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ABSTRACT

Objective: To assess the interspecimen variability associated with
plasma DNA extraction in order to provide insight regarding the
necessity to use an exogenous spike-in control when measuring cell-
free DNA (cfDNA) levels using quantitative polymerase chain reaction
(qPCR).

Methods: Plasma specimens were obtained from 8 healthy individuals,

20 patients with cardiovascular disease risk factors, and 54 patients
diagnosed with acute stroke. Specimens were spiked with an exogenous
oligonucleotide fragment, and total DNA was extracted via automated solid
phase anion exchange. We determined recovery of the exogenous fragment
via qPCR and used this information to calculate DNA extraction efficiency.

Circulating extracellular DNA, or cell free DNA (cfDNA), is
increasingly being cited in the literature as a noninvasive
marker of tissue damage in a wide range of disease states
and acute traumas.' For example, circulating cfDNA lev-
els are elevated in response to traumatic brain injury and
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Results: Plasma DNA extraction efficiencies varied dramatically
between specimens, ranging from 22.9% to 88.1%, with a coefficient
of variance of 28.9%. No significant differences in DNA extraction
efficiencies were observed between patient populations.

Conclusions: We strongly recommend the use of an exogenous spike-in
control to account for variance in plasma DNA extraction efficiency when
assessing cell free DNA (cfDNA) levels by gPCR in future biomarker
investigations.

Keywords: normalization, reference, CNAPS, standard, polymerase
chain reaction, housekeeping, serum, liquid biopsy, methods, blood

stroke, and are predictive of disability and mortality.>”
Although biomarker research surrounding cfDNA has
exploded during the past decade, there has been little
interinvestigation consistency regarding the quantitative
polymerase chain reaction (QPCR) methods used for cfDNA
quantification.®'° In particular, there is a great deal of incon-
sistency regarding the use of an exogenous oligonucleotide
spike-in control to account for interspecimen variability in
DNA extraction efficiencies.

Most commonly, when cfDNA levels are quantified via gPCR,
total DNA is isolated from a set volume of plasma or serum
and eluted in a fixed volume of buffer. gPCR targeting 1 or
more genetic loci is then performed using a fixed volume
of eluent as input, and the detection of these loci is used
as an indication of cfDNA levels."" This workflow assumes
that DNA extraction efficiencies are similar between spec-
imens. To control for potential confounds introduced by
interspecimen variability in DNA extraction efficiency, some
investigators have spiked specimens with an exogenous
oligonucleotide fragment before DNA isolation and used
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downstream detection of this fragment to normalize cfDNA
levels.” Similar spike-in strategies are routinely used when
quantifying circulating miRNAs;'? however, they have yet to
be widely adopted for quantification of circulating cfDNA.

One reason for this lack of consistency regarding the use of
an exogenous spike-in control may be attributed to the fact
that, to our knowledge, the interspecimen variability asso-
ciated with plasma DNA extraction has never been explic-
itly investigated. In this study, we assessed the variability
associated with plasma DNA extraction in order to provide
insight regarding whether it is necessary to use a spike-in
control when quantifying cfDNA levels using gPCR.

Materials and Methods

Experimental Design

Plasma specimens were obtained from a clinical popula-
tion consisting of 8 healthy individuals, 20 neurologically
normal patients with cardiovascular disease (CVD) risk
factors, and 54 patients recently diagnosed with acute
stroke (Figure 1A). We spiked plasma specimens with a
fixed copy number of an exogenous DNA fragment and
extracted total plasma DNA via fully automated solid phase
anion exchange. The recovery of the exogenous DNA frag-
ment was then assessed via qPCR and used to calculate
DNA extraction efficiency. We then assessed the variably in
extraction efficiency across all specimens.

Patients

All subjects were recruited at Ruby Memorial Hospital,
Morgantown, West Virginia. In the case of patients diag-
nosed with stroke, cerebrovascular events were of mixed
etiology, and diagnosis was confirmed by neuroradiological
imaging according to the established criteria for diagnosis
of acute ischemic cerebrovascular syndrome;'® blood spec-
imens were drawn within 24 hours of symptom onset and
before the administration of thrombolytics. Patients with
CVD consisted of individuals who were clinically determined
to have positive results for at least 1 major CVD risk factor,
such as diabetes, hypertension, or dyslipidemia. Healthy
individuals were free from injury and disease, as determined
by a trained health care professional. All procedures were
approved by the institutional review boards (IRBs) of West
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Virginia University and Ruby Memorial Hospital (IRB pro-
tocol # 1410450461R001). Written informed consent was
obtained from all subjects or their authorized representa-
tives before study procedures were performed.

Plasma Isolation

Peripheral venous blood was collected into a K2 ethylenedi-
aminetetraacetic acid (EDTA) vacutainer (Becton, Dickenson
and Company). EDTA-treated blood was immediately

spun at 2000 g for 10 minutes to separate hemocytes. The
resultant plasma was collected and spun at 10,000 g for

10 minutes to remove any residual blood cells or debris.
Specimens were stored at —80°C until analysis.

Exogenous Spike-In Oligonucleotide Fragment

A nonhuman DNA fragment originating from the green
fluorescence protein (GFP)-encoding portion of the
pontellina plumata genome was generated for use as

an exogenous oligonucleotide spike-in, as described
previously.” This 605-base pair GFP DNA fragment
(GFP605) was amplified from purified pGFP-V-RS plas-
mid template (OriGene Technologies Inc) via polymerase
chain reaction (PCR) using sequence-specific primers
(forward: 5 GTTGCTGTGATCCTCCTCCA, reverse: 5
CCGCCATGGAGATCGAGTG; Figure 1B). We electro-
phosphoresed the resultant GFP605 PCR product via aga-
rose gel and purified it using the QIAquick gel extraction
kit (QIAGEN). The mass-unit concentration of purified
GFP605 was determined via spectrophotometry (NanoDrop;
Thermo Fisher Scientific, Inc) and subsequently converted
to molar concentration based on the estimated molec-
ular weight of the fragment, which was derived from its
sequence using the equation described by Stothard.™
Plasma specimens were spiked with purified GFP605 at

a final concentration of 10° copies per mL before DNA

extraction.
Automated DNA Extraction

Total DNA was extracted from 200 pL of spiked plasma
using the QlAamp DNA micro kit (QIAGEN) and automated
using the QlAcube system (QIAGEN; Figure 1C). Purified
DNA was eluted in a 35-pL volume of ultrapure water. We
performed all extractions in duplicate. Blank DNA extrac-
tions were performed in parallel with those of clinical
specimens to monitor potentially confounding sources of
environmental DNA contamination. The robotics system
passed all self-diagnostic checks before the procedures,
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Figure 1

Experimental workflow. A, Plasma specimens were collected from a clinical population including healthy individuals, patients with risk factors
for cardiovascular disease, and patients diagnosed with acute stroke. Sample sizes and basic demographic information are indicated;

each male or female figure represents 4 individuals of that sex (numbers rounded nearest value divisible by 4) and error is presented

as standard deviation. B, Plasma specimens were spiked with equimolar amounts of a nonhuman 605-base pair green fluorescence

protein DNA fragment (GFP605) generated from the green fluorescence protein (GFP)-encoding loci of the pGFP-v-RS plasmid. C, Total

DNA was extracted from spiked plasma specimens via fully automated solid phase anion exchange. D, Spike-in recovery was assessed

via quantitative polymerase chain reaction targeting a 108-base pair internal fragment (GFP, os) and used to calculate DNA extraction

efficiencies.
and all calibration was up to date at the time of experi- automated using the Qiagility (QIAGEN) liquid-han-
ments, according to the manufacturer-recommended ser- dling platform. GFP605 recovered in plasma eluent was
vice interval. detected via amplification of a 108 base pair inter-
nal fragment using sequence-specific primers (for-
Spike-In Detection via qPCR ward: 5" CTCGTACTTCTCGATGCGGG, reverse: 5'
GGCTACGGCTTCTACCACTT; Figure 1D). PCR was per-
We performed gPCR using the RotorGeneQ (QIAGEN) formed using 5 pL of eluent as input, and products were
thermocycling system, and reaction set-up was detected by SYBR green (PowerSYBR, Thermo Fisher
334  Lab Medicine 2017;48;332-338 www.labmedicine.com
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Figure 2

Quantitative polymerase chain reaction (QPCR) data. A, Raw amplification plots generated during gPCR targeting the 605-base pair green
fluorescence protein DNA fragment (GFPGOS) spike-in in eluents yielded from plasma DNA extraction, overlaid with those of the standard
curve. AU indicates arbitrary units. B, Melting plots generated during subsequent melting point analysis. Individual lines indicate averaged
polymerase chain reaction (PCR) technical replicates associated with each DNA extraction.

Scientific Inc). Raw amplification plots were background
corrected, and crossing threshold (CT) values were gen-
erated via the Rotor-Gene Q software package. Absolute
copy numbers of GFP805 in eluents were calculated using a
standard curve generated via 10-fold serial dilution of puri-
fied GFP605 template ultrapure in water. All reactions were
performed in triplicate, and the presence of a single PCR
product was confirmed with melting-curve analysis.

Calculation of DNA Extraction Efficiency

We calculated DNA extraction efficiency based on GFPsos
recovery by comparing the absolute copy number of GFP605
detected in gPCR to that which was theoretically expected
assuming 100% DNA extraction efficiency:

GFPR5(5 copies detected

DNA extraction efficiency (%) =100 * -
GFPRs(5 copies expected

Statistics

Statistical analysis was performed using SPSS software,
version 21.0 (SPSS Inc). We used 1-way analysis of var-
iance (ANOVA) for intergroup comparison of means. The
Bartlett test was used for intergroup comparison of var-
iance. Pearson’s r was used to assess the strength of
correlational relationships. We established the level of signif-
icance at P <.05 for all statistical testing.
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Results

All specimens exhibited similar amplification efficiencies in
gPCR, as evidenced by homogeneous slopes in the linear
phase of amplification plots (Figure 2A); this indicated that
any interspecimen differences in GFP605 detection occurred
as a result of differences in DNA extraction efficiency and
were not driven by differences in PCR amplification effi-
ciency. Further, CT values for all patient specimens fell
within those of the standards (Figure 2A), which indicated
that the resultant standard curve (Figure 3) was suitable
for absolute quantification of GFP_ .. No PCR product was
detected in reactions containing eluents from blank DNA
extractions (Figure 2A), and all clinical specimens produced
PCR products with a single melting point (Figure 2B), indi-
cating that our findings were not influenced by exogenous
DNA contamination or nonspecific amplification events.

While levels of recovered GFP605 were relatively consistent
between DNA extraction technical replicates, they were
extremely variable between specimens. CT values from
gPCR targeting GFP605 ranged across 2 full thermocycles,
suggesting a high degree of interspecimen variability in DNA
extraction efficiency (Figure 4A). Specially, extraction effi-
ciencies calculated based on GFP605 recovery ranged from
22.9% to 88.1% across all specimens, with a coefficient of
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Figure 3

Standard curve generation. Standard curve and resultant linear
equation used for absolute quantification of the 605-base pair
green fluorescence protein DNA fragment (GFPGOS) spike-in. The
correlation coefficient was calculated using Pearson’s r.

variance of 28.9% (Figure 4B). No statistically significant
differences in DNA extraction efficiency were observed
between groups. Specimens obtained from patients with
CVD and stroke appeared to exhibit greater levels of var-
iability in extraction efficiencies than those obtained from
healthy individuals; however, this difference was not statisti-
cally significant.

Discussion

The purpose of this study was to assess the variability
associated with plasma DNA extraction, in order to pro-
vide insight regarding the necessity of using an exogenous
spike-in control when quantifying cfDNA levels using gPCR.
We observed substantial interspecimen variability in DNA
extraction efficiency; therefore, we recommend the use of
an exogenous spike-in control to account for such variance
when assessing cfDNA levels by gPCR in future biomarker
investigations.
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The levels of interspecimen variability in DNA extraction
efficiency that we observed in this investigation would have
the potential to introduce significant artificial variance in
terms of downstream cfDNA quantification. Depending on
the study population, the differences in extraction efficien-
cies that we observed across specimens would have the
potential to manifest in several-fold increases in variance
with regards to detected cfDNA levels. An artificial increase
in variance of this magnitude would be adequate to sub-
stantially reduce the power of intra- and intergroup statis-
tical testing, requiring increases in sample size to observe
statistically significant effects. This finding is most con-
cerning with regard to investigations examining conditions
such as ischemic stroke in which only modest increases in
cfDNA levels are observed in pathologic testing.” Thus,
we strongly recommend the use of an exogenous spike-in
control to account for variability introduced during DNA
extraction. We believe that doing so has the potential to
dramatically improve data fidelity, especially in applications
in which highly accurate cfDNA quantification is required.

The fact that we observed dramatically higher levels of var-
iability in extraction efficiencies between specimens than
between technical replicates suggests that variability in DNA
extraction efficiency is driven primarily by differences in spec-
imen composition, rather than by technical inconsistencies.
DNA binding in solid-phase extraction is sensitive to numer-
ous considerations, including specimen ion concentrations,
pH, protein levels, and lipid content.'®'® These factors are
inevitably variable in human blood, and such interindividual
differences may underlie the high levels of interspecimen var-
iability that we observed in plasma DNA extraction efficien-
cies. Future work that aims to identify the plasma properties
that most substantially influence DNA extraction efficiencies
could yield information that would allow for the development
of improved, less variable extraction methods.

One limitation of this particular study was the fact that

we only explored the variability associated with 1 par-
ticular plasma DNA extraction method. Solid phase anion
exchange is the most commonly implemented method

of plasma DNA extraction, and the kit we used has been
implemented in numerous previous investigations;'®2®
nonetheless, a wide array of other methods and commer-
cial products are available to researchers. Thus, we believe
it is important to recognize that the extreme variability we
observed in this investigation may not be generalizable in
terms of other methods or other kits. However, our findings

www.labmedicine.com
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Subject Number

DNA extraction efficiency. A, Crossing threshold (CT) values generated during quantitative polymerase chain reaction (qPCR) targeting the

605-base pair green fluorescence protein DNA fragment (GFP605

) spike-in in DNA extraction eluents across all specimens for each group.

ANOVA indicates analysis of variance; CV, coefficient of variation. B, Corresponding DNA extraction efficiencies. Points and error bars
depict averages, and SDs associated with DNA extraction technical replicates for each specimen. Boxes depict averages and SDs across

biological replicates for each group.

strongly imply that the variability associated with these
other methods and products should be vetted via prelimi-
nary experiments to avoid potential confounds in situations
in which omission of an exogenous spike-in control is being
considered.

We believe it is important to note that the use of an exoge-
nous spike-in control is a means of limiting artificial variance
induced during DNA extraction specifically and does not
account for other potential sources of artificial variance that
may arise during other parts of the larger overall workflow.

www.labmedicine.com

Most notably, DNA degradation and leukocyte enucleation
during blood collection, processing, and storage before
DNA isolation can also introduce significant variability that
is not accounted for via the use of a spike-in control.??°
Thus, it is important to take steps to limit these potential
confounds, such the use of blood preservatives designed
specifically for cfDNA analysis and the institution of consist-
ent specimen handling protocols for clinical blood collec-
tion.?®?” The use of an exogenous spike in-control is only 1
of several measures that should be used to ensure high-fi-

delity final data.
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Collectively, our findings suggest that interspecimen dif-
ferences in plasma DNA extraction efficiency represent a

significant potential confound in cfDNA quantification. Thus,

we strongly recommend the use of an exogenous spike-in
control in future biomarker studies that investigate circulat-
ing cfDNA levels via gPCR.LM
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