye et al., 2014), leading to equivocated
therapeutic approach.

There are commercial kits available to indicate the integrity of FFPE
extracted DNA based on its fragmentation and modification level.
However, some kits do not inform the molecule size evaluated, other
kits evaluate the integrity of DNA fragments much shorter
(~40–120 bp) than what is used by most sequencing library prepara-
tion methods (~150–250 bp), informing a biased and unreal quality.

Some studies have also described alternative methods for evaluating
FFPE extracted DNA and the form of circumventing modifications is by
starting library prep with higher DNA mass (Dang et al., 2016; Sah
et al., 2013). Still, all suggest enhancing DNA mass and increasing PCR
cycling to compensate for poor quality DNA but does not shown the
implications of conducing such approaches. Importantly, neither es-
tablish a cutoff in which the FFPE material should not be used for se-
quencing tests at the cost of calling artifacts for mutations.

Taken together, testing FFPE samples for integrity and establishing
integrity parameters is essential to perform accurate clinical diagnostic
NGS assays. The lack of integrity standards may generate inconsistent
and non-reproducible results. In an attempt to improve NGS based di-
agnostics in oncology, we developed a straightforward DNA integrity
assessment assay which can be used to estimate fragmentation and
modification levels for DNA extracted from FFPE samples. We also es-
tablished integrity parameters to optimize NGS library preparation and
demonstrate the implications of sequencing poor quality samples.

2. Methods

2.1. Sample preparation

Twelve FFPE samples, including tumor tissues from breast, colon,
lung, pancreas, uterus and thyroid were used. Glass slides were pre-
pared, one of each submitted to hematoxylin and eosin staining, used to
guide macrodissection. Four to ten unstained slides, depending on the
area to be macrodissecated, of 5 μm thick tissue were manually scraped.
The minimum accepted area was 25 mm2. Tumor cellularity varied
from 50 to 80% of the area. Genomic DNA was extracted using
GeneRead DNA FFPE kit (Qiagen), containing Uracyl-D Glycosylase,
according to the manufacturer's instructions. DNA concentration was
measured in a Qubit fluorometer using dsDNA BR Assay Kit (Thermo
Fisher Scientific).

2.2. Primers design

Primers were designed in the intronic region of the MLH1 gene in
regions of low SNP content, checking for specificity in the genome using
primer Blast (Jian et al., 2012) and in-silico PCR (Kent et al., 2002).
This region is not prone to copy number variation and does not present
retrocopies or pseudogenes, as based on our methodology of retrocopies
and pseudogenes identification described elsewhere (Galante, 2015;
Navarro and Galante, 2013).

PCR efficiency was estimated using the formula described by Pffafl
(Pfaffl, 2001), checking melting curves for a single amplification pro-
duct (supplementary).

Primer 78bp_F: AAAGGCCCAAAGTGTGAAATG; Primer 78bp_R:
CAACTGGGACAGAGCAAATGG; Primer 254bp_F: AATTCCCAAGCAGA
TGAATGC; Primer 254bp_R: ATAACGGAGGAACAAGGGTTG.

2.3. Quality assessment test

Real time PCR was performed using 1X Sybr Green PCR master mix
(Thermo Fisher Scientific), 360 nM of primers defining 78 bp and
254 bp amplicons, separately, 1 ng template DNA in a 20 μL reaction.
All runs were processed in a 7300 PCR system (Thermo Fisher
Scientific) using the default run protocol of the equipment: 95 °C/
10 min – 40 cycles of 95 °C/15 s, 60 °C/60 s – melting curve program:
95 °C/15 s, 60 °C/30 s, 95 °C/15 s). DNA obtained from leucocytes of a
healthy person was quantified using a fluorometer (Qubit) and used as
reference to define a concentration curve comprised of 5 points ranging
from 10 ng to 16 pg. The percentage of amplifiable DNA was calculated
as the quantity obtained by qPCR, divided by the initial quantity of
DNA assumed (quantity obtained/1 ng). All reactions were performed
in duplicates.

2.4. Library preparation, sequencing and mapping

Low input DNA libraries of the institutional cancer gene panel
containing the coding region of 493 cancer genes plus intronic regions
of 19 genes frequently rearranged in cancer (2.5 Mb) were constructed
according to the manufacturer's instructions using Custom SureSelect
capture kit (Agilent). Briefly, 200 ng of genomic DNA were sheared into
100–300 bp fragments using a Covaris S2 sonicator (Covaris Inc). The
ends of the molecules were enzymatically repaired and adenylated at
the 3´end before submitting to paired-end adaptors ligation. The
adaptor ligated molecules were PCR amplified (10 cycles), purified and
concentration was accessed by a Qubit fluorometer; while the profile
was checked using the DNA 1000 Bioanalyzer assay (Agilent). Samples
were then hybridized to capture libraries using 120 nt RNA baits and
selected using streptavidin beads. The final library was PCR amplified
(12 cycles), purified, checked for concentration using a Qubit fluo-
rometer (Thermo Fisher Scientific) and quality, using the Bioanalyzer
High Sensitivity DNA analysis kit (Agilent).

Libraries were sequenced on MiSeq platform (Illumina) and reads
were aligned to the human reference genome (version GRCh377/hg19)
using bwa (Li and Durbin, 2009). Variations were called using GATK
(DePristo et al., 2011; McKenna et al., 2010; Van der Auwera et al.,
2013) and SNV annotation was performed using wANNOVAR (Chang
and Wang, 2012; Wang et al., 2010). Only variation on our target re-
gion and covered by a total of at least 100 reads in total (reference and
variant allele), 15% of variant reads and 0.01 of minor allele frequency
(MAF) reported by the Exome Aggregation Consortium (ExAC)
(Consortium et al., 2015), were considered as mutation.

2.5. Sanger sequencing

Primers flanking the reported mutations were designed. Sequencing
reactions were performed using Big Dye Terminator (Thermo Fisher
Scientific) and conditions followed the manufacturer's indications.
Chromatograms were manually inspected.

2.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism 4. The
correlation was performed using Pearson distribution in a 95% of
confidence interval, the same parameter was used for linear regression.

3. Results

Twelve FFPE tumor samples from six tissues (breast, colon, lung,
thyroid, pancreas and uterus) were analyzed in this study. We evaluated
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the amount of purified DNA, as well as the percentage of amplifiable
material at 78 bp and 254 bp. As an additional parameter to estimate
DNA fragmentation, we established a ratio of 78 bp/254 bp amplifiable
fragments. The higher this value, the more fragmented the sample. In a
high integrity DNA sample both values would be very close to 100%
and the ratio would be approximately 1.

Although all libraries were prepared with the same quantity of DNA
input (200 ng), there was a great variability in library yield, with no
correlation to the tissue of origin or initial DNA extraction yield
(Table 1). Amplification depends on the availability of proper size DNA
fragments to serve as template for the reaction as well as DNA mole-
cules deprived of modifications that impede polymerase from ex-
tending. In the presence of such modifications, DNA polymerase may
stall at the damaged base, restricting PCR, or continue through the le-
sion, allowing amplification at the price of a potential false mutation
call. Therefore, we considered the mass obtained for pre capture library
as a parameter of DNA integrity (Table 1) since this step depends on
adaptor ligation and PCR amplification, influenced by the degree of
DNA modification and fragmentation.

The manufacturer recommends the use of 750 ng of pre capture li-
brary DNA (minimum recommended of 500 ng) to proceed to hy-
bridization. Using this value as a cutoff, we had 4 good quality samples
(Thyroid 1, Uterus 1, Lung 3, and Colon 2), all of which amplified at
least 5% of the 254 bp assay and yielded good NGS mutation calling
results (Table 1).

As the availability of shorter fragments is higher, the efficiency of
the 78 bp reaction is superior. Although this reaction may serve as a
positive input control, performing the 254 bp qPCR reaction is a better
approach since it contemplates both fragmentation and modification
status of DNA molecules. The 254 bp test alone presented the best
correlation to pre capture library yield (ρ= 0.86; p-value = 0.0007;
Person's correlation test). Since there is a wide variation in amplifica-
tion efficiency in this test among the samples, ranging from 0.001 to
45%, we used logarithmic scale to plot these data. In this case, Pearson's
correlation test reached even higher scores: ρ= 0.94, p-value <
0.0001 (Fig. 1).

Samples amplifying at least 0.25% of the 254 bp assay yielded a
minimum of 350 ng of pre-capture library and sequencing results were
informative, being considered “acceptable samples”. However, those
amplifying< 0.25% of the 254 bp assays yielded as low as 105 ng of
pre-capture library and, proceeding through NGS sequencing, presented
considerable number of false positive mutation calls (Fig. 2).

Sequencing runs were performed with the available material at that
point and somatic mutations were called. Only mutations presenting
coverage equal or higher than 100× and percentage of variant reads
higher than 15% and MAF above 1%, reported by the ExAC, were
maintained.

Although some variation in the number of mutations is expected,

the number of mutations called for the poor quality samples (those
amplifying< 0.25% of 254 bp assay) was much higher. For example,
the poorest sample in the cohort, “breast 2” (amplified 0.001% of
254 bp assay) presented 296 mutations, 10.5 times more mutations
than what was observed in “breast 1” (amplified 0.47% of 254 bp assay)
(Table 2).

As depicted in Fig. 2, it was evident the presence of two types of
substitutions in this poor quality sample: C:G > T:A, the most frequent
artifact described, caused by deamination of cytosine. We also found
C:G > A:T putative artifacts, caused by the acoustic shearing of DNA
samples in the presence of reactive contaminants from the extraction
process, during the library preparation process (Costello et al., 2013).

Some mutations were randomly assigned for validation by Sanger
sequencing as there was insufficient material to validate them all.
Besides the quantity availability, validation of poor quality material is
technically challenging. As it happens for NGS library constructions,
PCR reactions fail to amplify either because of fragmented and modified
DNA or due to the presence of reaction inhibitors. While good quality
samples confirmed 100% of tested variations, poor quality samples
were not as veracious. For the poorest sample, breast 2, only 16% of
called mutation that could be effectively tested were validated
(Table 2).

Combining the efficiency obtained in the library prep step with the
results from final sequencing we assumed that good quality samples are
those amplifying at least 5% of the 254 bp assay (Colon 2, Uterus 1,
Lung 3, and Thyroid 1). Samples amplifying between 0.25% and 5% are
acceptable and should be carried on with caution. Samples below
0.25% of efficiency are of very poor quality and NGS sequencing is not
recommended at the cost of high level of false positive mutation calls.

4. Discussion

Nowadays we are living in a new paradigm in which, more than
defining the original site of the primary tumor, it is necessary to de-
scribe the molecular profile in order to describe the pathology as well as
define the treatment. In this new scenario, immunohistochemistry is
being complemented by NGS approaches. The preservation of tissue
samples in FFPE has been the method of choice for decades, mostly
because it preserves morphological features of the original tissue, is
practical for storage and useful for immunohistochemistry analysis.
However, this is not ideal for molecular biology analysis. Consequently,
evaluation of quality of the biomolecules is crucial for analyzing criti-
cally NGS data, since it might convey false results that would impair the
right decision for patient treatment.

Here we performed simple and cost effective qPCR assays capable of
evaluating DNA modification and fragmentation status. We also showed
that the percentage of amplifiable material at 78 bp fragments indicates
predominantly the level of DNA modification, which is responsible for

Table 1
Parameter of sample quality was assessed by pre capture library yield (≥750 ng).

Library yield (ng) gDNA (ng) % amplifiable (78 bp) % amplifiable (254 bp) Ratio 78/254 bp Log10 (%254 bp)

Thyroid 1 1176 3400 123.517 45.845 2.7 1.7
Uterus 1 899 1056 64.259 24.739 2.6 1.4
Lung 3 860 860 116.239 34.878 3.3 1.5
Colon 2 843 4284 64.074 7.295 8.8 0.9
Lung 1 570 425 28.79 0.824 34.9 −0.1
Breast 1 492 3672 36.894 0.468 78.9 −0.3
Colon 3 489 3744 27.817 0.351 79.2 −0.5
Colon 4 412 1264 74.965 0.628 119.4 −0.2
Colon 1 351 1296 19.103 0.254 75.2 −0.6
Lung 2 324 677 8.437 0.041 207.3 −1.4
Breast 2 105 3348 7.478 0.001 6989 −3
Pancreas 1 NA 82 60.744 0.486 125 −0.3

Samples were also evaluated for initial gDNA mass, percentage of molecules amplified at 78 bp and 254 bp and fragmentation status, based on the ratio of 78 bp/254 bp. NA: not
available.
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decreasing molecular reactions efficiency and generating false positive
mutation calls. This reaction therefore serves as a template control and
is a good indicator of the presence of PCR inhibitors, which frequently
contaminate FFPE extracted DNA.

We also showed that the percentage of amplifiable material eval-
uated with the 254 bp amplicon reflects both DNA modification and
fragmentation status, being an excellent indicator of DNA integrity.
Although still a relatively small DNA fragment, it represents the size
necessary to prepare most of the libraries used to conduce NGS se-
quencing. Frequently the percentage of material available to perform

such test is limited and, consequently, NGS library yield is extremely
low. Samples that do not amplify at the 254 bp test are either too
modified and/or too fragmented and are not indicated for further NGS
analysis.

The concentration curve is used not only to quantify the samples but
also to infer the efficiency of PCR reaction in every run. We make sure
the dissociation curve shows no unspecific amplification and that the
standard curve represents an efficient reaction (supplementary).

In an attempt to overcome some types of DNA modifications, the use
of uracil-DNA-glycosylase (UDG) in the extraction step is critical, since

Fig. 1. Sample quality assessment considering pre capture
library efficiency. Pearson's analysis indicates the correla-
tions between library yield (ng) and percentage of ampli-
fiable molecules at 78 bp PCR assay, percentage of ampli-
fiable molecules at 254 bp PCR assay, ratio of 78 bp/254 bp
assays and log of the amplifiable molecules at 254 bp assay.

Fig. 2. Distribution of mutation type by sample. Each color re-
presents a specific mutation type. Above each bar, numbers in-
dicate the total number of mutations.
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it guarantees reduction of the main artifact described in FFPE DNA
samples, the cytosine deamination, which implicates in C:G > T:A
transition. However, depending on the circumstances in which the
sample has been prepared and stored, UDG may not fulfill its potential
and artifactual C > T transitions may still be detected (Kim et al.,
2016). Another consideration is that by releasing free uracils from the
altered DNA, UDG impairs the polymerase from replicating the error by
staling the polymerase and reduces PCR efficiency.

Another frequent artifact, C:G > A:T transversion, is common when
the library preparation step requires shearing by sonication. Powerful
acoustic sonication alone is not sufficient to cause this type of artifact;
yet, it has been demonstrated that in the presence of oxidative con-
taminants the DNA is more susceptible to damage due to the generation
of 8-oxoG (Costello et al., 2013). Although other protocols to prepare
libraries can substitute this step, the alternatives depend on restriction
enzyme DNA recognition and polymerase amplification, likewise in-
fluenced by the level of DNA modification. Despite FFPE extracted DNA
being already fragmented, breaking points were mostly created in re-
gions of lesion. For this reason, it is recommended to prepare the mo-
lecules so that the ligation to the library preparation primers can be
effective.

Most of all, we showed that library preparation of very poor quality
samples is viable. Although it is not ideal, some protocols try to com-
pensate poor quality material by increasing the input DNA mass, when
available, and/or increasing the number of PCR cycles. Trying to
compensate quality with quantity is deceptive since by adding more of
the same damaged DNA would only enhance the variety of damaged
positions to be mistakenly called for mutations, increasing even more
the rate of false positive calls. Here we show that even though libraries
from poor quality DNA can be successfully prepared, a very high
number of false positive mutations is called, being hard to distinguish
real mutations from artifacts. What could be considered in this situation
is restricting the mutations called by frequency, adding bioinformatics
tools to filter out some know specific artifacts (Costello et al., 2013), but
also loosing low frequency clonal mutations and accepting beforehand
that much of the real information may be lost. In these cases, validation
by orthogonal methods is highly recommended.

Nowadays protocols use small amounts of DNA to prepare libraries.
Although it represents a gain to study restricted materials such as
biopsies, it also means that artifacts can be amplified, making it even
harder to tell real mutations apart from errors, reason why quality of
starting material should be considered beforehand.

5. Conclusion

Here we present a straightforward assays that can be used to guide
the decision of using FFPE samples in NGS runs, defining objective
parameters and illustrating the consequences of running poor quality
specimen. Preparing and sequencing poor quality samples may im-
plicate in description of artifacts mistaken for mutations, leading to
wrong judgment calls.
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