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Abstract

One third of autopsy-negative sudden unexplained
deaths (SUDs) can be attributed to a cardiac
channelopathy. Typically, paraffin-embedded tissue
(PET) is the only source of DNA available for genetic
analyses. We examined different DNA extraction
procedures, involving 2 deparaffinization methods,

2 digestion methods, 4 laboratory-based purification
methods, and 5 commercial kits. Mutational analysis
involving 25 RYR2 exons was performed on PET DNA
Jrom 35 SUD cases to evaluate the feasibility of using
PET DNA for genetic testing. With the best PET-DNA
extraction method, an average of only two thirds of
the region of interest could be evaluated. Although

we initially identified 5 missense mutations in 5 of 35
SUD cases, repeated analysis failed to confirm these
mutations. DNA from PET should be considered error
prone and unreliable in comprehensive surveillance of
SUD-associated genes. Given these shortcomings, the
standard autopsy for SUD should include archiving
EDTA-preserved blood or frozen tissue to facilitate
postmortem genetic testing.

© American Society for Clinical Pathology

In developed countries, sudden cardiac death (SCD) is
one of the most common causes of death, and, tragically,
thousands of people younger than 40 years die suddenly each
year. Fortunately, in many cases, the cause and manner of
death can be established from a comprehensive medicolegal
investigation, including autopsy.!> For nearly half of young
victims from 1 to 35 years of age, there are no obvious warn-
ing signs, and sudden death often occurs as the sentinel event,
thus placing extreme significance on the medicolegal inves-
tigation and autopsy to determine the cause and manner of
death.? A postmortem examination may detect a noncardiac
basis for the sudden death such as asthma, epilepsy, or pulmo-
nary embolism. However, SCD is the predominant cause of
sudden death in young people, with structural cardiovascular
abnormalities often evident at autopsy.>*>

However, not all SCD has an apparent attributable cause
that can be determined at autopsy. It is estimated that as
many as 30% of sudden deaths involving previously healthy
children, adolescents, and young adults have no identifiable
morphologic abnormalities found at autopsy, and the SCD is
labeled as conventional autopsy—negative sudden unexplained
death (SUD).!>68 Potentially lethal and heritable channel-
opathies such as catecholaminergic polymorphic ventricular
tachycardia (CPVT), congenital long QT syndrome (LQTS),
congenital short QT syndrome, and Brugada syndrome leave
no evidence to be found by a comprehensive medicolegal
autopsy, leaving coroners, medical examiners, and forensic
pathologists only to speculate that a fatal arrhythmia might lie
at the heart of an SUD.!9-12

However, owing to molecular advances, a cardiac channel
molecular autopsy may potentially illuminate such a patho-
genic mechanism and establish probable cause and manner
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for SUD.'3” In a series of 49 coroner’s cases of conventional
autopsy—negative SUD, the cardiac channel molecular autopsy
consisting of cardiac ryanodine receptor 2 (RYR2) mutational
analysis for CPVT and the equivalent of the commercially
available LQTS genetic test for KCNQI, KCNH2, SCN5A,
KCNEI, and KCNE?2 elucidated mutations in more than one
third of the cases, with 20% linked to CPVT and 15% linked
to LQTS.!*12 Such postmortem genetic testing can be per-
formed readily using “DNA-friendly” autopsy material such as
EDTA-preserved blood or fresh frozen tissue.!3-1

However, the vast majority of medical examiner’s offices
do not archive tissue in this manner. Instead, owing to ease
of storage and transport, archived formalin-fixed, paraffin
embedded tissue (FF-PET) is typically the only source of
DNA available for procurement. During the past several
years, numerous extraction protocols have been reported to
give high-yield, quality DNA from FF-PET. Thus, the pur-
poses of this study were to evaluate different DNA extraction
procedures to develop the most efficient method for obtaining
DNA from archived FF-PET suitable for postmortem muta-
tional analysis and to assess the feasibility and quality of DNA
extraction to perform a molecular autopsy for the most com-
mon cause of conventional autopsy—negative SUD, namely
RYR2-mediated CPVT.?

Materials and Methods

Samples

FF-PET blocks of autopsy tissue from the myocardium,
with different durations of storage (3-22 years), were chosen
randomly from an SUD cohort at the Mayo Clinic, Rochester,
MN. Each block represented a unique SUD victim. The fixa-
tion method and time of tissue sampling were not known. To
serve as a positive control sample, 1 block represented a
sample from a case shown to harbor a pathogenic KCNQI
mutation through a previous analysis using autopsy material
from whole blood.

Study Design

This study was performed in 3 consecutive steps: (1)
Three different blocks were processed using 26 permuta-
tions involving 2 deparaffinization methods, 2 standard
protocols proposed for digestion, 4 purification methods,
and 5 commercial kits. Following DNA isolation using the
various protocols, the quality of the extraction was evalu-
ated by polymerase chain reaction (PCR) amplification of 4
amplicons ranging in size from 199 to 300 base pairs (bp). (2)
By using the best extraction methods obtained in step 1, the
number of PET blocks analyzed was increased to 11. (3) DNA
was extracted from 35 FF-PET blocks with the best method
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obtained in step 2. A combination of PCR, denaturing high-
performance liquid chromatography (DHPLC), and DNA
sequencing of the CPVTl1-associated cardiac RYR2 gene was
used to assess the ability to perform postmortem genetic test-
ing on FF-PET—derived DNA.

Sample Preparation

One 10-um-thick section from each FF-PET block was
cut using a standard microtome with a fresh disposable blade,
and each section was placed in a microcentrifuge tube. The
microtome and work areas were cleaned thoroughly with
ethanol between specimens to remove debris.

DNA Isolation Protocols

In general, DNA isolation from FF-PET involves 3
unique phases: (1) tissue deparaffinization, (2) tissue diges-
tion, and (3) DNA purification.

Deparaffinization

Xylene, Temperature, and Ethanol.—The tissue section
was incubated twice in 1.5 mL of xylene for 15 minutes at
50°C. Subsequently, the tissue sample was rehydrated in
decreasing concentrations of alcohol (ethanol, 100%, 95%,
and 70% and phosphate-buffered saline for 5 minutes each).
To avoid any loss of sample, centrifugation (12,000 rpm,
5 minutes) was performed before each change in solution,
with each solution carefully removed using a fine pipette tip.
The sample was allowed to air dry at ambient temperature
for 15 minutes.

Microwave—For the microwave method,?” tissue sec-
tions were crushed using a sterile pipette tip in 200 pL of
buffer (50 mmol/L. of tris(hydroxymethyl)aminomethane
hydrochloride [Tris HCI], pH 8; 1 mmol/L of EDTA, pH
8; and 0.05% polysorbate 20). The tube was tightly capped,
placed into a microwave oven, and subjected to microwave
irradiation at high power (500 W) for 30 to 60 seconds.

After deparaffinization the tissue was disrupted with
a mechanical tissue disaggregator (pellet pestle, Sigma, St
Louis, MO) and subsequently subjected to 1 of 2 digestion
protocols.

Tissue Digestion

Proteinase K—Overnight Digestion.—For the Proteinase
K—overnight digestion method,! 400 pL of digestion solution
(50 mmol/L of Tris HCI, pH 8.5; 1 mmol/L. of EDTA; and
0.5% polysorbate 20) and 20 L of Proteinase K (20 mg/mL)
was added to the deparaffinized tissue and incubated at 50°C
in a thermomixer set to shake at 100 rpm overnight.

Sonification.—Sonification®> was performed in Branson
Model 2200 (Branson Ultrasonic, Danbury, CT) sonicating
water bath with temperature control. About 2 to 5 mg of
cleaned glass beads (glyceryl-controlled pore glass particle
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size 120-200 mesh; nominal diameter, 350 A) and 100 pL
of the sample preparation buffer (50 mmol/L of potassium
chloride; 10 mmol/L. of Tris HCI, pH 8.3; 1.5 mmol/L of
magnesium chloride; 0.01% gelatin, 0.5% polysorbate 20; and
0.5 mg/mL of Proteinase K) were added to each sample tube.
The tubes were then placed in a sonicating water bath at 45°C
for 10 minutes.

DNA Purification

Phenol Chloroform.—For the phenol chloroform
method,”® 400 uL of Tris-EDTA saturated phenol (pH 8.0)
was added to the sample tube. After centrifugation (12,000
rpm for 10 minutes), the aqueous layer was removed. Next,
400 pL of chloroform/isoamyl alcohol, 24:1, was added to
the sample tube, mixed by vortex, and centrifuged (12,000
rpm for 10 minutes). Following removal of the aqueous layer,
1/10 volume of sodium acetate, pH 5.2, and 3 volumes of ice
cold, 100% ethanol was added to the solution and kept for 1
hour at —80°C. The sample was then centrifuged at 5°C for
20 minutes. The supernatant was removed, and the pellet was
rinsed with 75% ethanol. The sample was resuspended in 25
UL of sterile water and mixed gently in a thermomixer at 37°C
for 2 hours.

DNAzol.—For this method,?* the sample was homog-
enized in 1 mL of DNAzol reagent (Invitrogen, Carlsbad,
CA) and then centrifuged at 12,000 rpm for 10 minutes.
The supernatant was transferred to a new tube, and 0.5 mL
of 100% ethanol was added and kept for 1 hour at 80°C to
precipitate the DNA. The supernatant was removed, and the
pellet washed with 75% ethanol. The air-dried pellet was
resuspended with 50 uL of Tris-EDTA buffer.

InstaGene.—For the InstaGene method,?® a volume of
InstaGene Matrix (Bio-Rad Laboratories, Hercules, CA) was
added directly to the sample extraction tube, mixed briefly,
and incubated at 56°C for 30 minutes and at 100°C for 8
minutes. The sample was mixed for 10 to 15 seconds and
centrifuged at 12,000 rpm for 3 minutes. The supernatant
containing isolated DNA was removed.

Boiling.—For the boiling method,?® the sample was
boiled for 8 minutes at 94°C to inactivate the Proteinase K
that was added during the digestion method and centrifuged
(12,000 rpm for 5 minutes), and the supernatant was trans-
ferred to a new tube.

Commercially Available Kits.—DNA extraction was
performed according to the manufacturer’s instructions using
the following kits: (1) QlAamp DNA Mini Kit (Qiagen,
Valencia, CA), (2) Puregene DNA Purification Kit (Gentra
Systems, Minneapolis, MN), (3) Ex-Wax DNA Extraction Kit
(Chemicon, Temecula, CA), (4) Nucleon HT Genomic DNA
Extraction Kit (Amersham Biosciences, Piscataway, NJ),
and (5) MagneSil Genomic, Fixed Tissue System (Promega,
Madison, WI).
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Following DNA isolation using the various protocols, the
quality of the extraction was evaluated by PCR amplification
of 4 amplicons ranging in size from 199 to 300 bp.

Polymerase Chain Reaction

PCR amplifications were performed in a final volume of
25 uL containing the following: 2 uL. of DNA isolated from
FF-PET; 20 pmol of each primer; 200 pmol/L of each deoxy-
ribonucleoside triphosphate; 50 mmol/L of potassium chlo-
ride; 10 mmol/L of Tris HCI, pH 8.3; 2.0 to 2.5 mmol/L of
magnesium chloride; and 2.0 U of AmpliTaq Gold (Applied
Biosystems, Foster City, CA). Thermocycling conditions were
as follows: initial denaturation at 94°C for 10 minutes; 40
cycles of 94°C for 30 seconds, 58°C for 30 seconds, and 72°C
for 1 minute; and a final extension at 72°C for 10 minutes. To
assess the quality of PCR amplification, 8 uLL of PCR reaction
material was analyzed by agarose gel electrophoresis.

RYR?2 Mutational Analysis by DHPLC and DNA
Sequencing

Mutational analysis of 25 of the CPVT1-associated exons
(30 PCR amplicons) (8, 14, 15, 44-47, 49, 83, 87-95, 97, and
100-105) in RYR2 by DHPLC and DNA sequencing was
performed on DNA derived from FF-PET for 35 unrelated
cases of SUD as described previously.?”? For samples iden-
tified with a nonsynonymous variant (ie, missense mutation),
conformational analysis involving another independent DNA
extraction from the original FF-PET block, PCR amplifica-
tion, DHPLC, and sequencing analysis were performed.

Statistical Analysis

Results are expressed as mean + SD. We used 1-way
analysis of variance and the Student ¢ test for unpaired data to
compare the yields for the amplification reaction. To exam-
ine the differences of successful DNA deparaffinization and
extractions, the 2-tailed Fisher exact test was used.

Results

Step 1: Initial Evaluation of DNA Isolation Protocols

Three FF-PET blocks were processed using 26 permuta-
tions involving 2 deparaffinization methods, 2 standard proto-
cols proposed for digestion, 4 purification methods, and 5 com-
mercial kits. The quality of the DNA extraction was evaluated
by PCR amplification of 4 amplicons ranging in size from 199
to 300 bp. Data from this analysis are summarized in EFigure
1AL Opverall, there was no difference in deparaffinization
methods in terms of efficacy in the extraction and amplification
of DNA (xylene, 62/156 [39.7%] compared with microwave,
68/156 [43.6%]; P = .56). However, when using microwave
deparaffinization, overnight digestion with Proteinase K was
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superior to sonification (25/48 [52%] vs 10/48 [21%], respec-
tively; P <.003), whereas no difference was found when xylene
was used for deparaffinization (13/48 for Proteinase K vs 15/48
for sonification; P = .82).

Although there was significant variability among the
8 standard laboratory-based methods, the commercial kits
provided a greater overall yield of analyzable DNA (77/120
[64.2%] vs 63/192 [32.8%] for the laboratory-based methods;
P =.001). Among the 5 commercially available kits and the
8 laboratory-based methods, 6 protocols (Ex-Wax, MagneSil
Genomic, Puregene, QIAamp, Proteinase K-overnight
DNAzol, and Proteinase K—overnight InstaGene) gave the
best yield of PCR amplification (8/12 amplicons); therefore,
these 6 protocols were further analyzed with an increased
number of FF-PET blocks in step 2.

Step 2: Evaluation of the Best Protocols Derived in Step 1

By using the 6 best extraction methods (4 commercial
kits and 2 laboratory-based methods) obtained in step 1, the
number of FF-PET blocks analyzed was extended to 11. For
this analysis, both deparaffinization procedures (xylene and
microwave) were compared for all 6 extraction methods, and
data are summarized in BFigure 1Bl. The MagneSil Genomic
kit provided a significantly greater yield of analyzable DNA
than did the Ex-Wax kit (55/88 [63%] vs 41/88 [47%], respec-
tively; P = .03), whereas when the MagneSil Genomic was
compared with the other methods, no significant difference
was found (Puregene, 46/88 [52%]; Proteinase K—overnight
DNAzol, 46/88 [52%]; Proteinase K—overnight InstaGene,
43/88 [49%]; and QIAamp DNA Mini Kit, 43/88 [49%]; P
=.76). However, the MagneSil Genomic kit was considered
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the best in terms of efficacy in extraction and amplification.
The microwave deparaffinization results were comparable
or slightly superior to those of the xylene method (140/264
[53.0%] vs 134/264 [50.8%]; P = .66). Because it requires
less time, fewer numbers of manipulations, and is nontoxic,
as compared with xylene, microwave deparaffinization was
considered the preferred method.

To validate the ability to identify gene mutations using
FF-PET—-derived DNA, an FF-PET sample from a person
previously shown to harbor a KCNQ mutation using autopsy
material from blood was extracted using our preferred method
(microwave deparaffinization followed by MagneSil Genomic
kit DNA isolation) and subsequently analyzed for the known
mutation using DHPLC and DNA sequencing. Heteroduplex
analysis by DHPLC showed an abnormal profile for this
sample, and DNA sequencing confirmed the exact KCNQI
mutation that was identified previously.

Feasibility of FF-PET-Derived DNA for Postmortem
Genetic Testing

To determine the feasibility of FF-PET—derived DNA for
postmortem genetic testing, mutational analysis by DHPLC
and DNA sequencing involving 30 PCR amplicons represent-
ing 25 of the CPVTl-associated exons of the RYR2 gene was
performed on DNA derived from 35 unrelated cases of SUD.
Overall, 11 (31%) of 35 DNA samples could be analyzed fully
for the 25 RYR?2 exons, 20 (57%) were analyzed partially, and
4 (11%) could not be amplified. For the 30 amplicons tested,
23 + 7 amplicons could be PCR amplified and analyzed from
FF-PET—derived DNA samples (N = 35). The ability to extract
the DNA and to achieve positive PCR amplification was not
influenced by the age of the FF-PET block. However, the
length of the PCR amplicon significantly influenced the num-
ber of positive PCR amplifications derived from the 35 SUD
samples, from 27 =+ 2 for the 7 amplicons shorter than 230 bp to
21 =5 for the 7 amplicons longer than 290 bp (P = .006).

Following mutational analysis by DHPLC and direct DNA
sequencing, 18 unique DNA alterations—4 intronic polymor-
phisms, 9 synonymous (silent) variants, and 5 nonsynonymous
(missense) variants—were observed among the 35 SUD
cases, some representing known common polymorphisms (ie,
464-8 C>A, S453S). WFigure 21 depicts the abnormal DHPLC
profiles (panel a) and sequence chromatograms (panel b) for
2 of the 5 novel nonsynonymous RYR2 mutations (H469Y,
L2299F, A3909T, A4070T, and K4481R) identified in 5 (14%)
of 35 cases of SUD. These putative pathogenic RYR2 muta-
tions were absent in 400 reference alleles (100 healthy white
and 100 healthy black volunteers), conserved across species,
and localized to key functional domains in the RYR2-encoded
calcium release channel. Sequence analysis performed in the
reverse direction confirmed the presence of the nucleotide
change. However, following repeated DNA isolation from the
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IFigure 20 Postmortem mutational analysis from formalin-
fixed, paraffin-embedded tissue (FF-PET)-derived DNA and
subsequent identification of FF-PET—derived artifacts on
repeated analysis. Depicted are the abnormal denaturing
high-performance liquid chromatography (DHPLC) profiles (a)
and sequence chromatograms (b) for 2 novel heterozygote
nonsynonymous RYRZ2 mutations (A3909T and A4070T)
detected in cases of SUD. lllustrated is the repeated
sequence analysis (c) starting from a new DNA extraction for
each case. The arrows point to the nucleotide alteration in
question for each case.

original FF-PET block and mutational analysis, we could not
confirm these mutations in any of the 5 cases (Figure 2, panel
¢), despite confirming common polymorphisms originally seen
in these cases, suggesting that these DNA alterations were in
fact FF-PET—derived “DNA artifacts” introduced somewhere
during the process of tissue preparation, fixation, and paraf-
finization; the DNA extraction process; or PCR amplification
rather than representing legitimate mutations.

Discussion

Genomic DNA isolated from archived FF-PET poten-
tially has important applicability in determining the cause and
manner of conventional autopsy—negative SUD on a case-by-
case basis. In addition, it may serve as an extremely valuable
resource in large, retrospective genetic epidemiologic studies
on SUD, including sudden infant death syndrome, in which
most often FF-PET is the only source for DNA.

The amount of intact DNA that can be extracted suc-
cessfully from an archival FF-PET block depends on vari-
ables usually beyond the control of an investigator, such as
the preservative used in tissue processing, the length of fixa-
tion, and the age of the specimen.?! Different tissues show
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different yields of DNA. However, successful PCR proved
more related to the extraction protocol and formalin fixation
than to individual tissues and the quantity of material."

We compared different deparaffinization, extraction,
and purification methods to define the best protocol to
obtain DNA from FF-PET that is qualitatively suitable to
proceed with postmortem genetic testing of one of the most
common genetic causes of conventional autopsy—negative
SUD, namely CPVT1.3° By comparing standard labora-
tory methods and commercial kits, we demonstrated that
the extraction method with the greatest yield of analyzable
DNA was the commercially available MagneSil Genomic,
Fixed Tissue System. In addition, the suitability for mutation
analysis was confirmed by investigating FF-PET isolated
from a case of SUD with a known mutation in exon 9 of
KCNQI (LQT1) that was identified previously by using
autopsy material from blood.

But more important, we assessed the feasibility for
“whole gene” comprehensive postmortem mutational analy-
sis by extracting DNA from 35 SUD cases using the best
methods and subjecting these samples to molecular analysis
for 25 of the RYR2 exons implicated in CPVT1. Although we
were able to obtain high-quality DNA from the majority of
samples, only one third of the decedents had comprehensive
interrogation of all 25 exons. In fact, even with the “best”
method, nearly one third of the regions of interest could not
be examined on average. Of note, the amplification was not
influenced by the age of the blocks. However, because we
do not know the time elapsing between autopsy and tissue
sampling, we cannot exclude that a different interval could be
a cause of the analytic failure for some samples. Moreover,
the success of PCR was strongly dependent on the size of
the amplified product. There was a significant failure rate for
amplicons exceeding 290 nucleotides.

By DHPLC and DNA sequence analysis, different
common and rare (novel) single nucleotide polymorphisms,
including 5 resulting in putative pathogenic RYR2 missense
mutations, were identified among our 35 cases of SUD,
suggesting that nearly 15% of this SUD cohort may have
died suddenly due to a fatal, CPVT-triggered ventricular
arrhythmia. At first glance, this observation would seem to
confirm our initial 15% frequency of authentic RYR2 muta-
tions in conventional autopsy—negative SUD.3* However,
although the common single nucleotide polymorphisms
were confirmed by repeated analysis starting from a new
DNA extraction, we could not confirm any of the novel
RYR2 mutations, suggesting that these represented false-
positive PCR artifacts. It is important to note that the arti-
facts occurred during or before the PCR reaction and were
not related to the sequencing procedure as suggested by the
presence initially of the DNA alteration in the forward and
reverse sequence chromatograms.
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Artificial mutations resulting from PCR amplification
using DNA derived from FF-PET have been described
previously with alternative explanations given, including
postmortem deamination of cytosine residues resulting in the
conversion of cytosine to uracil in the DNA,3! damaged DNA
resulting in strand breaks that promote “jumping” between
templates during PCR,?? and the use of low copy numbers of
DNA templates in the PCR reaction.??

Considering that conventional autopsy—negative SUD
accounts for a significant number of sudden deaths in young
people and that epidemiologic, clinical, and now postmortem
genetic analyses all attest that approximately one third of
SUD cases after the first year of life stem from an inherited
lethal cardiac channelopathy,>* the cardiac channel molecular
autopsy should be viewed as the standard of care for the post-
mortem evaluation of SUD. Thus, postmortem genetic testing,
which provides an answer 35% of the time and may lead to
saving a surviving family member’s life, should become read-
ily available, and the role of the medical examiner, coroner,
and/or forensic pathologist is vital because current standard
operating procedures for the conduct of an autopsy do not
ensure that a postmortem sample is acquired in a DNA-
friendly manner. With rare exceptions, FF-PET samples con-
stitute suboptimal sources for postmortem genetic testing for
SUD. In contrast, blood collected in EDTA (purple top tube)
or frozen heart, liver, or spleen provide the greatest source of
intact DNA, permitting the successful conduct of postmortem
cardiac channel genetic testing."

It is of extreme importance that guidelines central to the
procurement of DNA-friendly sources be added to the stan-
dard of care for the postmortem analysis of SUD to ensure
an accurate diagnosis and enable informed genetic counsel-
ing for families that may guide the appropriate commence-
ment of strategies targeted toward the prevention of another
tragedy among survivors.®
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